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Abstract

Volatile organic compounds (VOCs) are key precursors in the formation of secondary air
pollutants, such as ozone (O3) and carbonyls. Among VOCs, alkenes are particularly reactive
and play a dominant role in secondary pollution formation, especially in industrial cities like
Lanzhou, where high alkene concentrations are largely attributed to petrochemical activities.
The unique VOC profile in these cities, characterized by alkene-rich emissions, raises
important questions about their impact on urban air quality and secondary pollution formation.
This thesis addresses these issues through three main studies: (1) investigating the mechanisms
of wintertime O3 formation in Lanzhou, (2) analyzing the long-term trends of O3 in Lanzhou,
and (3) exploring the formation and sources of secondary carbonyl compounds across five
major Chinese cities. By integrating field measurements with advanced modelling, this work
aims to elucidate the chemical processes, temporal variations, long-term trends, and source
contributions of O3 pollution driven by VOCs in northwestern Chinese industrial cities, thereby

providing a scientific basis for more effective air quality management strategies.

The intensive field measurements in January 2018 revealed four Oz episode days with
maximum hourly concentrations exceeding 100 ppbv and peaking at 121 ppbv, despite cold
temperatures and weak solar radiation. The average daytime concentration of total volatile
organic compounds (VOCs) reached 153.4 + 19.0 ppbv, with alkenes, mainly from the local
petrochemical industry, comprising 82.3 £ 13.1 ppbv. Using a photochemical box model
coupled with the Master Chemical Mechanism, it was found that the low temperatures and
weak sunlight had minimal effect on VOC reactivity with OH radicals. Instead, the ozonolysis
of alkenes generated Criegee intermediates, which rapidly decomposed into substantial ROx
radicals (OH, HO», and RO») even without sunlight. This radical production led to the oxidation
of VOCs, with alkene ozonolysis ultimately contributing to nearly 90 % of O3 formation during
these episodes. The mechanism was not active at night due to the NO titration effect. The study
further showed that a reduction of alkenes by about 28.6 % or NOx by 27.7 % in the early
afternoon could significantly mitigate wintertime O3 pollution. These findings challenge the
traditional view that strong solar radiation is necessary for high O3 production and highlight
the importance of dark reactions in wintertime photochemistry. The results also suggest that
alkene ozonolysis can be a major source, rather than a sink, of O3 in heavily industrialized

regions.

Except for the uniquely high O; concentration in winter, this research found that while
concentrations of primary air pollutants such as PM>s, CO, SO, and NO> have declined
significantly in recent years due to effective emission control measures, O3 pollution in summer
remains a persistent challenge. Although NO; and CO concentrations declined steadily, the
effectiveness of VOC control was limited after the COVID-19 lockdown. Model simulations
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revealed that O3 formation in Lanzhou transitioned from a VOC-limited regime to a transitional
regime from 2019 to 2023, largely driven by reductions in NO,. The observed increase in O3
levels during this period was mainly attributable to the decrease in NO, concentrations. As the
O3 formation regime shifted from VOC-limited to a VOC-NO, co-limited regime, it became
evident that effective O3 control now requires simultaneous management of both NO, and VOC
emissions. Alkenes were the primary contributors to O3 formation throughout the decade,
accounting for around 50—-63 % of the total VOC contribution in Lanzhou. There was a notable
contribution from reactive alkenes such as trans/cis-2-butene, ethene, and propene to O3
formation. Source apportionment identified vehicle emissions, followed by petrochemical
industry and solvent usage, as the major contributors to O3 formation. These findings highlight
the importance of targeted VOC controls, focusing not only on alkenes but also on specific
aromatic compounds, to effectively mitigate O3 pollution.

In addition to the significant impact of alkenes and aromatics on O3, we also found the impact
of carbonyls on Os, by investigating the photochemical characteristics, sources, and joint O3-
carbonyl control strategies of formaldehyde, acetaldehyde, and acetone. These three carbonyls
made up over 85 % of the total observed carbonyls, with the highest concentrations found in
Beijing and Wuhan, indicating the impact of regional secondary pollution. Observations
showed that Beijing (9.6 = 0.1 ppbv) and Wuhan (5.2 +0.1 ppbv) exhibited the highest
formaldehyde concentrations, followed by Shanghai, Chengdu, and Lanzhou. Model
simulations revealed that anthropogenic alkenes accounted for over 50 % of formaldehyde
formation in Beijing and Lanzhou, while isoprene contributed 10-20 % in other cities. Other
VOC species contributed 1-2 % each, highlighting the complexity of VOC sources for
formaldehyde production. In contrast, acetaldehyde and acetone were mainly produced from
propene and o/B-pinene, respectively (about 50 % each), with the top ten VOCs accounting for
around 90% of their formation. Furthermore, carbonyls were quantified for their role in
O; formation across the cities, with the highest contribution observed in Beijing (33 %) and the
lowest in Lanzhou (6 %). Comparison of their isopleths suggested that O3 reduction strategies
can also effectively reduce carbonyl concentrations. Finally, source apportionment combined
with chemical mechanism analysis traced the sources of primary and secondary carbonyls,
showing that vehicle emissions rich in alkenes were the largest contributors to secondary
aldehyde formation in all five cities. Including their primary contributions, vehicles accounted
for 40-50% of total aldehydes, followed by solvent usage. For acetone, biogenic sources
dominated over anthropogenic ones. These findings deepen our understanding of carbonyl
photochemistry and inform possible future mitigation strategies.

In summary, this thesis provides new insights into the mechanisms of O3 and carbonyl pollution

in urban China, especially in Lanzhou. The findings highlight the importance of considering



both traditional and non-traditional photochemical pathways, the need for targeted precursor
controls, and the value of coordinated strategies for managing multiple secondary pollutants.
The results fill important knowledge gaps in understanding O3 and carbonyl pollution in
Lanzhou. These findings offer a scientific basis for refining air quality management policies
and can inform similar strategies in other cities facing persistent O3 and carbonyl challenges.
To ensure a comprehensive understanding and broader applicability of the findings, this thesis
adopts a stepwise research framework. It begins with an in-depth case study of wintertime O3
formation mechanisms in Lanzhou, followed by a long-term trend analysis in the same city,
and ultimately expands to a multi-city comparative study of secondary carbonyl compounds.
This progressive approach not only addresses the unique challenges faced in Lanzhou, but also
facilitates the identification of common patterns and region-specific features across major

Chinese cities.



The novelty of this study

This study makes several groundbreaking contributions to atmospheric chemistry and air
pollution control, both in China and internationally. It represents the first comprehensive
investigation of extremely high wintertime O3 episodes in China, and, more significantly, is
the first study worldwide to explore the causes of elevated O3 concentrations under conditions
of low sunlight and low temperatures. Through extensive field measurements and advanced
modelling, this research uncovers the pivotal role of alkene ozonolysis, a pathway previously
underestimated, in driving O3 formation during winter. The discovery that alkene ozonolysis
can dominate O3 production under certain conditions challenges the conventional view that

strong sunlight and high temperatures are prerequisites for severe O3 pollution.

Furthermore, this work is the first to systematically document the long-term evolution of O3
levels in Lanzhou, providing a detailed account of how O3 formation mechanisms and radical
chemistry have changed over the past decade. It offers clear evidence of the impact of emission
reduction measures and changes in VOC composition on O3 formation pathways and radical
cycles, offering new perspectives on the effectiveness of air quality management in

northwestern China.

In addition, this study is the first to conduct a detailed comparison of carbonyl photochemistry
and sources across five major Chinese cities, utilizing simultaneous field observations and
model simulations. By integrating the PBM-MCM and PMF models, the research
quantitatively assesses both primary and secondary sources of carbonyls and their roles in Os
formation. This comprehensive approach enables a more accurate understanding of the intricate
relationships among VOC sources, carbonyl production, and O3 generation. Moreover, the
study pioneers the proposal and validation of joint control strategies targeting both Oz and
carbonyls, laying a scientific foundation for the coordinated management of multiple secondary
pollutants. It also provides the first in-depth analysis of the photochemical behavior, sources,
and joint control strategies for carbonyls in Lanzhou. These findings fill critical knowledge
gaps and set a new benchmark for future research and policy development in air pollution

control.
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Chapter 1 Overview

1.1 Introduction

Tropospheric ozone (O3) is a major secondary air pollutant, playing a pivotal role in
atmospheric chemistry and exerting profound impacts on human health, ecosystems, and
climate change (Ainsworth et al., 2012; Ashmore, 2005; Chameides et al., 1999; Liu et al.,
2024; Simpson et al., 2014; Wang et al., 2007). O3 formation in the lower atmosphere is mainly
the result of intricate photochemical reactions involving its key precursors, i.e., nitrogen oxides
(NOy), volatile organic compounds (VOCs), and carbon monoxide (CO), alongside the
influence of meteorological factors and regional transport (Cape, 2008; Collins, 2003; Jennifer,
1985; Liu et al., 2022; X. Lu et al., 2019). In recent decades, the rapid pace of urbanization and
industrial development has resulted in increased emissions of O3 precursors, leading to more
frequent and severe O3 pollution episodes, particularly in China’s densely populated and
heavily industrialized regions (S. Chen et al., 2020; Z. Chen et al., 2019; Gao et al., 2017; Hu
etal., 2025; X.-B. Lietal., 2022; X. F. Liu et al., 2019; M. Wang et al., 2024; W. Wang, D. D.
Parrish, et al., 2022; Y. Wang et al., 2022; L. Yang et al., 2019; X. Zhang et al., 2022).

As a result, O3 pollution has become a major environmental issue in many of China’s largest
cities. This issue is particularly pronounced during the warmer months, when elevated
temperatures and strong sunlight enhance the photochemical processes that drive O3 formation.
(Guo et al., 2009; Guo, Ling, Cheung, Jiang, et al., 2013; Guo et al., 2024; L. Li et al., 2016;
Lietal,2015; Luetal.,2020; T. Wangetal., 2017; Y. Wang et al., 2017). As such, O3 pollution
events are generally concentrated in spring, summer, and autumn but rare in winter (Kgabi,
2012; N. Liu et al., 2019; Maji et al., 2019; Oltmans, 1994). However, a handful of studies
have reported O3 episode events (maximum hourly concentration exceeding 100 ppbv) in
winter at specific locations with high surface albedo values and/or heavy precursor emissions
(Edwards et al., 2014; Oltmans et al., 2014; Schnell et al., 2009; Singh et al., 1997). Notably,
we found the unique high O3 concentration in wintertime Lanzhou, which was quite rare in
winter among China (Yang et al., 2024). And the O3 formation mechanisms in winter have

seldom been reported. Therefore, the underlying causes of the extremely high O3
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concentrations observed in cold weather and times of weak solar radiation are worth exploring
during wintertime. Despite ongoing research, our understanding of the specific mechanisms
behind O3 formation remains incomplete, particularly regarding how O3 precursors change

during photochemical reactions and how these changes influence radical chemistry.

Most long-term studies on O3 pollution have focused on regions such as the North China Plain
(NCP), Yangtze River Delta (YRD), and Pearl River Delta (PRD), as well as major cities like
Chengdu and Shanghai (S. Chen et al., 2020; Z. Chen et al., 2019; Gao et al., 2017; Hu et al.,
2025; X.-B. Li et al., 2022; X. F. Liu et al., 2019; Mo et al., 2023; M. Wang et al., 2024; W.
Wang, D. D. Parrish, et al., 2022; Y. Wang et al., 2022; L. Yang et al., 2019). These regions
have been identified as O3 hotspots, with rising O3 concentrations documented over the past
several decades (Lu et al., 2020). Lanzhou stands out as one of the earliest cities in China to
recognize O3 pollution, with records of photochemical smog dating back nearly 50 years (W.
Guo et al., 2022; J. Li et al., 2020; Ta et al., 2004; Tang et al., 1985). Although the Clean Air
Action (CAA) Plan was implemented in 2013 to curb air pollution through stricter emission
controls and technological upgrades, Lanzhou continues to struggle with significant O3
pollution (Du et al., 2020; Filonchyk & Yan, 2018; Zhao et al., 2021). This persistent
challenge underscores the need for more effective and locally tailored control strategies.
However, there remains a lack of research specifically focused on the trends and driving factors
of O3 pollution in Lanzhou. The city’s unique environmental conditions and pollution sources

make targeted studies essential for developing effective solutions.

Carbonyls are key components of atmospheric volatile organic compounds (VOCs) and play a
significant role in air quality (Atkinson, 2000; Jenkin, 1997; W. Wang, B. Yuan, et al., 2022;
Xue et al., 2016; Yang et al., 2018). These compounds can be emitted directly into the
atmosphere or formed secondarily through complex photochemical reactions (Ling et al., 2017;
Liu et al., 2009; Pang & Mu, 2006; Wu et al., 2023; Yang et al., 2017; Z. Yang et al., 2019; X.
Zhang et al., 2022; Y. Zhang et al., 2019). Over the past few decades, global monitoring efforts
have provided detailed information on the distribution of formaldehyde, acetaldehyde, and

acetone (Ho et al., 2015; Liu et al., 2022; Liu et al., 2009; Lui et al., 2017; Yang et al., 2017,
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X. Zhang et al., 2022; Y. Zhang et al., 2019). High concentrations of these carbonyls have been
observed in many cities worldwide, particularly in East Asia (Liu et al., 2022). In China,
especially in the North China Plain (NCP), Yangtze River Delta (YRD), and Pearl River Delta
(PRD) regions, formaldehyde and acetaldehyde concentrations frequently exceed 20 and 10
ppbv, respectively (Y. Zhang et al., 2019). However, most previous studies focus on cities in
the central/eastern regions and few research analyzed in western China (Cheng et al., 2010;
Dai et al., 2025; Duan et al., 2008; Liu et al., 2022; Shen et al., 2021; C. Wang et al., 2017; W.
Wang, B. Yuan, et al., 2022; Xue et al., 2016; Yang et al., 2018; P. Zeng et al., 2019; Zhang et
al., 2021; J. Zhu et al., 2020). X. F. Liu et al. (2021) reported an achieved concurrent sampling
in five Chinese megacities in summer 2018, but the concomitant high levels of carbonyls, as
well as their sources, formation and transformation processes were not comprehensively
characterized. More importantly, compared to most studies that concentrate on O3 pollution
control, few studies have examined control strategies for carbonyls. Given that the secondary

formation of carbonyls also exhibits a nonlinear relationship with their precursors (Atkinson et

al., 2006; J. Li et al., 2016; Liu et al., 2022; Luecken et al., 2012; Rosado-Reyes & Francisco,

2007; Wolfe et al., 2016; Zhang et al., 2021), it remains uncertain whether the current precursor
reduction strategies for O3 are equally applicable to carbonyls. As such, identifying the
precursors of carbonyls and understanding their relationship is essential to provide better
scientific guidance for the coordinated future reduction of secondary pollutants, including both

Os and carbonyls.

To address these research gaps, this thesis integrates field measurements and advanced
modeling techniques to systematically investigate O3 and carbonyl photochemistry in Lanzhou.
Specifically, the study combines long-term trend analysis, intensive campaigns, and multi-city
concurrent sampling to: (1) evaluate the seasonal and chemical mechanisms driving Os
pollution in Lanzhou, (2) investigate the long-term trend of O3 formation and radical chemistry
in Lanzhou, (3) quantify the formation and transformation pathways of major carbonyls in
Lanzhou, and (4) evaluate the effectiveness of current and potential control strategies for both

O3 and carbonyls in Lanzhou. By employing the Photochemical Box Model coupled with the

25



Master Chemical Mechanism (PBM-MCM) and Positive Matrix Factorization (PMF) models,
this work provides new insights into the complex interplay between O3 and VOCs, especially
carbonyls. The findings are expected to inform more effective air quality management and

policy development for secondary pollution control in China and similar urban environments.
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1.2 Scope of this study

This doctoral research aims to advance the understanding of O3 and carbonyl photochemistry

in urban China, with a particular focus on the unique challenges faced by northwestern cities

such as Lanzhou. The scope of this study is defined by the following key objectives and

research directions:

1.

To provide the first comprehensive investigation of extremely high wintertime O3 episodes
in China, with a focus on Lanzhou as a representative city. Through intensive field
measurements and advanced modeling, this study explores the underlying causes of O3
pollution under low-sunlight and low-temperature conditions, a phenomenon that has been
largely overlooked in previous research.

To elucidate the critical role of alkene ozonolysis in winter O3 formation. By integrating
observational data and photochemical box modeling, this work reveals how alkene
ozonolysis, rather than traditional photochemical pathways, can dominate O3 production
during winter, fundamentally challenging the prevailing view that strong solar radiation
and high temperatures are necessary for severe Oz episode days.

To systematically analyze the long-term trends of O3 formation and radical chemistry in
Lanzhou. This thesis documents how O3 formation mechanisms and radical cycles have
evolved over more than a decade and assesses the impact of emission control measures
and changes in VOC composition on O3z regimes. The findings provide new insights into
the effectiveness of air quality policies in northwestern China.

To conduct a detailed, multi-city comparison of carbonyl photochemistry and sources in
five major Chinese cities. Using simultaneous field measurements and the combined
application of the PBM-MCM and PMF models, this study quantitatively assesses both
primary and secondary sources of carbonyls and their contributions to O3 formation. This
approach enables a more accurate evaluation of the complex interactions between VOC
sources, carbonyl formation, and O3 production across different urban environments.

To propose and evaluate joint Os—carbonyl control strategies. For the first time, this

research develops and demonstrates coordinated management approaches for multiple
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secondary pollutants, providing a scientific basis for integrated air quality control. The
study also offers a comprehensive analysis of the photochemical characteristics, sources,

and joint control strategies for carbonyls in Lanzhou.

Overall, this thesis aims to fill critical knowledge gaps in the understanding of O3 and carbonyl
photochemistry in China’s urban areas, especially under atypical meteorological conditions
and in regions with complex emission profiles. The findings are expected to inform future
research, guide the development of more effective air pollution control policies, and serve as a
reference for similar metropolitan and industrialized regions worldwide. To achieve these
objectives, the research is structured to first focus on Lanzhou as a representative case, enabling
detailed mechanistic and trend analyses under its unique meteorological and emission
conditions. Building on the insights gained from Lanzhou, the study then broadens its scope to
a comparative analysis across five major Chinese cities. This transition allows for the
evaluation of the generalizability of the findings and the identification of both shared and
distinct characteristics in Oz and carbonyl photochemistry, thereby strengthening the overall

scientific narrative and policy relevance of the thesis.
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1.3 Outline of this thesis

To enhance the logical coherence and structural integration of the thesis, a clear research
roadmap is established. As illustrated in Figure 1.1, the thesis is organized into three
interconnected research components: (1) a mechanistic study of wintertime O3 formation in
Lanzhou, (2) a long-term trend analysis of O3 and radical chemistry in Lanzhou, and (3) a
multi-city comparative study of secondary carbonyl compounds. The rationale for this structure
is to first gain a deep understanding of the processes and trends in a representative industrial
city, and then extend these insights to a broader urban context through comparative analysis.
This framework ensures that each research component builds upon the previous one,

collectively addressing the overarching research objectives. This thesis is organized as follows:

1. Chapter 1 introduces the research background, objectives and outline of this study.

2. Chapter 2 reviews the literature on O3 pollution, including O3z and its precursors, O3
photochemistry, and its long-term trends in China.

3. Chapter 3 describes the methodology, including sampling sites, measurement techniques,
and model configurations.

4. Chapter 4 investigates the mechanisms of wintertime O3 surges in Lanzhou, focusing on
alkene ozonolysis and radical chemistry.

5. Chapter 5 analyzes the long-term trends of O3 formation and radical chemistry in Lanzhou.

6. Chapter 6 examines the photochemical characteristics, sources, and joint control
strategies of formaldehyde, acetaldehyde, and acetone in five Chinese megacities.

7. Chapter 7 summarizes the main findings, discusses their implications, and provides

suggestions for future research.

I participated in all sample analyses described in this thesis. All model simulations and data

analyses were conducted by me.
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Severe ozone pollution in industrial cities
represented by Lanzhou
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conditions? | different cities?
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reduction.
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Figure 1.1. Technical roadmap of the three main research components in this thesi
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Chapter 2 Literature review

2.1 Overview of tropospheric O3 pollution

O3 is a trace atmospheric gas, with about 90 % located in the stratosphere, where it shields the
Earth from harmful ultraviolet radiation (Fuhrer et al., 2016; Worden et al., 2008). About 10 %
of atmospheric O3 is present in the troposphere, where it acts as a secondary pollutant.
Tropospheric O3 is mainly generated through photochemical reactions involving VOCs, NO,
and CO under sunlight (Cape, 2008; Collins, 2003; Jennifer, 1985; X. Lu et al., 2019). The
negative impacts of tropospheric O3 are well documented, as it can harm human health, damage
vegetation, reduce crop yields, and influence the climate (Ainsworth et al., 2012; Ashmore,
2005; Chameides et al., 1999; Simpson et al., 2014; Wang et al., 2007). Long-term exposure
to elevated O3 levels has been linked to respiratory illnesses, cardiovascular problems, and a
higher risk of premature death (Curtis et al., 2006; Liu et al., 2018; Manisalidis et al., 2020;
Soares & Silva, 2022; J. J. Zhang et al., 2019). Os also threatens agricultural productivity by
damaging plant tissues and suppressing photosynthesis, which can lead to significant economic
losses for farmers (Emberson, 2020; Feng et al., 2015). Furthermore, O3 contributes to climate
change by altering the radiation balance and affecting interactions between the atmosphere and

biosphere, thereby influencing temperature and weather patterns (X. Lu et al., 2019).

Since the mid-20th century, O3 pollution had become a significant environmental concern in
many urban and industrialized regions. The smog events in Los Angeles during the 1940s and
1950s marked the start of systematic O3 research (Haagen-Smit, 1952). In the following
decades, O3 pollution was reported in various parts of the world, and long-term monitoring in
North America and Europe showed that annual average O3 concentrations at some sites doubled
between the 1950s and 1990s (Chameides & Walker, 1973; Crutzen, 1974; Feister & Warmbit,
1987; Levy, 1971; Liu et al., 1987; Oltmans & Komhyr, 1986; Parrish et al., 2012). Since the
1990s, the implementation of stricter emission controls in developed countries has helped
stabilize or even lower Os levels in North America and Europe (Chang et al., 2017; Lefohn et

al., 2008; Oltmans et al., 2013; Simon et al., 2015).
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However, O3 pollution continues to worsen in many developing regions, especially in Asia. In
countries like China and India, O3 concentrations have kept rising (Gao et al., 2020; Guo et al.,
2017; Lu et al., 2018; T. Wang et al., 2017; B. Zheng et al., 2018). Over the past thirty years,
rapid industrialization and urbanization in China have led to increased emissions of O;
precursors, particularly NOx and VOCs. As a result, O3 pollution has become more severe,
especially in major urban clusters such as NCP, YRD, and PRD (Ding et al., 2008; Gao et al.,
2017; K. Liet al., 2019; Qu et al., 2024; G. Yang et al., 2020; L. Zhang et al., 2023).

Lanzhou, located in a narrow river valley in northwestern China, is a typical industrial city with
a long history of severe air pollution (W. Guo et al., 2022; Jia et al., 2016). Its industrial
structure, dominated by petrochemical, metallurgical, and power generation sectors, combined
with challenging meteorological and topographical conditions, has resulted in persistent air
quality problems. Lanzhou was the site of China’s earliest recorded photochemical smog events
in the 1970s and 1980s, where local emissions of hydrocarbons and NO, were identified as the
main contributors (W. Guo et al., 2022; J. Li et al., 2020; Ta et al., 2004; Tang et al., 1985).
High emissions of alkenes from the petrochemical industry, together with the city’s valley
terrain, often lead to severe O3 pollution. The valley topography tends to trap pollutants near
the surface, further deteriorating air quality (Cui et al., 2025; Du et al., 2020; W. Guo et al.,
2022; Jia et al., 2016). Industrial activities, especially in the petrochemical sector, are major
sources of O3 precursors, including NO, and VOCs (Dong et al., 2021; J. Liu et al., 2020; G.
Y. Wang et al., 2020; Yan et al., 2021). As a result, Oz pollution in Lanzhou is shaped by both
chemical processes and local emissions, making it a complex issue to address. Despite the
introduction of the CAA Plan in 2013, which aimed to reduce air pollution through stricter
emission controls and technological upgrades, Lanzhou continues to struggle with O3 pollution
(Du et al., 2020; Filonchyk & Yan, 2018; Zhao et al., 2021). There is an urgent need for more
comprehensive, long-term, and region-specific studies to better understand the evolving factors

driving Os pollution in the city.
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2.2 Influence of meteorological conditions on O3

Meteorological conditions exert a profound influence on surface O3 concentrations by
modulating the chemical production, accumulation, and removal of O3 and its precursors.
Numerous studies have demonstrated that O3 episode days are typically associated with a
combination of high temperature, strong solar radiation, low relative humidity, weak wind, and
reduced cloud cover (J. Liu et al., 2019; T. Ma et al., 2019; T. Wang et al., 2017; Yan et al.,
2024). For instance, in North China, O3 pollution events often coincide with surface high
temperatures, low humidity, and anomalous southerly winds, and high-pressure systems in the
mid-troposphere, which together create favourable conditions for O3 accumulation (Gong &
Liao, 2019). High temperatures not only accelerate the photochemical production of O3 but
also enhance the emission of biogenic volatile organic compounds (BVOCs), providing
additional precursors for O3 formation (Bloomer et al., 2009; X. Lu et al., 2019). However,
under extreme heat, O3 concentrations may be suppressed due to reduced BVOC emissions as

vegetation stomata close (Steiner et al., 2010).

Relative humidity generally exhibits a negative correlation with O3 levels. Increased humidity
can weaken photochemical O3 production by promoting the removal of excited-state oxygen
atoms through reactions with water vapor, leading to the formation of hydroxyl radicals instead
of O3 (Jacob & Winner, 2009; Johnson et al., 1999). Observational studies in Chinese cities
have shown that O3 concentrations tend to decrease as relative humidity rises, with this effect
being more pronounced at higher temperatures (Gong et al., 2021; Han, Gong, et al., 2019;
Kavassalis & Murphy, 2017). Conversely, low humidity can reduce stomatal uptake of O3 by

vegetation, resulting in higher ambient O3 concentrations (Gong et al., 2021).

Solar radiation is a key driver of O3 photochemistry, as it provides the energy required for
photolysis reactions, a critical step in O3 formation (Jeong & Park, 2013; Qi et al., 2024).
Reduced cloud cover increases the intensity of solar radiation at the surface, thereby
accelerating O3z production, while increased cloudiness can suppress O3 formation by limiting

photolytic activity (Jeong & Park, 2013; Zhao et al., 2020). Case studies in Shanghai and other
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regions have confirmed that episodes of reduced cloud cover and enhanced solar radiation are

often accompanied by elevated Oz concentrations (Xu et al., 2021).

Wind speed and direction, as well as planetary boundary layer height (PBLH), play crucial
roles in the transport, dispersion, and vertical mixing of O3 and its precursors (Haman et al.,
2014; He et al., 2017; Ma et al., 2020; Xu et al., 2018; Zhang et al., 2015). Strong winds can
dilute local O3 concentrations and facilitate pollutant removal, while stagnant conditions favor
the accumulation of O3 (Whaley et al., 2015; Zhang et al., 2015). The development of the
boundary layer can promote the downward mixing of Os-rich air from aloft, leading to higher
surface O3 levels, especially during the warm season (Haman et al., 2014; X. Lu et al., 2019).
In some cases, cross-regional transport driven by prevailing winds has been shown to
significantly elevate O3 concentrations in downwind areas, as observed in both China and the

Mediterranean (Adame & Sole, 2013; Gong et al., 2020; Tong et al., 2017).

On interannual and long-term timescales, meteorological variability has been identified as a
significant contributor to observed O3 trends in China. For example, meteorological conditions
accounted for up to 37% of the summer O3 increase in eastern China from 2013 to 2019 (K. Li
et al., 2020), and similar contributions have been reported for other regions and periods (Han
et al., 2020; Qian et al., 2022; Weng et al., 2022). In recent years, more humid and cooler
conditions have helped reduce O3 concentrations, but extreme heat events, such as those in
2022, have led to marked O3 rebounds in several regions (Gao M. et al., 2023; Qiao et al.,
2024). Furthermore, the impact of meteorological factors on O3 pollution exhibits significant
spatial heterogeneity, influenced by regional geography, emission patterns, and pollutant

transport pathways (B. Li et al., 2023; Zhang et al., 2015).

Overall, the literature indicates that meteorological factors, including temperature, solar
radiation, humidity, wind, boundary layer height, and cloud cover, interact in complex and
regionally variable ways to influence O3 mixing ratios. These interactions are not only critical
for understanding the mechanisms of O3 pollution formation but also for interpreting observed
trends and developing effective air quality management strategies in China and other regions
experiencing similar challenges (K. Li et al., 2020; X. Lu et al., 2019).
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2.3 O3 precursors and their sources in China

NO; are crucial precursors in the formation of ground-level O3, serving a dual function by both
promoting and titrating O3z, which significantly affects O3 photochemistry (Fu et al., 2019; Gao
etal., 2017; K. Li et al., 2019). In China, NO, emissions stem from a mix of human activities,
such as fossil fuel combustion in vehicles, power plants, and industry, as well as natural sources
like wildfires, lightning, and soil emissions (Wang et al., 2012). Over recent decades, rapid
urbanization and industrial expansion have led to marked increases in NO, emissions, with
high concentrations frequently observed in major cities across the NCP, YRD, and PRD regions
(Lietal., 2012; Ling & Guo, 2014; Liu et al., 2022; Ou et al., 2016; Ran et al., 2009; Shao et
al., 2009; Zhang et al., 2014). In many areas, vehicle exhaust has become the leading source of
NO,, accounting for as much as 4070 % of total emissions in the NCP and PRD, followed by
coal combustion and power generation (Hao et al., 2001; Liu et al., 2017; H. Liu et al., 2020;
Liuetal., 2022; X. F. Liu et al., 2019; Lu et al., 2013; Lyu et al., 2016b). The emission control
policies in the 2010s resulted in a notable reduction in NO, emissions nationwide, with a 21 %
decrease reported in 48 cities between 2011 and 2015 (Liu et al., 2017). However, these
reductions have had complex impacts on O3 levels, as lower NO concentrations can reduce the
titration effect, sometimes leading to higher Os, especially in urban areas where O3 formation
is limited by VOCs (Fu et al., 2019; Gao et al., 2017; K. Li et al., 2019). This underscores the
need to understand the interplay between NO, and VOC:s in local O3 formation and highlights

the importance of integrated control strategies.

VOC:s are a diverse group of chemicals that play a central role in O3 production through their
reactions with NOy under sunlight (Cape, 2008; Collins, 2003; Jennifer, 1985; X. Lu et al.,
2019). The abundance and composition of VOCs in Chinese cities are shaped by both
anthropogenic and biogenic sources (W. Guo et al., 2022; Henderson et al., 2010; Hua et al.,
2023; X. F. Liu et al., 2021; X. F. Liu et al., 2019; Y. H. Liu et al., 2019; Lyu et al., 2016b;
Song et al., 2018; P. Zeng et al., 2019). Major VOC species in urban areas include alkanes,
aromatics, alkenes, and carbonyls, with their proportions varying according to local emission

patterns and industrial activities (Huang et al., 2013; M. Z. Li et al., 2019; Louie et al., 2013).
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For instance, alkanes and aromatics are often dominant in urban centers, while alkenes may be
more prevalent in industrial zones (Cui et al., 2025; Du et al., 2020; W. Guo et al., 2022; Jia et

al., 2016).

Among VOCs, carbonyls are particularly important due to their significant impact on air
quality (Atkinson, 2000; Jenkin, 1997; W. Wang, B. Yuan, et al., 2022; Xue et al., 2016; Yang
et al., 2018). These compounds can be directly emitted or formed secondarily through complex
photochemical reactions (Ling et al., 2017; Liu et al., 2009; Pang & Mu, 2006; Wu et al., 2023;
Yang et al., 2017; Z. Yang et al., 2019; X. Zhang et al., 2022; Y. Zhang et al., 2019).
Formaldehyde, acetaldehyde, and acetone are the most abundant carbonyls in urban air.
Notably, formaldehyde and acetaldehyde, because of their reactive carbonyl groups, act as key
precursors for tropospheric O3 formation (Guo, Ling, Cheung, Wang, et al., 2013; Yang et al.,
2018; Zhang et al., 2021; Y. Zhang et al., 2019). The long-time exposure to high levels of
formaldehyde and acetaldehyde, especially in urban or industrial settings, may pose health risks,
including carcinogenicity and respiratory irritation (Bao et al., 2022; Ho et al., 2015; Lu et al.,
2010; Z. Yang et al., 2019). Given the differences in emission sources and chemical processes
across regions, it is essential to investigate the concentration patterns, primary sources, and
secondary formation mechanisms of carbonyls in different cities to develop effective and

targeted air pollution control policies.

The spatial and temporal distribution of formaldehyde, acetaldehyde, and acetone has been
extensively documented through global monitoring over the past decades (Ho et al., 2015; Liu
etal., 2022; Liu et al., 2009; Lui et al., 2017; Yang et al., 2017; X. Zhang et al., 2022; Y. Zhang
et al., 2019). High concentrations of these carbonyls have been observed in cities worldwide,
with particularly elevated levels in East Asia (Liu et al., 2022). In China, regions such as the
NCP, YRD, and PRD have reported especially high carbonyl concentrations, with
formaldehyde and acetaldehyde often exceeding 20 and 10 ppbv, respectively (Y. Zhang et al.,
2019). However, most previous studies were based on single-site sampling conducted over
various periods, while simultaneous multi-city samplings, which eliminate uncertainty caused

by time-separation and provide better intercomparison of specific secondary pollution across
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cities for targeted air quality management, are scarce. X. F. Liu et al. (2021) reported an
achieved concurrent sampling in five Chinese megacities in summer 2018, displaying the three
major carbonyls ranked the first in Beijing with a mixing ratio of 24.3 + 2.7 ppbv, accounting
for 55 % of local total VOCs, followed by Wuhan (10.8 = 1.5 ppbv), Lanzhou (7.6 + 1.3 ppbv),
Shanghai (6.8 + 1.0 ppbv) and Chengdu (5.7 = 2.0 ppbv). As the study focused on O3 pollution,
the concomitant high levels of carbonyls, as well as their sources, formation and transformation

processes were not comprehensively characterized.

Furthermore, previous studies have extensively examined the contributions of primary and
secondary sources of major carbonyls across cities (Bao et al., 2022; de Gouw et al., 2005; Ho
etal., 2015; Liet al., 2010; Ling et al., 2017; Liu et al., 2022; Liu et al., 2009; Lui et al., 2017,
Ma et al., 2016; Pang & Mu, 2006; Wang et al., 2015; Wu et al., 2023; Yang et al., 2017; Z.
Yang et al., 2019). While specific proportions may vary depending on research methods,
location, season, and the structure of local emission sources, primary sources of carbonyls,
such as vehicle exhaust, industrial emissions, biogenic emission and biomass burning,
generally contribute approximately 30-50 %, whereas secondary formation accounts for about
50-70 % (Guo, Ling, Cheung, Wang, et al., 2013; Hua et al., 2023; Liu et al., 2009; Pang &
Mu, 2006; Rao et al., 2016). As the dominant part, the secondary formation of carbonyls mainly
occurs through the reaction of VOCs with atmospheric oxidants, such as hydroxyl (OH)
radicals. The following process generates alkyl (RO) radicals, which are subsequently
decomposed into carbonyls (Anderson et al., 2017; Chen et al., 2022; Lin et al., 2012; Liu et
al., 2022; Nussbaumer et al., 2021; Yang et al., 2018; Yang et al., 2023). Anthropogenic
alkenes are the main precursors of formaldehyde and acetaldehyde (Ling et al., 2017; Yang et
al., 2018), while isoprene emitted by plants can generate formaldehyde (Palmer et al., 2006; X.
Yang et al., 2020). In contrast, C3-Cs alkanes and pinene are the main precursors of acetone
(Guo, Ling, Cheung, Wang, et al., 2013; Ling et al., 2017; Lyu et al., 2024; Yang et al., 2018;
X. Yang et al., 2020). However, most of these studies rely on sensitivity analyses or evaluate
carbonyls changes by excluding precursors, quantitative assessments of precursor contributions

through in-situ simulation remain limited (Chen et al., 2022; Ling et al., 2017; Lyu et al., 2024;
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Yang et al., 2018; X. Yang et al., 2020), and even more challenging on tracing each VOC

precursor through reaction pathways.

Especially in Lanzhou, most studies have focused on alkenes and have not fully explored the
sources, secondary formation, and photochemical behavior of carbonyls (Dong et al., 2021; W.
Guo et al., 2022; Jia et al., 2016; J. Liu et al., 2020; X. F. Liu et al., 2021; G. Y. Wang et al.,
2020; Yan et al., 2021). There is a need for more comprehensive studies on carbonyls and their

source in Lanzhou.

2.4 Contributions of carbonyls and their sources to O3 formation

For carbonyls, more previous studies focused on their contribution to O3 formation, mainly
through the parameterized methods on calculating their O3 formation potential (OFP) and OH
reactivity (Lon) (C. Wang et al., 2017); Yuan et al., 2024; (Bao et al., 2022; Huang et al., 2020;
Hui et al., 2023; Z. Liu et al., 2021; Lyu et al., 2024; Shen et al., 2021; F. Wang et al., 2024;
Yang et al., 2018; Yang et al., 2017; X. Yang et al., 2020; Zhang et al., 2021). Formaldehyde
and acetaldehyde consistently rank among the top contributors in most OFP studies,
qualitatively highlighting their importance in Oz formation (Hui et al., 2023; F. Wang et al.,
2024; X. Yang et al., 2020; Zhang et al., 2021); Yuan et al., 2024; (C. Wang et al., 2017). Based
on the chemical mechanism, as intermediate products of VOC oxidation, formaldehyde and
acetaldehyde are deeply involved in the radical cycle. The photolysis and oxidation of
carbonyls produce hydroperoxyl (HO2) and alkyl peroxy (RO:) radicals (Edwards et al., 2014;
Xue et al., 2016; Yang et al., 2018; Yang et al., 2017) These radicals then react with NO,
facilitating the production of O3 (Liu et al., 2012; Qu et al., 2021; Rao et al., 2016; Shen et al.,
2021; W. Wang, B. Yuan, et al., 2022; Y. Xu et al., 2023; Y. Zhang et al., 2019). Compared to
other approaches, in-situ simulations that incorporate detailed chemical mechanisms are better
suited for quantitatively evaluating the contribution of carbonyls to radical generation and
subsequent O3 formation. For example, carbonyls were found to account for 21 %—70 % of the
total radical RO, (= OH + HO; + RO + RO») production in Beijing, Guangzhou and Hong
Kong through in situ simulations (W. Wang, B. Yuan, et al., 2022; Xue et al., 2016; Yang et

al., 2018; Zhang et al., 2021). Moreover, carbonyls were found influence 36.1-45.4 % in
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Shanghai (J. Zhu et al., 2020), 13-31 % in Wuhan (P. Zeng et al., 2019), 31.5-55.9 % of O3
formation in Beijing and Zibo in the North China Plain (Dai et al., 2025; Duan et al., 2008),
and 23-37 % in Guangzhou, Shenzhen, and Shantou in the PRD regions (Cheng et al., 2010;
Shen et al., 2021; C. Wang et al., 2017). While most current study focus on cities in the
central/eastern regions, further investigation of other major city or city clusters, particularly in
western China, where VOC profiles vary but also suffer from serous secondary pollutions was

necessary.

More importantly, compared to most studies that concentrate on O3 pollution control, few
studies have examined control strategies for carbonyls. Given that the secondary formation of

carbonyls also exhibits a nonlinear relationship with their precursors (Atkinson et al., 2006; J.
Lietal., 2016; Liu et al., 2022; Luecken et al., 2012; Rosado-Reyes & Francisco, 2007; Wolfe

et al., 2016; Zhang et al., 2021), it remains uncertain whether the current precursor reduction
strategies for O3z are equally applicable to carbonyls. As such, identifying the precursors of
carbonyls and understanding their relationship is essential to provide better scientific guidance

for the coordinated future reduction of secondary pollutants, including both O3 and carbonyls.

2.5 Os-precursor relationship and formation regimes

2.5.1 Long-term variation of Oz formation regimes

Long-term changes in O3 sensitivity to VOCs and NO, have been observed in response to
emission controls and evolving precursor ratios (Jin & Holloway, 2015; T. Wang et al., 2017;
Wu et al., 2018). For example, reductions in NO, emissions during the 12th Five-Year Plan
slowed the transition to VOC-limited regimes in major city clusters, with some regions shifting

to NO,-limited or transitional regimes (T. Wang et al., 2017; Wu et al., 2018).

Lanzhou is among the first cities in China where Os pollution was recognized, with documented
cases of photochemical smog dating back nearly half a century (W. Guo et al., 2022; J. Li et
al., 2020; Ta et al., 2004; Tang et al., 1985). Although the CAA Plan was introduced in 2013
to address air pollution through stricter emission controls and technological improvements,

Lanzhou continues to struggle with Os pollution (Du et al., 2020; Filonchyk & Yan, 2018; Zhao
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et al., 2021). The CAA Plan included a range of measures, such as controlling industrial
emissions, reducing dust pollution, managing scattered coal use, and regulating vehicle exhaust
(Bureau, 2018; Government, 2013). In Lanzhou, the chemical formation of O3 is particularly
significant. High emissions of alkenes from the petrochemical industry, combined with the
city’s valley geography, frequently result in severe O3z pollution. The valley setting tends to
trap pollutants near the surface, further deteriorating air quality (Du et al., 2020; W. Guo et al.,
2022; Jia et al., 2016). Industrial activities, especially those related to petrochemicals, are major
contributors of O3 precursors, including NO, and VOCs (Dong et al., 2021; J. Liu et al., 2020;
G.Y. Wangetal., 2020; Yan et al., 2021). Consequently, O3 pollution in Lanzhou is influenced
by both chemical reactions and local emissions, making it a complex problem to manage.
Notably, Lanzhou also experiences significant wintertime O3 pollution, a phenomenon that is

uncommon in most other regions (Yang et al., 2024).

In contrast, much of the long-term research on O3 in China has focused on regions such as the
North China Plain (NCP), Yangtze River Delta (YRD), and Pearl River Delta (PRD), as well
as major cities like Chengdu and Shanghai (S. Chen et al., 2020; Z. Chen et al., 2019; Gao et
al.,, 2017; Hu et al., 2025; X.-B. Li et al., 2022; X. F. Liu et al., 2019; M. Wang et al., 2024; W.
Wang, D. D. Parrish, et al., 2022; Y. Wang et al., 2022; L. Yang et al., 2019). These studies
have provided valuable insights into O3 trends and formation mechanisms. For instance, in the
NCP, it has been observed that reducing NO, emissions alone, especially during periods of
high temperatures and strong sunlight, can sometimes lead to increased O3 concentrations (S.
Chen et al., 2020; Z. Chen et al., 2019; M. Wang et al., 2024; W. Wang, D. D. Parrish, et al.,
2022). In the PRD region, an improper balance between NO, and VOC controls and a weaker
NO titration effect have also led to higher O3 (X.-B. Li et al., 2022; L. Yang et al., 2019).
Studies in Shanghai and Chengdu found that reducing NO, could also increase O3 (Gao et al.,
2017; Y. Wang et al., 2022). And Lanzhou also found the O3 formation transition from mainly
controlled by NO, in summer 2018 to a VOCs-dominated regime in summer 2019 (Y. Liet al.,
2022). However, this study only analyzed transport from 2018 to 2019, during the overhaul of
alkenes plant and heavy catalytic cracking unit in 2019 that was ever conducted in the history

of Lanzhou petrochemical industry (Y. Li et al., 2022), which greatly increase the uncertainty
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of this result. There remains a research gap in understanding the long-term O3 trends and
influencing factors specific to Lanzhou. The unique characteristics and pollution sources in

Lanzhou necessitate targeted research to address its specific challenge.

In summary, although Lanzhou has a long history of O3 research, most studies have focused
on summer and on the effects of precursor controls. There is still a need for long-term studies
that examine the evolution of O3 formation regimes and the effectiveness of control measures

in Lanzhou.

2.5.2 Seasonal and diurnal variation of O3 formation regimes

The seasonal and diurnal variations of O3 levels and their formation regimes have been widely
studied in major city clusters across China (Jia et al., 2016; Y. Li et al., 2022; X. F. Liu et al.,
2021; Lyu et al., 2016b; Xue, Wang, Gao, et al., 2014; P. Zeng et al., 2019; Zhang et al., 2014).
In the NCP and YRD region, Oz concentrations typically reach their highest levels during the
summer months, whereas in the PRD region, peak O3 values are more often observed in autumn
(Ding et al., 2013; Ding et al., 2008; T. Wang et al., 2017; Zheng et al., 2010). In urban areas
with elevated NO, concentrations, O3 formation is generally limited by the availability of
VOCs. However, in suburban and industrial zones, the controlling regime can shift seasonally
between VOC-limited and NOx-limited conditions, especially when NOx levels are lower (Jia
etal., 2016; Li et al., 2012; Ran et al., 2009; Xue, Wang, Gao, et al., 2014; Zhang et al., 2014).
Besides, the sudden changes in emissions can also alter O3 sensitivity. For example, in Lanzhou,
the overhaul of an alkenes plant and a heavy catalytic cracking unit in 2019 resulted in a shift
in O3 formation regime, from being primarily NOs-controlled in the summer of 2018 to a

VOCs-dominated regime in the summer of 2019 (Y. Li et al., 2022).

Typically, O3 pollution peaks during the daytime when sunlight drives photochemical reactions
(Steinfeld, 1998; T. Wang et al., 2017). In addition to the concentrations of O3 precursors, the
chemical formation of Os is highly related to meteorological conditions (i.e., temperature and
solar radiation). High temperatures and strong solar radiation are conducive to the chemical
production of O3 (Guo et al., 2009; Guo, Ling, Cheung, Jiang, et al., 2013; L. Li et al., 2016;

Lietal.,2015; Luetal.,2020; T. Wangetal.,2017; Y. Wanget al., 2017). As such, O3 pollution
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events are generally concentrated in spring, summer, and autumn but rare in winter (Kgabi,
2012; N. Liu et al., 2019; Maji et al., 2019; Oltmans, 1994). However, a handful of studies
have reported O3 episode events (maximum hourly concentration exceeding 100 ppbv) in
winter at specific locations with high surface albedo values and/or heavy precursor emissions
(Edwards et al., 2014; Oltmans et al., 2014; Schnell et al., 2009; Singh et al., 1997). For
example, in the winter of 1993, hourly O3 peaks of 100-120 ppbv were discovered in Delhi,
India, due to meteorological conditions favorable to the accumulation of air pollutants (Singh
et al., 1997). In addition, in February 2008, O3 pollution events occurred in a natural gas field
in Wyoming, the United States of America (USA), (hourly maximum value attaining 140 ppbv)
with a daily average temperature of —17 °C. These were attributed to high concentrations of O3
precursors (i.e., alkanes) trapped by the shallow temperature inversion (Schnell et al., 2009).
Moreover, in 2013, due to high snow albedo and strong carbonyl photolysis, severe O3
pollution was found in the oil fields of Utah, USA, with a daily average temperature being —8
°C (Edwards et al., 2014; Oltmans et al., 2014).

In China, surprisingly, high O3 values during cold weather have been widely observed in North
China in recent years (K. Li et al., 2021; Yang et al., 2024). On the one hand, the reduction in
NOy emissions since 2013 has resulted in enhanced O3 pollution in the NCP (K. Li et al., 2021).
On the other hand, large O3 precursor emissions from oil fields and/or petrochemical industrial
areas have led to intensive production of O3 in winter (S. Y. Chen et al., 2020; Edwards et al.,
2014; Ma et al., 2012; Oltmans et al., 2014; Schnell et al., 2009). Specifically, several high O3
days (maximum hourly values around 80 ppbv) in winter were observed in oil fields in the
Yellow River Delta (YelRD) region, which were ascribed to heavy emissions of alkanes during
oil extraction operations (T. Chen et al., 2020). In addition, highly reactive VOCs (i.e., ethene,
propene, toluene, and xylene) emitted from industry sources, combined with favorable
meteorological conditions for the accumulation of air pollutants, led to O3 pollution (hourly
maximum reaching 76 ppbv) in a city in North China during the winter (Zhan et al., 2023). It
is particularly noteworthy that our study identified the highest O3 concentrations in Lanzhou
during winter, along with the greatest number of days exceeding high O; thresholds. Despite

this, the underlying causes of these exceptional winter O3 episode days have not been
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thoroughly examined in previous research. Most existing studies in Lanzhou have concentrated
on O3 formation during the summer months, leaving the mechanisms responsible for elevated
winter O3 levels largely unexplored. Given Lanzhou’s distinctive meteorological conditions
and emission patterns in the colder seasons, further investigation is needed to clarify the

processes contributing to these unusual wintertime O3 events.

2.6 O3z photochemistry and radical chemistry

The photochemical production of O3 is governed by a complex interplay of reactions involving
VOCs, NO,, and CO, all driven by sunlight and regulated through radical cycling (Chameides
& Walker, 1973; Crutzen, 1974; Levy, 1971). Over the years, several chemical mechanisms
have been developed to simulate these processes, such as the Carbon Bond (CB4/05/6),
Regional Atmospheric Chemical Mechanism (RACM1/2), and the Statewide Air Pollution
Research Center mechanisms (SAPRC07/99), covering developments from the 1980s to the
2010s (Carter, 2000, 2010; Gery et al., 1988; Goliff et al., 2013; Stockwell et al., 1997,
Yarwood et al., 2010; Yarwood & Rao, 2005; Yarwood et al., 2005).

The near-explicit Master Chemical Mechanism (MCM) has enabled more detailed studies of
VOC oxidation and radical chemistry, offering deeper insights into the factors influencing Os
formation (Jenkin, 2003; Jenkin, 1997; Lam et al., 2013; Saunders, 2003). The MCM (v3.3.1)
encompasses around 17,000 reactions and 6,600 intermediate species, providing a
comprehensive description of homogeneous gas-phase reactions in the atmosphere (X. F. Liu
et al., 2019; Lyu et al., 2016a; Lyu et al., 2019; Y. Wang et al., 2018; Y. Wang et al., 2017).
This model also incorporates parameters such as photolysis rates, dry deposition, boundary
layer development, and vertical exchange. Site coordinates and observed solar radiation are
used to calculate photolysis rates via the tropospheric ultraviolet and visible radiation module.
The MCM has been widely applied in Chinese cities, demonstrating strong performance in
simulating in situ photochemistry (X. F. Liu et al., 2019; Lyu et al., 2016a; Lyu et al., 2019; Y.
Wang et al., 2018; Y. Wang et al., 2017).
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A key metric for evaluating atmospheric photochemical activity is the net O3 production rate,
defined as the difference between O3 production and destruction rates (X. F. Liu et al., 2019;
Lyu et al., 2016a; Lyu et al., 2019; Y. Wang et al., 2018; Y. Wang et al., 2017; Yang et al.,
2024). O3 is primarily produced through reactions between NO and HO», as well as NO and
RO», while its destruction involves reactions with OH and HO», O3 photolysis, ozonolysis of
alkenes, and the reaction between OH and NO» (X. F. Liu et al., 2019; Lyu et al., 2016a; Lyu
etal., 2019; Y. Wang et al., 2018; Y. Wang et al., 2017; Yang et al., 2024). Radical chemistry,
especially the cycling of RO, radicals, is central to O3 photochemistry and the oxidative
capacity of the atmosphere (Heard, 2004; X. F. Liu et al., 2021; X. Ma et al., 2019; Slater et
al., 2020; T. Wang et al., 2017; Y. Wang et al., 2023; Yang et al., 2024). The sources and
cycling rates of these radicals vary by region, reflecting differences in precursor emissions,
photolysis rates, and meteorological conditions (Lyu et al., 2016b; Wang et al., 2019; Y. Wang
etal., 2018; Xue et al., 2016; J. X. Zhu et al., 2020).

Field measurements and modeling in Chinese cities have reported a wide range of net Os
production rates, influenced by variations in precursor levels, weather, and local chemical
regimes (X. F. Liu et al., 2021; K. Lu et al., 2019; Tan et al., 2019; Xue, Wang, Gao, et al.,
2014). For example, in Beijing, the average daytime net O3 production rate in summer was 25.8
ppbv h'!, while in central China, rates ranged from 8.8 to 28 ppbv h'! depending on location
and season (Liu et al., 2012; Lu et al., 2017; Z. F. Tan et al., 2018; P. Zeng et al., 2019).
Research on radical chemistry in China has mainly focused on cities like Beijing, Wuhan,
Chengdu, Shanghai, and the PRD, highlighting the importance of VOC control and the distinct
features of radical cycling in different urban environments (X. F. Liu et al., 2021; Liu et al.,
2012; K. Lu et al., 2019; Lu et al., 2017; Tan et al., 2019; Z. F. Tan et al., 2018; Xue, Wang,
Gao, et al., 2014; P. Zeng et al., 2019).

In Lanzhou, studies on O3 photochemistry and radical chemistry have been conducted for the
summer of 2018 by X. F. Liu et al. (2021) and Jia et al. (2018). However, there is still a lack
of research on the long-term and wintertime characteristics of O3 photochemistry and radical

chemistry in the city.
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In summary, while significant advances have been made in understanding Oz photochemistry
and its control in China, several important gaps remain. Most notably, research has largely
concentrated on summer O3 episode days, with limited attention to wintertime O3 surges and
their underlying mechanisms, particularly in northwestern cities such as Lanzhou (L. Li et al.,
2016; Liu et al., 2012; Ran et al., 2011; Shao et al., 2009; She et al., 2024; Shu et al., 2020;
Zeng et al., 2018). The observation of extremely high O3 concentrations under low sunlight
and low temperatures challenges the traditional view that strong solar radiation and high
temperatures are necessary for severe O3z pollution. There is also a lack of long-term, multi-
city, and seasonally resolved studies on O3 formation mechanisms, radical chemistry, and the
effectiveness of emission control measures in Lanzhou. The distinct characteristics and
emission sources found in cities like Lanzhou highlight the necessity for targeted research to
address their unique air quality challenges. In particular, more work is needed to understand
the secondary formation of carbonyls, their nonlinear interactions with precursors, and their
influence on radical cycles and O3 production in Lanzhou. Additionally, developing and testing
integrated control strategies for both O3 and carbonyls, as well as assessing their effectiveness

across different urban settings, are important directions for future research.

For Lanzhou, there is a pressing need for comprehensive, long-term studies that integrate field
observations, advanced modeling techniques, and seasonal analyses to gain a thorough
understanding of Oz and carbonyl photochemistry. Such efforts will provide a solid scientific
foundation for improving air quality management and informing policy decisions in Lanzhou

and other cities facing similar issues.
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Chapter 3 Methodology

3.1 Sampling sites

In this study, field measurements were carried out at multiple sites across major city clusters
in China during both the summer and winter of 2018. The selected sites represented five typical
regions: the North China Plain (NCP), Sichuan Basin (SCB), northwestern China, the Yangtze
River Delta (YRD), and central China, specifically including Beijing, Chengdu, Lanzhou,
Shanghai, and Wuhan. Figure 3.1 illustrates the location of the sampling site in Lanzhou during
the winter of 2018 and the summer of 2013, 2019-2023, while Figure 3.2 presents the locations
of the sampling sites in Beijing, Chengdu, Lanzhou, Shanghai, and Wuhan during the summer
of 2018. Lanzhou, recognized as one of the largest petrochemical centers in western China,
hosted two key sampling sites. One site was established on the rooftop of the Lanyuan Hotel
(LYH), and the other at the Atmospheric Composition Monitoring Superstation (LACMS). The
LYH site (36°06' N, 103°37" E, 1695 m above sea level) is situated in a residential area
associated with the PetroChina Lanzhou Petrochemical Company, approximately 0.7 km from
the industrial zone and 2.2 km from the nearest highway (see Figure 3.1). This location is
influenced by emissions from residential, industrial, and vehicular sources. Intensive sampling
at the LYH site was conducted from January 1 to 31, 2018. Additional sampling campaigns
were carried out at the LACMS site in August of 2013 and 2019-2023.

During the summer of 2018, sampling campaigns were conducted at the following locations:
the Tower Branch of the Institute of Atmospheric Physics, Chinese Academy of Sciences in
Beijing (39°58"28” N, 116°22'13” E); the Zi-Ka-Wei Observatory in Shanghai (31°11'27” N,
121°26'04” E); the Wuchang Culture and Sports Bureau in Wuhan (30°31'50” N, 114°18'28”
E); the Sichuan Academy of Environmental Science in Chengdu (30°37'45 N, 104°03'50” E);
and the Lanyuan Hotel in Xi Gu, Lanzhou (36°06'11” N, 103°37'48” E). Each site was carefully
selected to represent typical urban environments and to ensure the representativeness of the
data. Locations were chosen to minimize the influence of nearby emission sources (X. F. Liu

etal., 2021).

46



100°E
R

£l
100°E

Figure 3.1 Maps showing the locations of the industrial and urban sites in Lanzhou.

Figure 3.2 Maps showing the locations of the sampling site in Beijing, Chengdu, Lanzhou,
Shanghai, and Wuhan in China.
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3.2 Measurement techniques

3.2.1 Sampling campaign in Lanzhou in winter 2018

The hourly mixing ratios of O3, NO, NO;, CO, and SO, were obtained from the national

monitoring site (https://www.cnemc.cn/), which was co-located with our sampling site. To

measure volatile organic compounds (VOCs), an online gas chromatograph with photo
ionization detector and flame ionization detector was employed, enabling the quantification of
60 VOC species, including 29 alkanes, 16 aromatics, 14 alkenes, and one alkyne (see Table
3.1). Detailed information regarding the instrument type, measurement techniques, detection
limits, and time resolutions is provided in Table 3.2. Carbonyls were collected using silica
cartridges impregnated with acidified 2,4-dinitrophenylhydrazine (DNPH). After sampling, the
concentrations of 16 carbonyls species were determined by high-performance liquid
chromatography (HPLC), as summarized in Table 3.3. An autonomous weather station was
also operated at the sampling site to continuously monitor meteorological parameters,
including relative humidity, temperature, solar radiation, wind speed, and wind direction. A
total of 17 carbonyl samples were collected between January 6 and 11, 2018. Sampling was
conducted during three-time intervals each day: 8:00-10:00, 12:00-14:00, and 16:00-18:00
local time (LT). It should be noted that the data collected from 12:00—14:00 on January 10 were
excluded due to anomalies. During each sampling period, air was drawn through the DNPH
cartridge for 120 minutes at a flow rate of 0.5 L min™ using a calibrated pump. Following
collection, the samples were analyzed using HPLC (PerkinElmer Series 2000, MA, USA)
equipped with an ultraviolet detector. The instrument was calibrated with five gradient
concentration standards, covering a wide range of carbonyl concentrations typically found in
ambient air. In total, 16 carbonyl species were identified and quantified, all of which exhibited
strong linear correlations between standard concentrations and instrument responses (R? >
0.999). The detection limits for all target carbonyls in this study were below 0.1 ppbv. Further
details regarding the carbonyl sampling and analytical procedures can be found in our previous

publication (X. F. Liu et al., 2021; X. F. Liu et al., 2019; Y. Wang et al., 2018).
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Table 3.1 Descriptive statistics of VOC mixing ratios in winter Lanzhou. The 95 % C.I. and
Max denote the 95 % confidence interval, and the maximum mixing ratio, respectively (Unit:
ppbv). (# represents the VOC species used in the model simulations)

No. Compounds Mean 95 %C.I. Max

Alkanes and Alkyne

1 Ethane* 6.80 0.53 64.59
2 Propane” 1.96 0.49 80.17
3 i-Butane® 4.16 0.45 48.01
4 n-Butane” 0.83 0.14 31.06
5 Cyclopentane” 0.92 0.11 11.07
6 i-Pentane” 1.39 0.12 16.95
7 n-Pentane” 2.12 0.25 37.30
8 Cyclohexane” 12.38 1.96 160.51

9  Methylcyclopentane (.95 0.13 20.87

10 2,2- 1.69 0.19 36.98

11 2,3- 1.34 0.14 17.24

12 2-Methylpentane*  1.54 0.19 25.75

13 3-Methylpentane* 1.22 0.14 24.37

14 2,4- 0.53 0.10 23.43
15 2,2- 0.02 0.02 3.36
16 2,3- 0.86 0.16 21.09

17 3-Methylhexane” 0.08 0.02 5.99

18 2,2,4- 0.11 0.01 1.08

19  Methylcyclohexane  0.47 0.10 19.42

20 2,3,4- 0.65 0.12 17.81

21 2-Methylheptane 0.15 0.02 1.42

22 3-Methylheptane 0.06 0.01 2.16

23 n-Hexane” 0.93 0.11 15.45
24 n-Heptane” 0.24 0.13 21.28
25 n-Octane” 0.32 0.07 9.27
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26 n-Nonane* 0.03 0.01 0.91
27 n-Decane” 0.04 0.01 0.99
28 n-Undecane” 1.20 0.21 21.51
29 n-Dodecane” 1.93 0.16 19.95
30 Ethyne* 0.94 0.10 12.06
Alkenes
31 Ethene? 13.52 0.95 80.73
32 Propene” 25.18 2.51 188.95
33 trans-2-Butene” 3.68 0.37 43.65
34 1-Butene” 1.00 0.13 14.10
35 i-Butene? 0.72 0.10 10.19
36 cis-2-Butene” 4.25 0.48 57.16
37 1,3-Butadiene” 1.18 0.11 15.76
38 trans-2-Pentene” 0.63 0.09 12.67
39 1-Pentene” 437 0.52 59.20
40 cis-2-Pentene” 1.27 0.11 17.85
41 Isoprene” 0.68 0.09 13.87
42 2-methyl-1- 0.19 0.04 5.48
43 1-Hexene? 0.34 0.06 10.61
44 a-Pinene” 1.63 0.21 23.87
Aromatics

45 Benzene” 5.03 0.54 48.85
46 Toluene? 0.20 0.02 1.92
47 Ethylbenzene” 0.20 0.07 12.64
48 m/p-Xylenes" 0.16  0.03 3.71
49 0-Xylene? 0.26 0.10 26.64
50 Styrene” 0.01 0.01 0.80
51 i-Propylbenzene” 0.12 0.05 11.20
52 n-Propylbenzene’  2.75 0.56 75.52
53 m-Ethyltoluene” 0.15 0.02 2.92
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54 p-Ethyltoluene” 0.31 0.04 5.38

55 o-Ethyltoluene” 0.04 0.01 1.72
56 1,3,5- 1.90 0.13 12.81
57 1,2,4- 0.36 0.10 16.82
58 1,2,3- 0.07 0.01 1.82

59  m-Diethylbenzene 0.43 0.05 4.19

60  p-Diethylbenzene 0.07 0.02 2.97

Table 3.2 Information of instruments used for measuring trace gases and VOCs.

Species Instrument Measurement technique Detection limit Time resolution
(02} API 400 UV photometry 0.6 ppbv 1 min
NO-NO;-NOy API 200A Chemiluminescence 0.4 ppbv 1 min

Nondispersive infrared

co APT 300 absorption with gas filter <0.05 ppmv I'min

correlation
SO: API 100E UV fluorescence 0.4 ppbv 1 min
VOCs Syntech Spectras GC Online GC-PID/FID 0.002 —0.056 | min
955, Series 600/800 ppbv
OVOCs PerkinElmer series High-Performance Liquid 0.1 ppbv 60 min
2000, MA, USA Chromatograph (HPLC)

Table 3.3 Descriptive statistics of OVOC mixing ratios in winter Lanzhou. The 95 % C.I. and
Max denote the 95 % confidence interval, and the maximum mixing ratio, respectively (Unit:
ppbv). (# represents the OVOC species used in the model simulations)

No. Compounds Mean 95 %C.I. Max
1 Formaldehyde” 5.97 2.66 19.96
2 Acetaldehyde” 5.37 2.61 19.49
3 Acetone” 3.30 0.96 7.20
4 Acrolein 0.00 0.00 0.00
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5 Propionaldehyde 0.18 0.25 2.27
6 Crotonaldehyde 0.05 0.02 0.14
7 Methyl ethyl ketone 0.72 0.46 4.12
8 Iso- + n- 0.15 0.09 0.63
9 Benzaldehyde 0.32 0.08 0.76
10 Iso-pentanal/iso- 0.35 0.10 0.79
11 n-pentanal/n- 0.08 0.05 0.36
12 o-Tolualdehyde 0.00 0.00 0.00
13 m-Tolualdehyde 0.00 0.00 0.00
14 p-Tolualdehyde 0.06 0.03 0.23
15 n-hexaldehyde 0.00 0.00 0.00
16 2,5- 0.00 0.00 0.00
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3.2.2 Sampling campaigns in Lanzhou in August 2013, 2019-2023

The hourly mixing ratios of O3, NO, NO,, CO, and SO; from 2014 to 2024 (Figure 5.1) were

obtained from the national monitoring site (https://www.cnemc.cn/), which is located near our

sampling site. At the LACMS site, VOC measurements were conducted in August 2013 and
from 2019 to 2023 using the EXPEC 2000 series analyzer, which quantified a total of 107 VOC
species. Particulate matter (PMio and PM>5) concentrations were determined using the 50301
SHARP PM synchronous mixed monitor. Trace gases, including NOx, NO, NO,, SO, O3, and
CO, were analyzed with Thermo Fisher Scientific online gas analyzers (models 421, 431, 491,
and 48i). Meteorological parameters such as air temperature, relative humidity, wind speed,
and wind direction were measured using FWS500 sensors. Solar radiation was monitored with
a Kipp & Zonen SMP22 analyzer, and visibility was assessed using a DNQ-2 analyzer.

Detailed information on the measured VOC mixing ratios is provided in Table 5.5.

3.2.3 Sampling campaigns in five Chinese cities in summer 2018

Continuous monitoring of trace gases, including O3, CO, and NO-NO,-NO,, was conducted at
each selected site (see Table 3.4). To ensure precise and accurate measurements, a range of
analyzers was employed across the sampling locations. In Beijing, Shanghai, Wuhan, and
Lanzhou, O3 concentrations were measured using a UV photometric analyzer (TEI Model
TE491), and the limit of detection (LOD) and precision for Oz were 0.5 ppbv and £+ 1.0 ppbv
respectively. CO concentrations were determined with a nondispersive infrared analyzer (TEI
Model 48iTL), featuring an LOD of 40 ppbv and a precision of = 0.1 ppbv. NO-NO»-NO,
levels were measured using a chemiluminescence analyzer (TEI Model 42iTL), and the LOD
and precision were 0.05 ppbv and £ 0.4 ppbv respectively. SO> was measured using a pulsed
UV fluorescence analyzer (TEI Model 43iTL), which offers an LOD of 0.05 ppbv and a
precision of + 0.2 ppbv. In Chengdu, the same measurement methods were applied, but
different instrument models were used. O3 was measured with an ECOTECH EC9810 UV

photometric analyzer and the LOD and precision for O3 were 0.4 ppbv and £ 1.0 ppbv
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respectively. CO was measured with an ECOTECH EC9830 nondispersive infrared analyzer,
which offers a LOD of 50 ppbv and a precision of = 0.1 ppbv. NO-NO>-NO, was measured
using a TEI Model T200U chemiluminescence analyzer with an LOD of 0.05 ppbv and a
precision of £ 5.0 ppbv. SO> was measured with an ECOTECH EC9850 pulsed UV
fluorescence analyzer, and the LOD and precision were 0.5 ppbv and + 0.5 ppbv respectively.
Meteorological parameters, including solar radiation, relative humidity, temperature, wind
speed, and wind direction, were also recorded. At the Beijing and Shanghai sites, QS/T 1-2000
model weather stations were used, while HX-2000 model mini weather stations were deployed
at the Wuhan, Chengdu, and Lanzhou sites. Detailed information is available in previous

study(X. F. Liu et al., 2021; She et al., 2024).

Simultaneously, VOC samples were collected in pre-evacuated 2-L canisters at two-hour
intervals from 08:00 to 20:00 local time. The VOC samples were analyzed using GC-MSD-
ECD-FID, with detection limits ranging from 2 to 56 pptv. In total, 207 VOC samples were
collected across the five cities. Carbonyl samples were collected using silica cartridges
impregnated with acidified DNPH on selected days in five cities during August 2018. Sampling
was conducted at six intervals each day: 08:00-10:00, 10:00-12:00, 12:00-14:00, 14:00-16:00,
16:00-18:00, and 18:00-20:00 local time. During each interval, air was drawn through the
cartridges for 120 minutes at a flow rate of 0.5 L min’!, resulting in a total of 209 carbonyl
samples. After collection, all cartridges were stored at 4 °C until analysis. The carbonyl
compounds trapped on the cartridges were eluted with acetonitrile and subsequently analyzed
using HPLC equipped with an ultraviolet detector (PerkinElmer Series 2000, MA, USA).
Sixteen carbonyl species were identified and quantified according to the USEPA Method TO-
11A. All target compounds exhibited strong linear correlations between standard
concentrations and instrument responses (R? > 0.999). The detection limits for the carbonyl
species ranged from 1 to 6 pptv. Further details regarding the carbonyl sampling and analytical
procedures can be found in our previous publication. (X. F. Liu et al., 2021; X. F. Liu et al.,

2019; Y. Wang et al., 2018).
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Table 3.4 Details of instruments used for trace gas observation at the five sampling sites (Unit for limit of detection (LOD) and precision: ppbv).

Beijing Chengdu Lanzhou Shanghai Wuhan
Model TEI Model TE49i ECOTECH EC9810 HJ 654-2013 TEI Model TE49i HJ 654-2013
O3 analyzer LOD 0.5 0.4 2 0.5 2
Precision +1.0 +1.0 +10 +1.0 +10
Model TEI Model 48iTL ECOTECH EC9830 HJ 654-2013 TEI Model 48iTL HJ 654-2013
CO analyzer LOD 0.04 0.05 0.5 0.04 0.5
Precision +0.1 +0.1 +1.0 +0.1 +1.0
Model TEI Model 42iTL TEI Model T200U HJ 654-2013 TEI Model 42iTL HJ 654-2013
NO-NO;-NOy
LOD 0.05 0.05 2 0.05 2
analyzer
Precision +0.4 +5.0 +10 +0.4 +10
Model TEI Model 43iTL ECOTECH EC9850 HJ 654-2013 TEI Model 43iTL HJ 654-2013
SO; analyzer LOD 0.05 0.5 2 0.05 2
Precision +0.2 +0.5 +10 +0.2 +10
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3.2.4 Chemical analysis of VOCs/Carbonyls

VOC analysis for the 2018 samples was conducted at The Hong Kong Polytechnic University
(HKPolyU). The laboratory at HKPolyU utilized the same GC-MSD/FID/ECD system as the
Rowland/Blake laboratory at the University of California, Irvine (UCI), which has been a
leader in whole air VOC analysis since the 1970s (Colman et al., 2001; Simpson et al., 2010).
A total of 59 individual VOCs were quantified from the canister samples using GC-
MSD/FID/ECD system. Two separate gas chromatograph units were employed. In the first unit
(GC-1), 250 mL of air from each canister was concentrated and then split into two streams: one
analysed by the mass selective detector (MSD) and the other by the electron capture detector
(ECD). In the second unit (GC-2), air samples were concentrated at low temperatures before

analysis by the flame ionization detector (FID).

x,XAudit Accuracy, %
_ Spiked Value — Observed Value

x 100
Spiked Value

The measure of replicate precision used in this study is the absolute value of the difference
between replicate measurements of the sample divided by the average value and expressed as
a percentage as follows:

. |1 —x
Percent difference = ——%

(3.1)

where: x; = First measurement value.
X, = Second measurement value.
X = Average of the two values.

Performance criteria of replicate precision: within 25%.

A measure of analytical accuracy is the degree of agreement with audit standards. Audit
accuracy is defined as the difference between the nominal concentration of the audit compound
and the measured value divided by the audit value and expressed as a percentage, as illustrated

in the following equation:

Spiked Value— Observed Value
Spiked Value

Audit Accuracy, % = x 100 (3.2)
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Performance criteria of audit accuracy is within 30 percent for concentration normally expected

in contaminated ambient air (0.5 to 25ppbv).

The method detection limit (MDL) is defined for each system by making seven replicate
measurements of the compound of interest at a concentration near (within a factor of five) the
expected detection limit, computing the standard deviation for the seven replicate

concentrations, and multiplying this value by 3.14. Performance criteria of MDL is < 0.5 ppbv.

The limit of detection (LOD) for each procedure was defined as the lowest amount of analyte
that could be detected, though not necessarily quantified as an exact value. The noise level was
estimated as the standard deviation of the blank, and both noise and signal were measured

manually from the chromatogram printout. The LOD corresponded to a signal-to-noise ratio of

3.

Table 3.5 summarizes the MDL, precision, and accuracy for all 59 VOCs, which include 27
alkanes, 17 alkenes, 1 alkyne, and 14 aromatics. In this study, the precision was consistently
below 8.24 %, and the accuracy was below 9.25 %. Carbonyl analysis for the 2018 samples
was also conducted at HKPolyU using HPLC system. Table 3.6 presents the MDL and LOD

for all 16 carbonyls; the LOD was consistently below 50 pptv, and the MDL was below 8 pptv.
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Table 3.5 The method detection limit, precision and accuracy of 59 VOC species analyzed by

GC-MSD/ECD/FID system.

Species MDL(ppt) Replicate Precision Audit Accuracy
Alkanes

Ethane 31.11 2.74 % 0.71 %
Propane 23.18 2.32% -3.26 %
i-Butane 28.46 7.16 % 2.69 %
i-Pentane 18.02 2.81 % 2.68 %
Methylcyclohexane 9.17 1.11 % 9.25 %
n-Butane 55.77 4.57 % 3.14 %
n-Decane 17.89 441 % -71.12 %
n-Heptane 10.71 2.17 % -5.58 %
n-Hexane 8.52 4.40 % 5.79%
n-Nonane 10.19 3.49 % -0.74 %
n-Octane 10.81 1.29 % -2.72%
n-Pentane 10.54 2.54 % 2.97 %
2,2,4-Trimethylpentane 7.8 3.06 % 1.62 %
2,2-Dimethylbutane 18.88 2.79 % 2.28 %
2,3,4-Trimethylpentane 7.77 8.24 % -8.88 %
2,3-Dimethylbutane 15.69 6.33 % -8.29 %
2,3-Dimethylpentane 7.05 1.99 % 3.86 %
2,4-Dimethylpentane 10.75 1.76 % 4.43 %
2-methyl-2-Butene 8.89 6.87 % 0.00 %
2-Methylheptane 2.57 0.95 % -8.78 %
2-Methylhexane 9.46 1.12 % -3.03 %
2-Methylpentane 16.04 2.09 % 1.64 %
3-Methylheptane 6.58 0.88 % -4.02 %
3-Methylhexane 16.21 0.23 % -5.79 %
3-Methylpentane 16.84 3.03% 2.28 %
Cyclohexane 8.31 0.62 % -4.10 %
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Cyclopentane 18.95 1.58 % 0.79 %

Alkenes and Alkynes
Ethene 30.02 0.86 % -3.11%
Ethyne 34.12 241 % 3.11%
Propene 53.78 5.79 % 2.70 %
1,3-Butadiene 18.97 6.41 % -7.47 %
1-/i-Butene 36.39 571 % 4.53 %
1-Pentene 35.49 3.05 % 3.72%
trans-2-Butene 55.84 5.79 % 2.87 %
trans-2-Pentene 94 548 % -71.59 %
cis-2-Butene 15.02 2.50 % 0.16 %
cis-2-Pentene 15.59 325% 3.54%
Cyclopentene 20.44 1.27 % 2.58%
2-methyl-1-Butene 2291 0.44 % -1.45 %
2-methyl-1-Pentene 13.14 1.66 % 2.39%
3-methyl-1-Butene 21.21 2.80 % 1.93 %
4-methyl-1-Pentene 15.14 1.78 % 1.77 %
Isoprene 21 323 % 7.43 %
a-Pinene 13.16 4.17 % -3.47 %
B-Pinene 13.07 2.70 % 2.68 %

Aromatics

Benzene 18.14 0.08 % 3.56 %
Toluene 10.53 0.24 % -6.58 %
m/p-Xylene 17.79 1.67 % -6.32%
0-Xylene 10.8 1.69 % -4.16 %
Styrene 4.97 0.42 % -2.15%
Ethylbenzene 12.66 2.14 % -3.85%
o-Ethyltoluene 15.19 6.05 % -7.21%
m-Ethyltoluene 12.76 3.53 % 8.32%
p-Ethyltoluene 8.95 4.77 % 7.03 %

59



i-Propylbenzene 12.2 6.49 % -0.87 %

n-Propylbenzene 16.96 3.66 % -5.86 %
1,2,3-Trimethylbenzene 17.18 5.15% -4.50 %
1,2,4-Trimethylbenzene 15.12 4.49 % 8.77 %
1,3,5-Trimethylbenzene 14.42 5.30 % 8.34 %

Table 3.6 The method detection limit and limit of detection of 16 OVOC species analyzed by
HPLC system.

Species MDL(ppbv) LOD(ppbv)
Formaldehyde 5.88 1.05
Acetaldehyde 7.02 8.46
Acetone 1.47 16.68
Acrolein 6.73 15.38
Propionaldehyde 6.95 17.90
Crotonaldehyde 0.72 23.22
2-butanone 4.37 39.82
i-tn-bBtyraldehyde 1.35 23.01
Benzaldehyde 0.47 25.65
i-Pentanal/i-Valeraldehyde 3.51 24.24
n-Pentanal/n-Valeraldehyde 1.33 21.19
o-TolBaldehyde 3.35 32.05
m-TolBaldehyde 4.83 30.43
p-TolBaldehyde 2.92 31.30
n-hexaldehyde 1.20 32.54
2,5-Dimethylbenzaldehyde 4.27 47.92
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3.3 Model descriptions and configurations

3.3.1 Photochemical box model

3.3.1.1 Model description

A Photochemical Box Model coupled with the Master Chemical Mechanism (PBM-MCM) was
employed to simulate Oz photochemistry and assess the influence of meteorological conditions
on the reaction rates of O3 precursors. The MCM (v3.3.1) encompasses approximately 17,000
reactions and 6,600 intermediate species, providing a comprehensive description of
homogeneous gas-phase reactions in the atmosphere (Jenkin, 2003; Jenkin, 1997; Lam et al.,
2013; Saunders, 2003). In addition to chemical reactions, the model incorporates parameters
such as photolysis rates, dry deposition rates, boundary layer development, and aloft exchange.
The geographic coordinates of the sampling site and observed solar radiation were also input
into the model, enabling calculation of photolysis rates via the tropospheric ultraviolet and
visible radiation module (X. F. Liu et al., 2019; Lyu et al., 2016a; Lyu et al., 2019; Y. Wang et
al., 2018; Y. Wang et al., 2017). The PBM-MCM has been widely applied in various Chinese
cities, and its robust performance in simulating in situ photochemistry has been well
documented (X. F. Liu et al., 2019; Lyu et al., 2016a; Lyu et al., 2019; Y. Wang et al., 2018;
Y. Wang et al., 2017).

The heterogeneous uptake of HO, by aerosols was parameterized following the approaches
described in previous studies (Tan et al., 2020; Yang et al., 2022). The loss rate of HO> due to

aerosol uptake was calculated as:

Lyoyhet = 0.25 YeffVHo,ASA [HO,]
(3.3)

where vyefr 1s the effective uptake coefficient, parametrizes the influence of both physical and
chemical processes and varies in the highly uncertain range of 0-1 (Song et al., 2021). In this
study, we adopted a y values of 0.08, which have been used in the previous study (Li et al.,

2025; Tan et al., 2020; Yang et al., 2022), to evaluate the impact of HO, uptake on radical
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concentrations. vHo2 is the mean molecular velocity of HO», and in this study, vho2 was
calculated by temperature and we applied the value of 4.44 x 10° cm s™! at 25 °C, consistent
with the value used in previous study (Tan et al., 2020). ASA is the aerosol surface area
concentration. In the absence of direct ASA measurements, ASA was estimated by multiplying
the mass concentration of PM; 5 by 20, as suggested by previous studies (X. Chen et al., 2019;
Tan et al., 2020; X. Wang et al., 2017; Yang et al., 2022).

The index of agreement (IOA) is commonly used to evaluate model performance, with values
ranging from O to 1. A higher IOA value indicates better model performance (X. F. Liu et al.,
2021; X. F. Liuetal., 2019; Lyu et al., 2016¢c; Lyu et al., 2019; Y. Wang et al., 2018; Y. Wang

et al., 2017). The calculation equation is shown below:

Z?=1(0i_si)2
¥i2,(10;—0]+|s;-0])?

I0A=1 — (3.4)

where S; and O; are simulated and observed values, respectively; O represents the averages of

all observed values, and 7 is the number of samples.

The net O3 production rate (Py,_yo) is defined as the difference between gross production rate
of O3 (Go,—no) and destruction rate of O3 (Dg,_no) (Equation 3.5). Go,_yo 18 produced by the

reactions of HO2 + NO and RO; + NO (Equation 3.6). Dy, _y, is formed by the reactions of

HO> + O3, OH + 03, O('D) + H20, OH + NO3, and alkenes + O3 (Equation 3.7). The k values
represent the reactions rates, O('D), NO, and NO; are assumed to be at the instantaneous steady

state.
P03—N0 = Go3—1v0 - DO3—NO (3.5)
Go,—no = kno,+no[HOZ][NO] + X kro,+n0[RO2][NO] (3.6)

Do,-No = Kno,+0,[H021[03] + kon+0,[0HI[05] + ko 1p)1,0[0( 'D)]105] +

kon+no,[OH][NO;] + kqikenes+o,[alkenes][0s] (3.7)
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In this study, the sources of RO, were identified as follows: photolysis of HONO (HONO +
hv), photolysis of O3 (O('D) + H,0), photolysis of H,02, photolysis of OVOCs (including
HCHO + &v and other OVOCs + hv), and ozonolysis of alkenes (O3 + alkenes). (Ling et al.,
2014). Criegee intermediates (Cls), generated from the reaction between O3 and alkenes, can
rapidly decompose into OH and HO», serving as a significant source of radicals. To assess the
contribution of CIs to RO, formation, the simulated reaction rates of the CI pathway and other

intermediate pathways were extracted from the model results for further analysis.

The PBM-MCM model was also employed to simulate the production and destruction pathway
rates of formaldehyde, acetaldehyde, and acetone. The net production rate of formaldehyde
was determined by subtracting the total destruction rate from the gross production rate, as
described in Equation 3.8. The gross production rate of formaldehyde was calculated as the
sum of the oxidation rates of CH30O and other RO, the reaction rates of carbonyls with OH, the
oxidation rates of carbonyls, the reaction rates of alkenes with O3, and other radical reactions,
including those involving ROz, RCO3, Criegee intermediates, and chloride (as listed in Table
3.7), as shown in Equation 3.9. Conversely, the total destruction rate of formaldehyde was
determined by summing the rates of formaldehyde photolysis, its reaction with OH, and its
reaction with NO3, as outlined in Equation 3.10. The production and destruction pathway rates

for acetaldehyde and acetone are presented in Equations 3.11 to 3.16.

Pycro = Gucro — Ducro (3.8)
Gucro = Kcry04+0,[CH30]1[02] + X kro10,[ROI[0,] + X kovocs+on[Carbonyls][OH] +

Z khv+OVOCS [OVOCS] + Z kAlkenes+03 [Alkenes] [03] + Others (3-9)

Dycro = knv+ncnoHCHO] + kycno+on[HCHOJ[OH] + kycpo+no, [HCHO][N O3]

(3.10)
Penscro = Genscno — Denscro (3.11)
Genscro = X Kro+0,[RO1[02] + X kcarbonyis+on[OVOCS][OH] +
2. knv+carvonyis[Carbonyls] + X kaikenes+o, [Alkenes][03] + Others (3.12)
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Dcuscro = KnvicuzcnolCH3CHO] + kcyscno+on[CH3CHO][OH] +

kCH3CHO+NO3 [CH3CH0][N03] (313)

PCH3C0CH3 = GCHSCOCHS - DCH3COCH3 (314)

Genscocns = X% Kro+0,[RO1[02] + X kcarbonyis+ounlCarbonyls][OH] +

Z khv+Carbonyls [Carbonyls] + 2 kAlkenes+03 [Alkenes] [03] + Others (3-15)

DCH3C0CH3 = khv+CH3COCH3 [CH3C0CH3] + kCH3COCH3+OH[CH3COCH3] [OH] (316)

The relative incremental reactivity (RIR) values were defined as the relative change in the net
Os production rate resulting from variations in the concentrations of O3 precursors. (Cardelino
& Chameides, 1995; Lyu et al., 2016a; Y. Wang et al., 2018; Y. Wang et al., 2017; Xue, Wang,
Louie, et al., 2014). These values were used to assess the sensitivity of O3 production to its

precursors. The RIR value is calculated as follows:

RIR(X) = 120X, X 40)}/Po, (9 (3.17)

S(x)

where X represents a specific Oz precursor (i.e., individual VOC species, NO,, or CO), S(X)

stands for the measured concentration of X, and AS(X) is hypothetical change in the

concentration of X. In the study, we applied 10 % S(X) as the hypothetical change, Py,(X) and

Pp, (X — AX) denote the O3 production in base run and scenario with AS(X) for X species,

respectively (X. F. Liu et al., 2021; X. F. Liu et al., 2019; Lyu et al., 2016c; Lyu et al., 2019;
Y. Wang et al., 2018; Y. Wang et al., 2017).
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Table 3.7 Detailed reactions of other production pathways of carbonyls.

No. Reactions Constant No. Reactions Constant
Other production pathways of HCHO Other production pathways of CH3CHO
1 CH302=HCHO 2*KCH302*R0O2*0.5*(1- 1 COH502=CH3CHO 2*(KCH302*6.4D-
7.18*EXP(-885/TEMP)) 14)@0.5*R0O2*0.2

2 GLYOOB=HCHO KDEC*0.20 2 C3DBCO3+HO2=CH3CHO+HO2+CO+OH KAPHO2*0.44
3 CH3C2H202=HCHO+CH302+CO KDEC*0.65 3 C3DBCO3+NO=CH3CHO+HO2+CO+NO2 KAPNO
4 HOCH2CO3=HCHO-+HO2 1.00D-11*0.7*RO2 4 C3DBCO3+NO3=CH3CHO+HO2+CO+NO2 KRO2NO3*1.74
5 CH200+CO=HCHO 1.20D-15 5 C3DBCO3=CH3CHO+HO2+CO 1.00D-11*R0O2*0.7
6 CH200+NO=HCHO+NO2 1.00D-14 6 CH3CHOHCO3+HO2=CH3CHO+HO2+OH KAPHO2*0.44
7 CH200+NO2=HCHO+NO3 1.00D-15 7 CH3CHOHCO3+NO=CH3CHO+HO2+NO2 KAPNO
8 CH200+S0O2=HCHO+S03 7.00D-14 8 CH3CHOHCO3+NO3=CH3CHO+HO2+NO2 KRO2NO3*1.74
9 CH200=HCHO+H202 6.00D-18*H20 9 CH3CHOHCO3=CH3CHO+HO2 1.00D-11*RO2
10 GLYOOA=HCHO KDEC*0.125 10 C4ANO3COOOH+NO3=CH3CHO+GLYOX KNO3AL*4.0
11 CNO30OCL=HCHO+NO2+CO+CL J<15> 11 CH3CHOO+CO=CH3CHO 1.20D-15
12 CH20HCOCL=HCHO-+HO2+CL+CO J<15> 12 CH3CHOO+NO=CH3CHO+NO2 1.00D-14
13 NO3CH2CO3+HO2=HCHO+NO2+OH KAPHO2*0.44 13 CH3CHOO+NO2=CH3CHO+NO3 1.00D-15
14 NO3CH2CO3+NO=HCHO-+NO2+NO2 KAPNO 14 CH3CHOO+S0O2=CH3CHO+S03 7.00D-14
15 NO3CH2CO3+NO3=HCHO+NO2+NO2 KRO2NO3*1.74 15 CH3CHOO=CH3CHO+H202 6.00D-18*H20
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16 NO3CH2CO3=HCHO+NO2 1.00D-11*0.7*RO2 16 MGLOOB=CH3CHO KDEC*0.125

17 CH3C2H202=CH3CO3+HCHO KDEC*0.35 17 MGLOOA=CH3CHO KDEC*0.20

18 MACROOA=CH3CO3+HCHO+HO2 KDEC*0.095 18 PRNO3CO3+HO2=CH3CHO+NO2+OH KAPHO2*0.44

19 MVKOOA=CH302+HCHO+CO+HO2 KDEC*0.095 19 PRNO3CO3+NO=CH3CHO+NO2+NO2 KAPNO

20 HOCH2CO3+HO02=HO2+HCHO+OH KAPHO2%0.44 20 PRNO3CO3+NO3=CH3CHO+NO2+NO2 KRO2NO3*1.74

21 MGLOOA=CH3CO3+HCHO+HO2 KDEC*0.20 21 PRNO3CO3=CH3CHO+NO2 1.00D-11*0.7¥RO2

22 ISOPBO2=MVK-+HCHO+OH LOADII*EXP(- Other production pathways of CH3COCH3
9746/TEMP)

23 ISOPDO2=MACR+HCHO+OH 1.88DII*EXP(- 1 MBOOOA=CH3COCH3+HO2+CO+0OH KDEC*0.36
9752/TEMP)

24 C52402=HMACR+HCHO+OH 1.88DII*EXP(- 2 MBOOOA=CH3COCH3+HO2+HO02 KDEC*0.20
9752/TEMP)

25 C3NO3COO=NO3CH2CO3+HCHO KDEC 3 IC3H702=CH3COCH3 2*(KCH302*1.6D-12*EXP(-

2200/TEMP)*0.5*R0O2*0.2

26 HMACO3+HO2=HOCH2CO3+HCHO+OH KAPHO2*0.44 4 IPRHOCO3+HO2=CH3COCH3+HO2+OH KAPHO2*0.44

27 HMACO3+NO=HOCH2CO3+HCHO+NO2 KAPNO 5 IPRHOCO3+NO=CH3COCH3+HO2+NO2 KAPNO

28 HMACO3+NO3=HOCH2CO3+HCHO+NO2 KRO2NO3*1.74 6 IPRHOCO3+NO3=CH3COCH3+HO2+NO2 KRO2NO3*1.74

29 HMACO3=HOCH2CO3+HCHO 1.00D-11*¥RO2*0.7 7 IPRHOCO3=CH3COCH3+HO2 1.00D-11*¥RO2*0.7

30

C5COCHOO=CHOC2CO3+HCHO

KDEC

CH3CCH300+CO=CH3COCH3 1.20D-15
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31 C6135COO=CHOC3COCO3+HCHO KDEC 9 CH3CCH300+NO=CH3COCH3+NO2 1.00D-14

32 CHOC3COO=HCOCH2CO3+HCHO KDEC 10 CH3CCH300+NO2=CH3COCH3+NO3 1.00D-15

33 C5124CO0=C312COCO3+HCHO KDEC 11 CH3CCH300+S02=CH3COCH3+S03 7.00D-14

34 (C522CO3+HO2=CHOC2CO3+HCHO+OH KAPHO2*0.44 12 CH3CCH300=CH3COCH3+H202 6.00D-18*H20
35  (C522C03+NO=CHOC2CO3+HCHO+NO2 KAPNO 13 CO2C300A=CH3COCH3 KDEC*0.2

36 (C522C0O3+NO3=CHOC2CO3+HCHO+NO2 KRO2NO3*1.74 14 MPRBNO3CO3+HO2=CH3COCH3+NO2+0OH KAPHO2*0.44
37 C522C0O3=CHOC2CO3+HCHO 1.00D-11*RO2*0.7 15 MPRBNO3CO3+NO=CH3COCH3+NO2+NO2 KAPNO

38 C46C0O3+HO2=HOC2H4CO3+HCHO+OH KAPHO2*0.44 16 MPRBNO3CO3+NO3=CH3COCH3+NO2+NO2 KRO2NO3*1.74
39  (C46CO3+NO=HOC2H4CO3+HCHO+NO2 KAPNO 17 MPRBNO3CO3=CH3COCH3+NO2 1.00D-11*0.7*RO2
40 C46CO3+NO3=HOC2H4CO3+HCHO+NO2 KRO2NO3*1.74 18 MEK200A=CH3COCH3 KDEC*0.255
41 C46C0O3=HOC2H4CO3+HCHO 1.00D-11*RO2*0.7 19 MIBK3COO=CH3COCH3+CH3CO03+CO KDEC

42 ACO3+HO2=HO2+CO+HCHO+OH KAPHO2*0.44 20 C3ME3CHOO=HCOCH202+CH3COCH3 KDEC

43 ACO3+NO=HO2+CO+HCHO+NO2 KAPNO

44 ACO3+NO3=HO2+CO+HCHO+NO2 KRO2NO3*1.74

45 ACO3=HO2+CO+HCHO 1.00D-11*0.7*RO2

46 ACROOA=HO2+CO+HCHO+CO+OH KDEC*0.08

47 ACROOA=HO2+CO+HCHO+HO2 KDEC*0.34

48 HOCH2CO3+NO=NO2+HO2+HCHO KAPNO

49

HOCH2CO3+NO3=NO2+HO2+HCHO

KRO2NO3*1.74
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50 NAOOA=HO2+NO2+HCHO KDEC*0.125
51 GAOOA=HO2+HO2+HCHO KDEC*0.125
52 MACROOA=0OH+CO+CH3CO3+HCHO KDEC*0.25
53 NAOOA=OH+NO2+CO+HCHO KDEC*0.57
54 GAOOA=0OH+HO2+CO+HCHO KDEC*0.57
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3.3.1.2 Photochemical box model validation in Lanzhou in winter 2018

For the study of wintertime air quality in Lanzhou in 2018, temperature, relative humidity, O3,
NO, NO», CO, SO, VOCs, and carbonyls data collected at the sampling site in January 2018
were interpolated to a time resolution of 600 seconds and subsequently input into the model to
simulate O3 formation mechanisms. The VOC and carbonyl species included in the model are
listed in Tables 3.1 and 3.3; concentrations of other species in these tables were below detection
limits. Due to the lack of direct HONO measurements, average diurnal profiles of nitrous acid
(HONO) from previous studies in Lanzhou were used in the model simulations, the diurnal
profile of HONO used in this work presented in Figure 3.3 (W. Li et al., 2021; N. Wang et al.,
2018; W. Zhang et al., 2019; Xinran Zhang et al., 2022).

To quantify the impact of HONO uncertainty on O3 and OH production and destruction rates,
sensitivity tests were conducted by comparing three scenarios: the base scenario (using
observed HONO concentrations), the first intervention scenario (doubling HONO
concentrations), and the second intervention scenario (excluding HONO). As shown in Figure
3.4a, the net O3 production rate increased by approximately 8 % in the first intervention
scenario compared to the base scenario, while a slight decrease (~7 %) was observed in the
second intervention scenario. Photolysis of HONO is a key source of OH radicals (Acker et al.,
2006; Czader et al., 2012; Hendrick et al., 2014; Su et al., 2008). Doubling HONO
concentrations led to a 4.3 % increase in the daytime average OH production rate (4.4 x 10°
molecules cm™ s) and a 1.4 % increase in the maximum OH production rate (4.8 x 10°
molecules cm™ s7') compared to the base case. In contrast, omitting HONO resulted in a 2.9 %
decrease in the daytime average OH production rate (2.9 x 10° molecules cm™ s™) and a 1.0 %
decrease in the maximum OH production rate (3.5 x 10% molecules cm™ s!). Overall, the
uncertainty in HONO concentrations had a limited impact (less than 5 %) on OH production

and destruction, and these uncertainties were quantitatively analysed (Figure 3.4).

The model results indicated that radical concentrations reached statistical equilibrium within
18 hours (Figure 3.5). Therefore, a one-day spin-up period prior to the study period was used
to ensure equilibrium in the simulations. Model performance was evaluated by comparing
simulated and observed hourly O3 mixing ratios from January 1 to 31, 2018 (Figure 3.6). The
simulated O3 agreed well with observations, with IOA values of 0.89 on O3 episode days and

0.86 on non-episode days, consistent with the range reported in previous studies (0.74—0.89)
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(X. F. Liu et al., 2021; X. F. Liu et al., 2019; Lyu et al., 2016¢; Lyu et al., 2019; Y. Wang et
al., 2018; Y. Wang et al., 2017). The model performed better on episode days, likely due to
stronger photochemical activity and more intensive O3 production. The high IOA values
suggest that wintertime O3 pollution in Lanzhou is primarily driven by local formation (Figure
3.6). Some overestimation of simulated daytime O3 on non-episode days was observed, which
can be attributed to the limited consideration of physical processes such as horizontal and
vertical dispersion, advection, and mixing in the photochemical box model (X. F. Liu et al.,
2021; X. F. Liu et al., 2019; Lyu et al., 2016c; Lyu et al., 2019; Y. Wang et al., 2018; Y. Wang
et al., 2017). Additionally, stronger chemical production of O3 on episode days contributed to
the improved model performance in reproducing O3 concentrations compared to non-episode

days.

To assess uncertainties associated with observed alkanes, alkenes, aromatics, carbonyls, and
NO,, sensitivity tests were performed using model simulations (Figures 3.7-3.11). The
sensitivities of net Oz production rates, the percentage contributions of O3 production and
destruction pathways, and RIR values to 15 % changes in alkanes, alkenes, aromatics, and NOy
were calculated, with the percentage change determined by the uncertainty levels of the
observed species (Table 4.2). Overall, only limited changes were observed in these parameters,
and the diurnal patterns of net O3 production rates, pathway contributions, and RIR values
remained consistent. The increase in daily maximum net O3 production rate was greatest for a
15 % increase in alkenes (5.30 ppbv h!), compared to alkanes (3.90 ppbv h™') and aromatics
(4.01 ppbv h'"), indicating that alkenes have the largest impact on O3 production. Furthermore,
the O3 formation mechanism remained VOC-limited regardless of increases or decreases in

VOCs and NO.,.

Due to the limited number of carbonyl samples, the average diurnal variation of carbonyls
(including data points at 08:00—10:00, 12:00—14:00, and 16:00-18:00 LT) on O3 non-episode
days was used in the model simulation. Figure 3.11 illustrates the impact of carbonyl
uncertainty on simulated O3 production and destruction rates and RIR values. Scenarios with a
100 % increase in carbonyl concentrations, without carbonyl constraint, and the base scenario
were considered. The 100 % increase threshold was chosen because the average O3
concentration nearly doubled from non-episode (22.7 = 1.8 ppbv) to episode days (43.1 + 11.2
ppbv). Generally, doubling carbonyl concentrations increased the maximum daytime net O3

production rate by only 8.4 % (approximately 4.5 ppbv h™'). The proportions of O3 formation
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and destruction pathways changed by less than 4 % and 1 %, respectively, under the increased
and unconstrained carbonyl scenarios. Additionally, the RIR pattern remained unchanged
across all scenarios, indicating that O3 formation remained VOC-limited under these carbonyl

variations.
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Figure 3.3. Diurnal profile of HONO in Lanzhou
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3.3.1.3 Photochemical box model validation in Lanzhou in summer 2013, and
2019-2023

Recognizing that previous analyses of O3 precursor trends were insufficient to fully explain the
observed Os; variations in Lanzhou during the summers of 2013 and 2019-2023, this study
employed the PBM-MCM model to simulate O3 concentrations under various conditions.
Hourly observational data, including temperature, relative humidity, trace gases, and 50 VOCs
(comprising 19 alkanes, 15 alkenes, 1 alkyne, and 15 aromatics), were interpolated to a time
resolution of 600 seconds and used as model inputs. To ensure the reliability of the simulation
results, the IOA was adopted as a performance metric. The IOA values in this study ranged
from 0.81 to 0.91, indicating strong agreement between the modeled and observed O3

concentrations (Figure 3.8 and Table 3.11)

Table 3.8. The IOA information in all days and O3 episode days in Lanzhou in August 2013,
and 2019-2023

2013 2019 2020 2021 2022 2023

All 090 091 0.83 0.85 0.88 0.85
(073 081 088 0.85 0.83 0.88 0.83
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Figure 3.11. The model performance in a) all days and b) O3 episode days in Lanzhou in August
2013, and 2019-2023.
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3.3.1.4 Photochemical box model validation in five cities in summer 2018

Hourly observational data, including temperature, relative humidity, trace gases, 50 VOCs
(comprising 19 alkanes, 15 alkenes, 1 alkyne, and 15 aromatics), as well as 3 carbonyls
(formaldehyde, acetaldehyde, and acetone), were input into the model. These data were
interpolated to a time resolution of 600 seconds. Photolysis parameters were parameterized
based on photon fluxes calculated using the Tropospheric Ultraviolet and Visible (TUV)
radiation module, while dry deposition module accounted for the removal of air pollutants,
with deposition rates averaged over the mixed layer height (MLH), which was set to range
from 300 m at night to 1400 m during the day (Lam et al., 2013; X. F. Liu et al., 2019; Lyu et
al., 2016a; Lyu et al., 2019; Y. Wang et al., 2018; Y. Wang et al., 2017). To ensure the
reliability of the simulation results, the IOA was adopted as a performance metric. The IOA
values in this study ranged from 0.79 to 0.91, indicating strong agreement between the modeled
and observed O3 concentrations (Figure 3.11). As radical concentrations typically reach
statistical equilibrium within two days (Figure 3.12), a 2-day spin-up period was used prior to
the study period to ensure the equilibrium in the model simulations. The model has been
extensively applied across many cities in China, and its effectiveness in simulating in-situ
photochemistry has been consistently demonstrated (X. F. Liu et al., 2019; Lyu et al., 2016a;
Lyuetal., 2019; Y. Wang et al., 2018; Y. Wang et al., 2017).

The simulation results for Os; closely matched the observed diurnal patterns, with peak
concentrations occurring at noon and lower levels in the morning and evening. The IOA values
for Beijing, Wuhan, Chengdu, and Lanzhou ranged from 0.74 to 0.88, demonstrating the
reliability of the model simulations. Further details can be found in Liu et al. (2021a). The
PBM-MCM model was also applied to simulate the production and destruction pathway rates
of formaldehyde, acetaldehyde, and acetone, with detailed methodologies provided in Section

3.3.1.1.
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Figure 3.12. The model performance in the five sampling cities.
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Figure 3.13. The 5-day spin-up simulations of O3, OH, HO, and RO concentrations with O3
constraint in the five sampling cities.
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3.3.2 Positive matrix factorization model

The dataset was analyzed using a receptor model, specifically, the Positive Matrix
Factorization (PMF) model 5.0 developed by USEPA. This multivariate factor analysis tool is

widely used for receptor-based source apportionment (USEPA, 2017).

The mass balance equation for the PMF model is presented in Equation 3.17 (Ling et al., 2014;
Paatero, 1997). The model resolves the matrices of source contributions (G) and source profiles

(F) by minimizing the objective function Q, as shown in Equation 3.17:
Xij = ZR_1Gucfij + ey (3.17)

where xj; means the concentration of species j in sample i, gix represents the concentration of
factor k contribute in sample i, fij indicates the mass percentage of species j in source k, with
p stands for the number of sources of pollution and ej; explains the residual for species j in

sample i.

ogP g f\2
Q = x 3y, (M Tkmtnlu) (3.18)

wij
where m and n are the number of species and samples respectively, uj; represents the uncertainty
of j species in 1 sample. Qrobust Would automatically exclude the points not fit to the model in
the calculation, the optimum solution selects by the lowest Q value while Qe would include
all the points (Hua et al., 2023; X. F. Liu et al., 2021; X. F. Liu et al., 2019; Y. H. Liu et al.,
2019; Lyu et al., 2016b; Song et al., 2018; P. Zeng et al., 2019).

The concentration and uncertainty (unc) files for VOCs were required as input for the PMF
model. The uncertainty values can be determined either from observations or calculated using
specific equations. In this study, uncertainties were calculated according to Equations 3.19 and

3.20 in the USEPA guidelines:

u=2xMDL (C < MDL) (3.19)

unc = /(Error fraction X concentration)? + (0.5 X MDL)2(C > MDL) (3.20)
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where C means the concentration of VOCs and MDL represents the method detection limit.
10 % error fraction was selected (Hua et al., 2023; X. F. Liu et al., 2021; X. F. Liu et al., 2019;
Y. H. Liu et al., 2019; Lyu et al., 2016b; Song et al., 2018; P. Zeng et al., 2019).

As the contributions of different VOC species to carbonyl formation have been quantified by
the PBM-MCM model, these results can be integrated with the VOC species profiles of each
primary source identified by PMF. This approach allows for the estimation of the contribution

of VOCs from each primary source to the secondary carbonyl formation.

C; indicates the total contribution of VOC species in source j to the carbonyl formation, which

can be calculated through Equation 3.21.
G = %G X fij) (3.21)

where C; means the percentage contribution of VOC species i to the carbonyl formation from
PBM-MCM results, f;; denotes the percentage fraction of VOC species i in source j from

PMF source profile.
Based on the PMF results, ijri represents the primary contribution of source j to carbonyls,

while C,,. means the total secondary source contribution. Then the contribution of source j to

the secondary formation of carbonyl compound, as shown in the C;7°“, can be calculated by C;

divided by Cs.. (Equation 3.22). Therefore, the total contribution of source j to carbonyls,

Cf°**, can be obtained by summing Cj’m and C7°° (Equation 3.23).

C5 = ) X Coe (3.22)
total _ DTl

C.jo a — C‘] + C'jSEC (323)

The primary and secondary sources of carbonyls can be calculated based on Equations 3.19-
21. For example, according to the PMF results for formaldehyde in Beijing in Table 6.8, the

industrial source contributes 12.9 %, and the secondary source contributes 43.8 %. The primary
contribution of the industrial source to formaldehyde is denoted as ijri, while its secondary

contribution is extracted from the 43.8 % secondary source (Ciec).
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Based on the MCM results, propene contributes 20.9 % to formaldehyde formation in Beijing,

and according to PMF, 28.5 % of propene originates from the industrial source. Therefore, the

contribution of propene from the industrial source to formaldehyde is calculated as 20.9 % x

28.5 %. Similarly, the contributions of other VOC species from the industrial source to
formaldehyde formation are calculated in the same method. The total contribution of all VOCs
from the industrial source to formaldehyde is calculated using Equation 3.19 (¢ =

2i(Ci X f;;)), resulting in 16.9 %.

The secondary contribution of the industrial source to formaldehyde is then calculated using

Equation 3.20 (C/*“ = C; X Csec), which is 16.9 % multiplied by 43.8 %, resulting in 7.4 %.

Therefore, the total contribution of the industrial source to formaldehyde, including both
primary and secondary sources, is calculated using Equation 3.21 (Cjwt“l = ijri + 9,

which is 12.9 % plus 7.4 %, resulting in 20.3 %.

3.3.3 Multiple linear regression model

In the atmosphere, compounds originating from similar or identical sources often exhibit strong
correlations in their concentrations, consequently, the source apportionment model can be
established through multiple linear regression analysis (Friedfeld et al., 2002; Garcia et al.,
2006; F. Wang et al., 2024). To evaluate the relative contributions of primary and secondary
sources to the observed carbonyl concentrations, this study uses ethyne (C2H») and O3 as tracers
for primary and secondary sources, respectively. C2Hz is chosen as a specific tracer for primary
sources due to its long lifetime and predominant origin from combustion emissions (Cheng et
al., 2024; Yang et al., 2017; L. Zhang et al., 2024). The statistical similarity between carbonyl
compounds and acetylene can thus represent the primary contribution to the measured carbonyl
concentrations. O3, as an indicator of photochemical smog, is considered a typical secondary
compound in the atmosphere. The contributions of primary and secondary sources to carbonyls

can be estimated using a multiple linear regression model, as shown below:
[Carbonyl]=po+p1 [C2H2]+52 [Os] (3.24)
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In this equation, [Carbonyl], [C2Hz], and [O3] represent the concentrations of the target
carbonyls, CoHz, and Os, respectively. The coefficients fo, fi, and f> are the regression
coefficients of the model. According to this formula, the carbonyl concentration can be divided
into three components: background concentration (o), primary source contribution (51 [C2Hz]),
and secondary production (5> [O3]) (Bao et al., 2022; Friedfeld et al., 2002; Garcia et al., 2006;
Lietal., 2014; Liet al., 2010; Lui et al., 2017; Wang et al., 2015; Wu et al., 2023; Yang et al.,
2017; Z. Yang et al., 2019).

In the five cities studied, O3 was used as a tracer for secondary formation, while CoH» served
as a tracer of primary emissions. The relative contributions of primary emissions, secondary

formation, and background levels in these cities are shown in Table 6.9.
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Chapter 4 Wintertime Ozone Surges: The Critical Role of Alkene

Ozonolysis

4.1 Introduction

Ground-level ozone (O3) pollution has attracted public attention in the past decades due to its
detrimental impacts on human health, vegetation growth, and climate change (Ainsworth et al.,
2012; Ashmore, 2005; Chameides et al., 1999; Simpson et al., 2014; Wang et al., 2007).
Tropospheric Oz concentrations are influenced by photochemical reactions among Os
precursors (i.e., nitrogen oxides(NO. = NO + NO»), volatile organic compounds (VOCs), and
carbon monoxide (CO), as well as by regional transport and stratosphere—troposphere exchange
(Cape, 2008; Collins, 2003; Jennifer, 1985; X. Lu et al., 2019). In addition to the concentrations
of O3 precursors, the chemical formation of O3 is highly related to meteorological conditions
(i.e., temperature and solar radiation). High temperatures and strong solar radiation are
conducive to the chemical production of Oz (Guo et al., 2009; Guo, Ling, Cheung, Jiang, et al.,
2013; L. Li et al., 2016; Li et al., 2015; Lu et al., 2020; T. Wang et al., 2017; Y. Wang et al.,
2017). As such, Os pollution events are generally concentrated in spring, summer, and autumn
but rare in winter (Kgabi, 2012; N. Liu et al., 2019; Maji et al., 2019; Oltmans, 1994). However,
a handful of studies have reported O3 episode events (maximum hourly concentration
exceeding 100 ppbv) in winter at specific locations with high surface albedo values and/or
heavy precursor emissions (Edwards et al., 2014; Oltmans et al., 2014; Schnell et al., 2009;
Singh et al., 1997). For example, in the winter of 1993, hourly O3 peaks of 100—120 ppbv were
discovered in Delhi, India, due to meteorological conditions favorable to the accumulation of
air pollutants (Singh et al., 1997). In addition, in February 2008, O3 pollution events occurred
in a natural gas field in Wyoming, the United States of America (USA), (hourly maximum
value attaining 140 ppbv) with a daily average temperature of —17 °C. These were attributed
to high concentrations of O3z precursors (i.e., alkanes) trapped by the shallow temperature

inversion (Schnell et al., 2009). Moreover, in 2013, due to high snow albedo and strong
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carbonyl photolysis, severe O3 pollution was found in the oil fields of Utah, USA, with a daily

average temperature being —8 °C (Edwards et al., 2014; Oltmans et al., 2014).

In China, surprisingly, high O3 values during cold weather have been widely observed in North
China in recent years (Figure 4.1). On the one hand, the reduction in NO, emissions since 2013
has resulted in enhanced O3 pollution in the North China Plain (K. Li et al., 2021). On the other
hand, large O3 precursor emissions from oil fields and/or petrochemical industrial areas have
led to intensive production of O3 in winter (S. Y. Chen et al., 2020; Edwards et al., 2014; Ma
et al.,, 2012; Oltmans et al., 2014; Schnell et al., 2009). Specifically, several high O3 days
(maximum hourly values around 80 ppbv) in winter were observed in oil fields in the Yellow
River Delta (YelRD) region, which were ascribed to heavy emissions of alkanes during oil
extraction operations (T. Chen et al., 2020). In addition, highly reactive VOCs (i.e., ethene,
propene, toluene, and xylene) emitted from industry sources, combined with favorable
meteorological conditions for the accumulation of air pollutants, led to O3 pollution (hourly
maximum reaching 76 ppbv) in a city in North China during the winter (Zhan et al., 2023).
Moreover, it is notable that the highest O3 concentration was discovered in Lanzhou during
winter (Figure 4.1 and Table 4.1), which also experienced the highest frequency of days with
high O3 levels (Figure 4.1b). However, the driving factors of this unique O3 episode event have

not yet been explored.

Lanzhou is a typical industrial city in northwestern China, where the first discovery of
photochemical smog dates back to the mid-1970s (Wenkai Guo et al., 2022; X. F. Li et al.,
2017; Tang et al., 1985). Apart from the dense air pollutants emitted from the local
petrochemical industry (Dong et al., 2021; J. Liu et al., 2020; G. Y. Wang et al., 2020; Yan et
al., 2021), Lanzhou’s basin topography contributes to poor air quality by creating unfavorable
conditions for the diffusion of air pollutants (W. Guo et al., 2022; Jia et al., 2016). Previous
research on O3 pollution in Lanzhou has mainly focused on the relationships between O3 and
its precursors. For example, it was found that the O3 formation regime at an industrial site in
Lanzhou transferred from a NO,-limited regime to a transitional one in the summer (W. Guo et
al., 2022; Jia et al., 2016; X. F. Liu et al., 2021; Xue, Wang, Gao, et al., 2014). In addition, the
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contributions of VOCs to O3z production have been quantified (W. Guo et al., 2022; Jia et al.,
2016; X. F. Liu et al., 2021). Specifically, alkenes, especially C4 alkenes emitted from the
petrochemical industry, were identified as the most important contributors to O3 formation (W.
Guo et al., 2022; Henderson et al., 2010). However, these studies solely focused on O3
formation in the summer, mainly due to the frequent occurrence of high O3 days under intense
solar radiation and high temperatures. On the contrary, the O3 formation mechanisms in winter
have seldom been reported. Therefore, the underlying causes of the extremely high Os;
concentrations observed in cold weather and times of weak solar radiation are worth exploring
during wintertime. Furthermore, there is a lack of detailed information about the O3 formation
mechanisms, such as the evolution of O3 precursors during photochemical reactions and their

impacts on radical chemistry.

To fill these knowledge gaps, an intensive sampling campaign of O3, its precursors, and
meteorological parameters was conducted in Lanzhou during the winter of 2018. A
photochemical box model incorporating a Master Chemical Mechanism (PBM-MCM) was
employed to investigate the relationship between O3 and weather conditions. More importantly,
critical photochemical reactions were studied, including the evolution of VOCs and their
contributions to O3 production. Based on the results, emission control suggestions have been
devised for O3 mitigation in Lanzhou. The findings of this study will draw public attention to
winter O3 pollution and provide new insights into photochemistry with intensive alkene

emissions.
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Table 4.1. Monthly average O3, DM8A O3, number of O3 episode days (daily maximum O3
greater than 80 ppbv), temperature, relative humidity, and solar radiation in winter 2015-2022.
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Figure 4.1. (a) Daily maximum Ojs averages (greater than 80 ppbv) and (b) Frequencies of O3
pollution days (daily maximum O3 larger than 80 ppbv) in winter days of 2015-2020 in China.
Note: dots and crosses represent the sites in North China and South China, respectively; grey
shaded areas denote the distribution of oil fields
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4.2 Overview of O3 pollution in winter

4.2.1 Winter O3 pollution in China

Figure 4.1a presents the daily maximum average O3z concentrations (>80 ppbv) recorded in
winter (defined as December, January, and February) at 1,590 monitoring stations in China
during 2015-2020. Surprisingly, 76.3 % of the monitoring stations (1,213 sites) recorded high
concentrations of O3z, which sharply contrasts with the traditional understanding that Os;
pollution mainly occurs in the warmer season. Among these stations, 59.6 % were in South
China (crossed). The remaining 40.4 % that witnessed high O3 concentrations were located in
North China (dotted), where the meteorological conditions were considered unfavorable for O3
pollution (i.e., low temperatures and weak solar radiation) (J. Liu et al., 2019; T. Ma et al.,
2019; T. Wang et al., 2017; Yan et al., 2024). In addition, 37 % of the stations (452 sites)
recorded a frequency of O3 pollution days (hourly Oz concentration > 80 ppbv) of more than
1 % during the winter days between 2015 and 2020 (Figure 4.1b). Analyzing the environment
surrounding those sites revealed that rural sites were primarily near oil fields (gray-shaded
areas) and that the urban sites were generally distributed in cities with petrochemical industries.
Notably, Lanzhou experienced the highest frequency of O3z pollution days (17.8 %). Thus,

Lanzhou is an ideal place to investigate the mechanisms underlying winter O3 pollution.
4.2.2 Winter O3 pollution in Lanzhou

Figure 4.2 shows a time series of the concentrations of trace gases and VOCs recorded in
January 2018. Four O3 episode days (January 1, 13, 16, and 20, shaded in red) were recorded,
with an average daily maximum of 115 £+ 8.5 ppbv, despite cold weather and weak solar
radiation. The daytime average concentrations of NO and NO2 were 16.0 + 4.0 and 31.4 + 3.4
ppbv, respectively, which were higher than those recorded in other cities in China (Chu et al.,
2020; Fu et al., 2020; Gao et al., 2016; K. Liet al., 2021; R. Li et al., 2017), indicating a strong
effect of NO titration. Furthermore, there were four more days (January 9-10, 12, and 23,

shaded in blue) when the hourly maximum concentration of O, (O3 + NOy) exceeded 100 ppbv.
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Overall, the O3 pollution was severe in Lanzhou that winter, which may have resulted from

local photochemical reactions due to high concentrations of Ox.

The concentrations of air pollutants and meteorological conditions recorded on O3 episode days
and non-episode days are compared in Figure 4.3. The average daytime temperature on O3
episode days (—1.7 £ 1.3 °C) was higher than that on O3 non-episode days (—5.7 = 0.5 °C, t-test,
p <0.05), while the relative humidity on O3 episode days was lower than that on O3 non-episode
days (p < 0.05) (Table 4.2). The solar radiation, wind speed, and planetary boundary layer
height (PBLH) levels were comparable (p > 0.05). Notably, concentrations of O3 precursors,
including CO, NO, NO3, and total non-methane volatile organic compounds (TVOCs) were
higher on O3 episode days than on O3 non-episode days (p < 0.05). In particular, the
concentration of alkenes was almost 1.5 times that on O3 non-episode days, and the diurnal
pattern of alkene concentration showed an elevated concentration at 14:00 local time (LT) on
O3 episode days, which was significantly higher than that on O3 non-episode days. However,
no such difference was found in meteorological parameters. Thus, it can be speculated that the
increase in the alkene concentration was related to local emissions. At relatively high
temperatures and low relative humidity levels on O3 episode days, the large amounts of O3
precursors might have accelerated O3 production (Belan & Savkin, 2019; Duan et al., 2008; M.
Lietal., 2021; Pusede et al., 2015).

In this study, the average daytime concentration of TVOCs on O3 episode days was 153.4 +
19.0 ppbv, which was considerably higher than that recorded at other industrial sites in China,
such as Xi’an (85.3 + 60.6 ppbv), Jiyuan (54.3 £ 27.5 ppbv), Wuhan (44.1 ppbv), Taiwan (64
ppbv), and Guanzhong Plain (42.4-74.3 ppbv) (Hui et al., 2018; J. H. Li et al., 2022; Sun et al.,
2020; Tsai et al., 2008; Z. B. Wang et al., 2020). It was even comparable to that recorded at
other oilfield sites around the world; for example, the YelRD region (171.2 = 527.2 ppbv),
Junggar Basin (213 £ 97.7 ppbv), Upper Green River Basin (230 ppbv), and Denver-Julesburg
Basin (97 ppbv) (T. Chen et al., 2020; Field et al., 2015; Gilman et al., 2013; H. Zheng et al.,
2018). Figure 4.4a shows the percentage of VOC groups and the average daytime
concentrations of the top 20 VOC species on O3 episode days. It is worth noting that alkenes
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(82.3 = 13.1 ppbv) accounted for the largest proportion (53.7 £+ 8.5 %) of TVOCs, which was
different from the results found in other oilfields where alkanes comprised the largest
proportion (Figure 4.4b). Specifically, propene (35.2 + 9.8 ppbv), ethene (25.1 £ 6.5 ppbv),
and trans/cis-2-butene (7.8 + 3.6 ppbv) accounted for the largest proportion of alkenes.
Although the high reactivity of alkenes makes them suitable for involvement in strong
photochemical reactions, the low temperatures and weak solar radiation levels of winter were
not triggering factors for intensive O3 production. Hence, the O3 formation mechanism was

elaborated in the following sections with the aid of PBM-MCM model simulations.
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Table 4.2 Daytime (8:00-20:00 LT) average of meteorological and chemical parameters on O3
episode and non-episode days in Lanzhou.

Winter Winter Summer Summer
Episodes Non-episodes Episodes Non-episodes
Relative humidity ( %) 38.3+38 524+1.9 55.5+4.8 57.2+4.1
Solar radiation (W m~ 263.6 +60.7 255.3+23.0 438.8+63.2 3283 +64.6
Wind speed (m s™) 1.5+£0.2 1.5+0.1 0.4=+0.1 0.5+0.1
Temperature (°C) -1.7+£13 -5.7+£0.5 245+1.0 24.0+1.0
Planetary boundary ;00 1, 658 38224308  1432.7+86.4 10057 £47.9
layer height (m)
NO (ppbv) 16.0+4.0 13.6+1.6 20+0.5 23+09
NO, (ppbv) 31.4+34 25.6+1.7 17.6 + 2.4 125+1.7
CO (ppmv) 20+0.2 1.4+0.1 0.6+0.03 0.5+0.03
O; (ppbv) 43.1+11.2 227+1.8 81.2+8.1 573+73
Maximum O3 (ppbv) 121.8 96.1 161.9 88.6
TVOC (ppbv) 153.4+19.0 1151+7.2 79.0+ 8.5 66.3 +6.7
Alkanes (ppbv) 55.7+9.8 41.9+3.8 412+34 305+2.1
Alkenes (ppbv) 82.3+13.1 60.5+4.9 27.8+2.1 253+2.2
Alkynes (ppbv) 1.3+£0.5 09=+0.1 1.5+£03 1.1 +£0.1
Aromatics (ppbv) 14.1+27 11.8+1.1 127+1.5 7.3+0.9
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Figure 4.2. Time series of trace gases and VOCs in January 2018. O3 episode days (hourly
maximum concentration of O3 exceeded 100 ppbv) are shaded in red. Ox days (hourly
maximum concentration of O, exceeded 100 ppbv) are shaded in blue.
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Figure 4.3. Diurnal profiles of meteorological parameters, trace gases and VOCs on (a) O3
episode days and (b) non-episode days.
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sites (T. Chen et al., 2020; Field et al., 2015; Gilman et al., 2013; Z. B. Wang et al., 2020).



4.3 Influence of meteorological conditions on winter O3 formation

We compared the meteorological conditions and air pollutant concentrations in winter and
summer (Table 4.2). The reduced PBLH in winter corresponded to higher levels of O3
precursors than in summer. This might have resulted from weaker mixing and diffusion
processes under the shallower PBLH in winter (L. Liu et al., 2021; Shen et al., 2024; Yin et al.,
2019). Notably, the relative humidity and temperature were much lower, and the solar radiation
was weaker on the winter O3 episode days compared to summer ones. Although previous
studies have demonstrated that lower relative humidity leads to higher O3 concentrations in the
temperature range of 30 to —30 °C (Belan & Savkin, 2019), the effects of temperature and solar
radiation remain unclear. In Figure 4.5, panel (a) shows the effects of temperature on VOC
reactivity with OH, while panel (b) displays the effect of solar radiation on simulated OH
concentration. Weak solar radiation decreased the OH concentration, which could further
inhibit O3 formation. In contrast, an increase in temperature reduced the VOC reactivity of
trans/cis-2-butene, while the VOC reactivity of 1,3,5-trimethylbenzene (135TMB) was stable
during temperature changes due to the value of the fixed constant k of 135TMB and OH (Figure
4.5a). Additionally, the reactivity of cyclohexane and OH slightly increased with increasing

temperature.

To further investigate the impacts of temperature and solar radiation on O3 formation, the
reaction rates of alkanes, alkenes, and aromatics with OH were simulated under changes in
temperature and solar radiation during the most active photochemical reaction period (13:00—
16:00 LT, hereinafter the peak period) on O3 episode days (Figure 4.6a). The relationships
between the reaction rates of VOCs and solar radiation were close to linear regressions, with
slopes of 0.1, 2.0, and 0.1 ppbv h™! per 100 W m? for alkanes, alkenes, and aromatics,
respectively. In addition, the reaction rates of alkenes increased with increasing temperature
below 10 °C and decreased slightly when the temperature exceeded 10 °C (Figure 4.6b). The
reaction rate of alkenes on winter O3 episode days was only approximately 15 % lower than
that on summer O3 episode days. It was lower than those of alkanes and aromatics (~30 %).

Upon further investigation of the alkene species, it was found that the reaction rate of trans/cis-
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2-butene increased slowly above 0 °C (Supplementary Material Figure 4.5¢c). In general, low
temperatures and weak solar radiation in winter reduced the reactivity of VOCs with OH to a

certain extent but had a limited impact on the reaction rates of alkenes with OH.
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Figure 4.6. Reaction rates of VOC groups with OH during the peak period (13:00-16:00 LT)
under different (a) solar radiations and (b) temperatures. (Black dotted lines stand for the daily
maximum average solar radiation and daytime average temperature on O3 episode days in

winter and summer, respectively. O3 episode days in winter include 1, 13, 16, and 20 January
2018).

Note: dots and crosses represent the sites in North China and South China, respectively; grey
shaded areas denote the distribution of oil fields.
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4.4 Photochemical mechanisms underlying winter O3 pollution

As shown in Figure 4.7, OH plays a vital role in the RO, (OH + HO; + RO + RO») cycle in
photochemical reactions through initially oxidizing VOCs, which subsequently leads to O3
formation (T. Wang et al., 2017). In general, OH concentrations are much lower in winter
compared to summer due to the aggravated OH sink caused by higher concentrations of NO»
(i.e., the reaction of OH and NO,) (Table 4.3), and the reduced photolysis sources (i.e.,
photolysis of O3 and HONO) when solar radiation is weak in winter. Such processes could
suppress O3 formation regardless of the abundance of VOC:s. In this study, although the average
daytime OH concentration on the winter Oz episode days ([0.8 + 0.1] x 10° molecules cm )
was lower than that on summer O3 episode days ([2.0 + 0.3] x 10® molecules cm ) (Table 4.4)
(X. F. Liu et al., 2021), the average OH concentration during the peak period still reached (2.0
£0.1) x 10° molecules cm >, which was significantly higher than that found in previous studies
(Heard, 2004; X. Ma et al., 2019; Slater et al., 2020). This high concentration of OH attracted
our attention; therefore, we further explored the radical chemistry associated with OH

formation.

4.4.1 Sources of OH

Figure 4.8a depicts the contributions of initial sources to OH, HO>, and RO; on O3 episode
days. It was found that the ozonolysis of alkenes made an extraordinary contribution to OH
formation, accounting for 90.9 = 17.6 % of the OH sources. As the second contributor,
photolysis of HONO accounted for 8.7 £ 0.1 % of the OH sources, and the remaining sources
contributed a total of 0.4 + 0.1 %. Therefore, Os—alkene reactions were discovered to be the
predominant sources of OH. Furthermore, alkene ozonolysis can occur in a dark environment
(Alam et al., 2013; Ariya et al., 2000). A handful of studies have shown that O3 + alkenes
contribute to OH formation. For example, it was reported that the maximum daily average
contribution of O3 + alkenes to OH was (0.3 £ 0.05) x 10" molecules cm > s™! in Shanghai in
the summer of 2018 (X. F. Liu et al., 2021). The value at a mountainous background site in
South China (Nanling site) was found to be (0.03 £ 0.01) x 107 molecules cm> s™! (Y. Wang

etal., 2023). The contribution level reported at both urban and background sites in the literature
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is significantly lower than the (2.1 £ 0.7) x 10" molecules cm > s! determined in this study
(Figure 4.9). The reactions involving O3 + alkenes were neglected in previous work due to their
minor contributions to OH formation. To investigate the sources of OH further, we compared
the simulated results with and without OH radicals generated by Criegee intermediates (CIs)
via model simulations. The results indicated that 31.0 = 6.3 % of the OH was reduced when
OH radicals produced by Cls were excluded (Figure 4.10). CIs generated by the ozonolysis of
alkenes can rapidly decompose into OH, HO,, and RO (e.g., trans-2-butene, 4.1) and were
determined to be one of the major sources of radicals in this study (Emmerson et al., 2005;
Hatakeyama, 1994; Jacob, 1999; Osborn & Taatjes, 2015; Y. Wang et al., 2018). Specifically,
trans/cis-2-butenes accounted for 63 % of OH initiation (Figure 4.8a). CH;CHOOB, a CI
species generated from trans/cis-2-butene/pentene, was the largest contributor to OH,
contributing to a daytime average of (1.63 £ 0.31) x 10" molecules cm > s™' of OH on O3
episode days (Table 4.5). Table 4.6 compares the average daytime reaction rates between
alkenes with OH and alkenes with Os. It was found that the reaction rates of trans/cis-2-
butene/pentene with Oz were higher than those with OH. However, the reaction rates of OH
with other alkenes, particularly propene, were found to be greater (Figure 4.9b). This indicated
that trans/cis-2-butene/pentenes tended to react with O3 and thus promote the initiation of OH,
which, in turn, enhanced VOC oxidation and participated in -radical cycling, ultimately leading

to significant O3 production (Figure 4.9a).
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Table 4.3. Daytime (8:00-20:00 LT) average of meteorological and chemical parameters on O3 episode and non-episode days in Lanzhou.

Winter Summer
Winter Episodes Summer Episodes
Non-episodes Non-episodes
Relative humidity ( %) 38.3+3.8 524+1.9 55.5+4.8 57.2+4.1
Solar radiation (W m?) 263.6 + 60.7 255.3+23.0 438.8 £63.2 328.3 +64.6
Wind speed (m s) 1.5+0.2 1.5+0.1 0.4+0.1 0.5+0.1
Temperature (°C) -1.7+1.3 -5.7+0.5 245+1.0 24.0+1.0
Planetary boundary layer 3663 + 65.8 38224308 14327 + 86.4 1005.7 + 47.9
height (m)
NO (ppbv) 16.0 £ 4.0 13.6+1.6 20+0.5 23+0.9
NO, (ppbv) 314+34 25.6+1.7 17.6+2.4 125+1.7
CO (ppmv) 20+0.2 1.4+0.1 0.6 +0.03 0.5+0.03
O, (ppbv) 43.1+11.2 227+18 81.2+8.1 573+73
Maximum O3 (ppbv) 121.8 96.1 161.9 88.6
TVOC (ppbv) 153.4+19.0 1151+7.2 79.0 £8.5 66.3+6.7
Alkanes (ppbv) 55.7+9.8 41.9+3.8 412+34 30.5+2.1
Alkenes (ppbv) 82.3+13.1 60.5+4.9 27.8+2.1 253+22
Alkynes (ppbv) 1.3+0.5 0.9+0.1 1.5+£0.3 1.1£0.1
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Aromatics (ppbv) 14.1+£2.7 11.8+1.1 127+1.5 7.3+0.9

Table 4.4. Daytime (08:00-20:00 LT) average concentrations of OH, HO», RO», and contributions pathways to production & destruction rates of
OH, HO; and RO:a.

Episodes in In summer (X. F. Liu et al.,
Non-episodes in winter
winter 2021)
OH concentration (x10° molecules cm3) 0.8+0.1 0.7+0.1 20+03
HO; concentration (x10® molecules cm) 4.8+0.7 1.3+0.2 /
RO concentration (x10% molecules cm) 84+1.3 5.1+0.9 /
HO, + NO
OH formation ) 79+1.0 3.8+0.0 39+0.8
HONO + hv 02+0.0 02+0.0 0.1+0.0
pathways
1 0.0+0.0 0.0+0.0 0.1£0.0
(x107molecules OD+H,0
3 O, + Alkenes 2.1£0.7 0.6 0.1 0.3+0.1
cm™ s7)
H,0, + hv 0.0+0.0 0.0+0.0 0.0+0.0
OH loss OH + CO -1.0+£0.2 -0.5+£0.0 -0.6 £ 0.1
pathways OH + VOCs -8.8+1.2 37104 -3.3+0.6
(x10"molecules OH + NO -0.1£0.0 -0.1£0.0 -0.1+0.0
em? 1) OH +NO, -1.0+£0.1 -0.4+0.0 -0.5+0.1
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HO, RO, +NO 9.1+1.3 3.8+04
formation OH + CO 1.0+£0.2 0.5+0.1
HCHO + hv 0.1£0.0 0.1£0.0
pathways

OVOCs + hv 0.1+0.0 0.1+0.0

(x10’molecules
O3 + Alkenes 0.7+0.1 0.3+0.1

cm? )

OH + HCHO 0.1+0.0 0.1£0.0
HO:; loss HO, + NO -79+1.0 -3.8404
pathways HO, + RO, -1.6+£0.3 -0.2+0.0
HO; + HO» -0.6+0.1 -0.84+0.2

(x10’molecules
HO; + O3 -02+0.0 -0.0+0.0
RO; formation OH + VOCs 8.8+1.2 37+04
pathways O3 + Alkenes 24+04 0.7+0.1
OVOCs + hv 0.1+0.0 0.1+£0.0
RO; loss RO+ NO 9.1+13 -3.8+04
pathways HO; + RO, -1.6+0.3 0.240.0
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Table 4.5. Daytime (08:00-20:00 LT) average formation rates of OH, HO2, RO: contributed by the decomposition of Criegee intermediates on O3

episode days.
. . . OH formation rate (x107  HO; formation rate RO; formation rate (x107
CI Species Precursors Reactions of CI decomposition molecules cm s-1) (107 molecules cm™ s) molecules cm™ )
CH:00A Ethene CH>00A =HO; + CO + OH 0.01 £0.00 0.01 =0.00 /

CH;CHOOA = CH;0, + CO + OH
CH;CHOOA Propene ’ 2 0.15+0.03 0.08 + 0.01 0.23 +0.04

CH3CHOOA = CH;0; + HO»

Propene

CH:00B CH>O0B =HO, + CO + OH 0.17 £0.03 0.17 +£0.03 /

1-Butene

1-Pentene

C;HsCHOOA = C,Hs50, + CO + OH
C,HsCHOOA 1-Butene i e 0.00 + 0.00 0.00 + 0.00 0.00 = 0.00

C,HsCHOOA = C,H50, + HO»

trans/cis-2-But CH;CHOOB = CH;0, + CO + OH
CH;CHOOB ransieis-c-Butene 3 32 1.63+031 0.36 4 0.07 1.98 +0.38

trans/cis-2-Pentene CH3CHOOB = CH30;, + HO;

C,HsCHOOB = C;Hs0; + CO + OH
C,HsCHOOB trans/cis-2-Pentene i e 0.16 + 0.04 0.03 + 0.01 0.19 = 0.05

C,HsCHOOB = C,H50, + HO»

CH,O0D 1,3-Butadiene CH>OOD =HO; + CO + OH 0.00 £ 0.00 0.00 + 0.00 /

. ACROOA =HO; +2CO + HCHO + OH
ACROOA 1,3-Butadiene 0.00 +0.00 0.01 £0.00 /

ACROOA =HO; + CO + HCHO + HO»
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C3H;CHOOA = NC;H;0; + CO + OH
C;H,CHOOA 1-Pentene 7 TR 0.02 + 0.00 0.01 = 0.00 0.04+0.01

C3;H7,CHOOA = NC3;H70; + HO»

Table 4.6. Daytime (08:00-20:00 LT) average reaction rates of alkenes with OH/O3 on O3 episode days.

Alkenes Reactions Reaction rate (ppbv h')
Ethene + OH C,H4 + OH = HOCH,CH,0, 0.80+0.13
Ethene + O3 C;H4 + O3 = HCHO + CH2O0A 0.11+0.02
Propene + O3 C3Heg + O3 = CH,O0B + CH3CHO 0.59+0.10
Propene + O3 C3;Hg + O3 = CH;CHOOA + HCHO 0.59+0.10

Propene + OH C3Hg + OH = HYPROPO> 3.86 £ 0.64
Propene + OH C3Hg + OH = IPROPOLO; 0.58 +£0.10
1-Butene + O3 BUTIENE + O3 = C;HsCHOOA + HCHO 0.01 £0.00
1-Butene + O3 BUTIENE + O3 = CH,00B + C;HsCHO 0.01 +£0.00
1-Butene + OH BUTIENE + OH = HO3C40> 0.01 £0.00
1-Butene + OH BUTIENE + OH = NBUTOLAO> 0.08 £0.01
trans-2-Butene + O3 TBUT2ENE + O3 = CH3CHO + CH;CHOOB 2.78 £0.70
trans-2-Butene + OH TBUT2ENE + OH = BUT20LO, 1.09 £0.25

cis-2-Butene + O3 CBUT2ENE + O; = CH3;CHO + CH3;CHOOB 0.98 £0.26
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cis-2-Butene + OH

CBUT2ENE + OH = BUT20LO;

0.59+£0.16

1,3-Butadiene + O3 C4Hs + O3 = ACR + CH,O0D 0.01 £0.00
1,3-Butadiene + O; C4Hs + O3 = HCHO + ACROOA 0.01 +£0.00
1,3-Butadiene + OH C4Hg + OH = BUTDAO: 0.08 £ 0.02
1,3-Butadiene + OH C4Hs + OH = BUTDBO:> 0.24 +£0.06
1,3-Butadiene + OH C4Hs + OH = BUTDCO:> 0.05+0.01
1-Pentene + O3 PENTI1ENE + O3 = C3H;CHOOA + HCHO 0.09 +£0.02
1-Pentene + O; PENTI1ENE + O3 = CH,OOB + C3H,CHO 0.09 +£0.02
1-Pentene + OH PENTI1ENE + OH = PEIENEAO, 0.48 £0.10
1-Pentene + OH PENTI1ENE + OH = PE1ENEBO, 0.07 £0.02
trans-2-Pentene + O3 TPENT2ENE + O3 = C;HsCHOOB + CH3CHO 0.15+0.06
trans-2-Pentene + O3 TPENT2ENE + O3 = CH;CHOOB + C;HsCHO 0.15£0.06
trans-2-Pentene + OH TPENT2ENE + OH = PE2ENEAO> 0.05+0.02
trans-2-Pentene + OH TPENT2ENE + OH = PE2ENEBO; 0.05 +£0.02
cis-2-Pentene + O3 CPENT2ENE + O3 = C;HsCHOOB + CH3CHO 0.25+0.05
cis-2-Pentene + O3 CPENT2ENE + O3 = CH3CHOOB + C,HsCHO 0.25+0.05
cis-2-Pentene + OH CPENT2ENE + OH = PE2ENEAO> 0.08 £0.01
cis-2-Pentene + OH CPENT2ENE + OH = PE2ENEBO; 0.08 £0.01
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Figure 4.7. Daytime (08:00-20:00 LT) average budget of ROy on O3 episode days (1, 13, 16,
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Figure 4.10. Average diurnal concentrations of OH by base scenario and scenario without OH
generated by Criegee intermediates.
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4.4.2 Sources of HO> and RO»

In addition to OH, CIs can be decomposed into HO> and RO, which also play important roles
in radical cycling (Emmerson et al., 2005; Hatakeyama, 1994; Ling et al., 2014; Osborn &
Taatjes, 2015; Z. Tan et al., 2018). Figures 4.8b and 4.8c show the predominant initiations of
HO; and RO; on O3 episode days, respectively. Alkene ozonolysis accounted for 82.4 + 14.7 %
and 98.0 + 19.1 % of the initiated HO> and RO, respectively, which was in sharp contrast to
the findings of previous studies that showed the photolysis of OVOCs was the main source of
HO; and RO; (Ling et al., 2014). As shown in Figure 4.7, HO, and RO, promoted OH
formation by accelerating RO, cycling, resulting in more VOCs participating in the propagation
reactions. As shown in Figure 4.9a, the reaction of HO, with NO dominated OH formation. In
addition, the large contribution of ozonolysis of alkenes to OH during the peak period (13:00—
16:00 LT) cannot be ignored. Criegee intermediates generated by the ozonolysis of alkenes can
rapidly decompose into OH, HO>, and RO». The example reaction (e.g., trans-2-butene, 4.1) is
shown below. The reactions of VOCs were the main pathway for OH loss. Due to the balance
of formation and loss rates, the additional OH formation generated by alkene-Os3 reactions
would oxidate VOCs, and subsequently participate in the RO, cycle. Furthermore, the RO>
produced by the alkene-Oj3 reactions facilitated HO» formation through the transformation of
ROz - RO - HO; (Figure 4.11a). The following reactions of HO2/RO2 and NO accelerated the
RO:x cycle, continuously promoting OH formation, and resulting in more VOCs participating
in the ROx cycle. Therefore, HO> and RO> were identified as one of important driving factors

for the O3 pollution in this study.

\"‘\ +0, ﬂ\"‘o{ — ~,~° +CO +0OH+HO,

o (4.1)

Moreover, HO, and RO> generated by the ozonolysis of alkenes reacted directly with NO,
subsequently producing O3 (Figure 4.7). This was different from previous studies, where O3
formation was mainly achieved through the OH-initiated oxidation of VOCs (X. F. Liu et al.,

2021). The average daytime reaction rates of RO2 and HO» produced from Os + alkenes were
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(2.4+0.4) x 10" and (0.7 £ 0.1) x 10" molecules cm > s™!, respectively, which were the largest
contributors excluding OH + VOCs and RO + NO (Table 4.4), suggesting a crucial role for
alkene ozonolysis in RO; and HO; initiations. Furthermore, methyl peroxy radical (CH303)
accounted for the vast majority of RO species produced by alkene—Os reactions (72.4 + 14.0 %,
Figure 4.8c¢); it was mainly generated from trans/cis-2-butene/pentenes (Table 4.5). Therefore,
the abovementioned peroxy radicals boosted the production of O3 by directly reacting with NO
and accelerating the RO, cycling. Overall, despite the lower temperatures and weaker solar
radiation levels in winter, a large amount of alkenes emitted from the local petrochemical
industry could still enter the radical cycling by reacting with Os. Alkene ozonolysis dominated
the massive O3 production by generating OH, which subsequently promoted the oxidation of
VOCs and formed RO; and HO», accelerating RO, cycling and directly producing O; via

reactions with NO
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Figure 4.11. Diurnal (08:00-20:00 LT) cycles of pathway contributions to simulated (a) HO»
and (b) RO: production and destruction rates on O3 episode days.
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4.4 Quantification of O3 formation

4.4.1 O3 production and destruction

Figure 4.12a shows the average diurnal profiles of simulated O3 production and destruction
rates on O3 episode days in winter, compared to those on O3 non-episode days in winter and
summer (Table 4.7). The average daytime net O3 production rate was significantly higher on
O; episode days in winter (17.0 £ 2.3 ppbv h™!) compared to that in summer (8.9 £ 1.7 ppbv
h™") (p>0.05) (X. F. Liu et al., 2021). Meanwhile, the maximum O; production rate (53.4 ppbv
h™!) during winter O3 episode days was greater than that during summer Os episode days (~21
ppbv h™!) (X. F. Liu et al., 2021). In addition, we found that compared to other Chinese cities
in summer, O3 production was more intensive in Lanzhou, which was considered more
conducive to O3 formation. The rates recorded in other cities include 4.6-7.0 ppbv h™! (Wuhan),
3.4-4.6 ppbv h! (Chengdu), 5.1-7.7 ppbv h™! (Beijing), and 2.1-3.5 ppbv h™! (Shanghai) (X.
F. Liuet al., 2021).

The HO; + NO and RO + NO pathways dominated O3 production. Specifically, 90.8 = 8.5 %
and 88.4 = 9.7 % of the two respective pathways were related to alkenes via the donation of
peroxy radicals. The contributions of alkene species to the HO2 and RO; + NO pathways were
quantified in Section 4.4.2. Furthermore, 78.0 = 11.5 % of O3 destruction resulted from the
reactions of alkenes with O3z, which was different from the main reaction of NO», with OH in
Lanzhou during summer and in other regions in China (X. F. Liu et al., 2021). Although O;
was destructed by reactions with alkenes, the radicals generated from these pathways produced
more than twice the amount of O3 through radical initiation compared to the Os loss, especially
for the butene isomers (Figure 4.12b). These findings showed that the reactions of alkenes with
O3 governed O3 production and destruction and thus further indicated the pivotal role that

alkenes play in Os pollution.
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Table 4.7. Daytime (08:00-20:00 LT) averages of main pathways' contributions to O3
production and destruction rates (unit: ppbv h').

In summer (X.

Episodes in winter ~ Non-episodes in winter F. Liu et al.,
2021)

Net P(O3) production rate 17.0+23 8.6+ 1.1 8.9+1.7
P HO, + NO 11.5+1.5 55+£0.6 55+1.1
r RO; +NO 13.3+1.8 55+0.6 5.0+09
D OH + NO» -1.4+0.2 -0.7+0.1 -0.7+0.2
e O3 + Alkenes -6.0+ 1.0 -1.7+£0.2 -0.5+0.1
s O'D + H20O -0.0+0.0 -0.0+0.0 -0.2+0.0
t Os; + OH -0.0+0.0 -0.0+0.0 -0.0+0.0
r O3 + HO» -0.3+0.0 -0.0+0.0 -0.2+0.0
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Figure 4.12 (a) Daytime (08:00-20:00 LT) average profiles of simulated O3 production and
destruction rates of main pathways on O3 episode days. (b) Daytime average pathway
contributions of major alkenes to O3 production and destruction rates on O3 episode days. Os
episode days include 1, 13, 16, and 20 January 2018.
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4.4.2 Contributions of alkenes to O3 production

Figure 4.13 presents the detailed evolution of major alkene species and their contributions to
O3 production during the peak period (13:00—16:00 LT) on O3 episode days. The O3 production
was dominated by the RO> + NO and HO, + NO pathways (Figure 4.12a), responsible for 54.3
+ 5.0 % and 45.6 £ 4.0 %, respectively.

When we analyzed the origin of RO2 in the RO> + NO pathway, three radicals were found to
account for most of the reactions with NO: propyl peroxy radical (HYPROPO>), CH30,, and
2-hydroxy butyl peroxy radical (BUT20OLO>). These radicals explained 30.9 + 2.9 %, 27.9 +
3.8 %, and 11.5 + 1.7 % of the RO2 + NO pathway, respectively. HYPROPO2 and BUT2OLO>
were mainly generated by the OH-initiated oxidation of propene and trans/cis-2-butene,
respectively (Figure 4.13). In addition, 2-hydroxy ethyl peroxy radical (HOCH>CH20O3) and 2-
hydroxy pentyl peroxy radicals (PE2ENEAO; and PE2ENEBO;) originated from the OH-
initiated oxidation of ethene and trans/cis-2-pentene, responsible for 6.5+ 0.7 % and 1.5+ 0.3 %
of RO: in the RO; + NO pathway, respectively. Unlike the abovementioned radicals, CH30>
was mainly produced by the ozonolysis of alkenes, and 87.8 + 16.5 % of it was derived from
CH3CHOOB, which was one of the CIs. More specifically, 91.8 + 18.5 % of CH;CHOOB was
produced by the ozonolysis of frans/cis-2-butene, and the remainder was generated by the
ozonolysis of propene (8.2 + 2.7 %). Additionally, 10.7 £ 1.4 % of CH30, evolved from
CH3;CHOOA, another CI produced by the ozonolysis of propene. Finally, 1.0 = 0.1 % of RO2
in the RO, + NO pathway was ethyl peroxy radical (CoHsO»), which was derived from a CI
(C2HsCHOOB) produced by the ozonolysis of trans/cis-2-pentene.

Regarding the HO, + NO pathway, HO, was found to be derived from alkyl peroxy radicals,
which followed the evolution of RO — RO — HOs. Thus, the sources of HO; in the HO» +
NO pathway were similar to those of ROz in the ROz + NO pathway. Specifically, radicals
including propyl radical (HYPROPO), methyl radical (CH30), 2-hydroxy butyl radical
(BUT20AO), and 2-hydroxy ethoxy radical (HOCH>,CH>O) provided 31.2 + 3.5 %, 27.8
4.6 %, 11.2 + 2.0 %, and 6.6 = 1.4 % of HO», respectively, in this pathway. The remaining

alkenes contributed 6.0 + 1.4 % of HO>. In addition, formaldehyde (HCHO) generated from
109



HYPROPO and CH;0 radicals contributed 2.4 + 0.3 % of HO: in the HO; + NO pathway.
Furthermore, a small HO> contribution (2.9 + 0.4 %) was provided by Ci—C; aldehydes

produced from either alkenes or their alkyl radicals.

Overall, 89.6 + 8.7 % of O3 production on the O3 episode days was attributed to alkenes. The
four largest contributors were trans/cis-2-butene (34.8 + 3.7 % of the total O3 production),
propene (34.5 £ 5.3 %), ethene (6.6 £ 0.8 %), and trans/cis-2-pentene (4.7 £ 0.9 %). Other

VOC groups only contributed 10.4 + 9.5 % of O3 production.

Given the dominant role that alkenes were found to play in O3 production, we evaluated a series
of O3 control strategies related to alkenes, as shown in Figure 4.14a. It was found that a
reduction of approximately 84.2 % propene or 80.7 % trans/cis-2-butene could prevent the
hourly maximum Oj; concentration from exceeding 100 ppbv. However, mitigation strategies
were found to be less effective for other single alkene species. As discussed in Section 4.4.2,
butene isomers and propene were the two most important sources of O3 production. Notably,
if total alkenes were reduced by 26.4 %, the hourly maximum O3 concentration would be lower
than 100 ppbv (Figure 4.14b) due to the combined effect of butene isomers and propene.
Moreover, if the reduction was solely performed in the early afternoon (i.e., 28.6 % reduction
in alkenes between 13:00 and 16:00 LT), excessive O3 concentrations (>100 ppbv) could be

prevented (Figure 4.14b)
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4.5 Impact of NO,

Despite the considerable influence of alkenes, the impact of NO, cannot be ignored. The NO
concentration increased from 17:00 to 21:00 LT and remained relatively high until 10:00 LT
the next day, resulting in the nighttime O3 concentration being close to zero due to the NO
titration effect (Figure 4.3a). Subsequently, it hindered the ozonolysis of alkenes after 17:00
LT and before 10:00 LT (Figure 4.15¢). In addition, RIR values were calculated to determine
the relationship between Os and its precursors. Overall, the average daytime RIR values of NOx
were negative, suggesting an inhibitory effect on O3 formation (Figure 4.16a). Specifically, the
negative hourly RIR values of NO, were mainly concentrated in the mornings and evenings
(Figure 4.16b). This was attributed to the NO titration effect, which inhibited the ozonolysis of
alkenes and subsequently restricted the reactions of HO; and RO, with NO. However, the
hourly RIR values of NO, were positive from 12:00 to 17:00 LT (Figure 4.16b), indicating that
O3 formation was co-limited by VOCs and NO, during this period, consistent with that in
summer (X. F. Liu et al., 2021). After sunrise, as NO; photolysis increased, more O3 was
produced and participated in reactions with alkenes (Figure 4.15c). Furthermore, the RIR
values of NO, were higher than those of alkenes from 14:00 to 17:00 LT (Figure 4.16b),
implying that O3 formation inclined into a NO,-limited regime. Therefore, it was found that a
27.7 % reduction in NO, during the period of 13:00-16:00 LT could effectively maintain the

O3 concentration below 100 ppbv (Figure 4.14a).
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4.6 Summary

Contrary to the consensus that O3z pollution mainly occurs in warm weather with strong solar
radiation, we discovered through intensive sampling that O3 concentrations in Lanzhou were
extremely high in winter. Using observation-based box model simulations, we found that large
amounts of alkenes emitted from the local petrochemical industry reacted with O3 and produced
Criegee intermediates, which further decomposed into substantial amounts of RO, and
ultimately accelerated O3 production. The trans/cis-2-butene, propene, ethene, and trans/cis-
2-pentene were identified as the top four alkenes, accounting for more than 80 % of O3
production. We also discovered that temperature changes had a limited impact on the
ozonolysis of alkenes, which can also occur in dark environments. Our findings provide new
information that challenges the consensus, showing that warm weather and strong solar
radiation are not indispensable factors for intensive photochemical reactions and that dark
reactions in photochemistry could surpass photolysis reactions and trigger intense O3
production. Moreover, our findings challenge the understanding that alkene ozonolysis mainly
leads to the destruction of O3; in this study, it was the culprit responsible for severe O3 pollution.
Given the increased industrialization and elevated demand for olefin products worldwide,
paying serious attention to alkene-related air pollution is essential. Furthermore, high snow
albedo could intensify the RO, cycling and O3 production processes identified in this study.
The findings of this study emphasize the importance of recognizing O3 pollution in locations
with cold weather and weak sunlight and provide a reference for studying atmospheric
oxidation reactions and free radical chemistry in petrochemical industrial environments. The

control measures proposed in this study are also applicable to similar regions.
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Chapter 5 Long-term Trend of Ozone Formation and Radical

Chemistry in Lanzhou

5.1 Introduction

Ozone (O3) pollution poses serious health and environmental challenges worldwide. As a major
air pollutant at ground level, O3 has been associated with a variety of adverse health effects,
including respiratory illnesses, cardiovascular diseases, and an increased risk of premature
death (Curtis et al., 2006; Liu et al., 2018; Manisalidis et al., 2020; Soares & Silva, 2022; J. J.
Zhang et al., 2019). In addition to its impact on human health, O3 damages vegetation and
reduces agricultural yields by harming plant tissues and inhibiting photosynthesis, resulting in
substantial economic losses in the agricultural sector (Emberson, 2020; Feng et al., 2015). O3
also contributes to climate change by altering the radiation balance and affecting interactions
between the atmosphere and biosphere, which can influence temperature and weather patterns
(X. Lu et al., 2019). Despite ongoing mitigation efforts, O3 pollution remains a persistent
problem in many regions, driven by both natural processes and human activities.
Understanding long-term trends in O3 pollution is therefore crucial for developing effective

control strategies.

Lanzhou stands out as one of the earliest cities in China where O3 pollution was documented,
with records of photochemical smog dating back nearly five decades (W. Guo et al., 2022; J.
Li et al., 2020; Ta et al., 2004; Tang et al., 1985). Although the Clean Air Action (CAA) Plan
was launched in 2013 to tackle air pollution through stricter emission controls and
technological upgrades, Lanzhou continues to face significant O3 pollution challenges (Du et
al., 2020; Filonchyk & Yan, 2018; Zhao et al., 2021). The CAA Plan included a range of
measures, such as controlling industrial emissions, reducing dust pollution, managing scattered
coal use, and regulating vehicle exhaust (Bureau, 2018; Government, 2013). In Lanzhou, the
chemical formation of O3 is particularly important. High emissions of alkenes from the

petrochemical industry, combined with the city’s valley topography, frequently result in severe
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Os pollutions. The valley setting tends to trap pollutants near the ground, further worsening air
quality (Du et al., 2020; W. Guo et al., 2022; Jia et al., 2016). Industrial activities, especially
in the petrochemical sector, are major sources of O3 precursors, including nitrogen oxides (NOy)
and volatile organic compounds (VOCs) (Dong et al., 2021; J. Liu et al., 2020; G. Y. Wang et
al., 2020; Yan et al., 2021). As a result, O3 pollution in Lanzhou is influenced by both complex
chemical processes and substantial local emissions, making it a particularly challenging issue
to manage. Notably, Lanzhou also experiences significant wintertime O; pollution —a

phenomenon uncommon in most other regions (Yang et al., 2024).

In China, much of the long-term research on O3 pollution has focused on regions such as the
North China Plain (NCP), Yangtze River Delta (YRD), and Pearl River Delta (PRD), as well
as major cities like Chengdu and Shanghai (S. Chen et al., 2020; Z. Chen et al., 2019; Gao et
al., 2017; Hu et al., 2025; X.-B. Li et al., 2022; X. F. Liu et al., 2019; M. Wang et al., 2024; W.
Wang, D. D. Parrish, et al., 2022; Y. Wang et al., 2022; L. Yang et al., 2019). These studies
have provided important insights into O3 trends and formation mechanisms. For instance, in
the NCP, it has been observed that reducing NO, emissions alone, particularly during periods
of high temperatures and strong sunlight, can sometimes lead to increased O3 concentrations
(S. Chen et al., 2020; Z. Chen et al., 2019; M. Wang et al., 2024; W. Wang, D. D. Parrish, et
al., 2022). In the PRD, an imbalance between NO, and VOC controls, along with a weaker NO
titration effect, has also contributed to elevated Os levels (X.-B. Li et al., 2022; L. Yang et al.,
2019). Studies in Shanghai and Chengdu also found that reducing NOy could increase O3 (Gao
et al.,, 2017; Y. Wang et al., 2022). In Lanzhou, a shift in O3 formation was observed —from
being mainly NOx-controlled in summer 2018 to a VOCs-dominated regime in summer 2019
(Y. Lietal.,2022). However, this finding was based on analysis of only the 2018—2019 period,
during which major overhauls of the alkenes plant and heavy catalytic cracking unit took place
—an unprecedented event in the history of Lanzhou’s petrochemical industry (Y. Li et al.,

2022). These unique circumstances introduce considerable uncertainty to the results.
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Consequently, there remains a significant research gap in understanding the long-term trends

and influencing factors of O3z pollution specific to Lanzhou.

Previous studies have demonstrated that O3 formation regimes can shift over time and that the
effectiveness of control measures may vary accordingly (K. Li et al., 2019; T. Wang et al.,
2017). Long-term monitoring and modeling are therefore essential for capturing these dynamic
changes. Mechanistic studies using the Photochemical Box Model coupled with the Master
Chemical Mechanism (PBM-MCM) have provided valuable insights into local O3 formation
pathways and the impacts of precursor controls (X. F. Liu et al., 2019; Lyu et al., 2016a; Lyu
et al., 2019; Y. Wang et al., 2018; Y. Wang et al., 2017). Additionally, Positive Matrix
Factorization (PMF) has been widely applied to identify the primary sources of VOCs and
other O3 precursors in Chinese cities (Hua et al., 2023; X. F. Liu et al., 2021; X. F. Liu et al.,
2019; Y. H. Liu et al., 2019; Lyu et al., 2016b; Song et al., 2018; P. Zeng et al., 2019). Given
the current lack of long-term studies on O3 pollution in Lanzhou, this research examines O3
trends and their driving factors in the city from 2013 to 2023. By employing both the PBM-
MCM and PMF models, this study aims to uncover the mechanisms underlying O3 variation in
Lanzhou. The analysis provides a comprehensive understanding of the factors influencing O3
levels and assesses the impact of the CAA Plan. The results will offer scientific guidance for
future policy development and air quality management in Lanzhou and other cities facing

similar challenges.
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5.2 Long-term trends in O3 and other air pollutant levels

Figures 5.1 presents the trends in daytime (07:00-19:00 LT) average concentrations of major
air pollutants, i.e., PMzs, CO, SO;, NO», and O3, in Lanzhou from 2014 to 2024. From 2019
to 2024, CO, SO;, and NO> showed significant declines, indicating the effectiveness of
emission reduction measures implemented during this period. In contrast, O3 levels presented
an upward trend of 0.56 ppbv yr'!, highlighting the persistent challenge of O3 pollution despite
overall improvements in air quality. From 2014 to 2018, NO> concentrations increased at an
annual rate of 1.54 ppbv yr'!, while PMs, CO, and SO levels declined at rates of —1.69 pg m"
3yrl, -0.02 ppmv yr!, and -0.19 ppbv yr'!, respectively. Notably, Oz concentrations continued
to rise steadily during this period, with an annual increase of 0.97 ppbv yr'!, almost double the
rate observed in 2019-2024. A range of measures such as stricter control of industrial emissions,
dust pollution prevention, scattered coal treatment, and coordinated vehicle exhaust regulation,
were implemented to combat air pollution (Bureau, 2018; Government, 2013). Significant
reductions in CO and SO concentrations reflect the positive impact of improved vehicle
emission standards and targeted sulfur emission policies. Changes in NO levels are likely the
result of strengthened traffic management measures. These trends are in line with observations

in other major Chinese cities (Maji & Sarkar, 2020; Zheng et al., 2024).

Table 5.1 summarizes the daytime (07:00-19:00 LT) average concentrations of pollutants on
Os episode days and all days, as well as the number of O3 episode days in Lanzhou from 2014
to 2024. Between 2014 and 2018, both the daytime average O3 concentrations on episode days
(defined as days when the daily maximum O3 exceeds 100 ppbv) and on all days showed an
upward trend, reaching their highest values in 2016 at 63.99 + 1.01 ppbv and 29.47 + 1.64 ppbv,
respectively. From 2019 to 2024, average O3z concentrations increased for both O3 episode days
and all days, reaching their highest values in 2022 at 67.38 + 1.96 ppbv and 35.55 + 1.50 ppbyv,
respectively. The number of O3 episode days peaked at 16 and 11 days in 2016 and 2018,
respectively, and then dropped from 7 days in 2019 to 1 day by 2024. Although the frequency
of extreme O3 pollution events has been significantly reduced, overall Oz pollution levels

remain relatively high. This suggests that current control measures are more effective at
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mitigating O3 episode days but have limited impact on reducing the general O3 background
level. Therefore, further comprehensive strategies targeting O3 precursors are needed to

achieve broader improvements in O3 pollution.

Seasonal characteristics of O3 pollution are detailed in Table 5.2, with the four seasons defined
as spring (March—May), summer (June—August), autumn (September—November), and winter
(December—February). O3 concentrations were highest in summer, followed by spring, autumn,
and winter, with average values on all days reaching 44.86 + 0.75 ppbv, respectively. This
seasonal pattern highlighted the influence of higher temperatures and stronger solar radiation
on O3 formation during the summer months. Table 5.2 also shows that the majority of O
episode days occurred in summer (61 days), compared to only 0-5 days in other seasons.
Notably, the rate of O3 increase during summer was markedly higher than in other seasons for
both periods, with values of 2.50 ppbv yr! from 2014 to 2018 and 1.70 ppbv yr'! from 2019 to
2024. To more effectively evaluate the O3 control plan in Lanzhou, our analysis focused on the

summer season, when O3 pollution is most severe.

Table 5.3 shows the number of Oz episode days and the average concentrations of O3 and
meteorological parameters for all days during summertime in Lanzhou from 2014 to 2024.
While June, July, and August all experience elevated O3 levels, separate analysis of these
months offers limited additional insight, as August shares similar meteorological
characteristics with June and July and is representative of summer O3 pollution. Therefore,

August was selected for detailed analysis of summer O3 pollution in this study.
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Table 5.1. Daytime (07:00-19:00 LT) average concentration of O3 on O; episode days and all
days, and the number of O3 episode days and high O, days in Lanzhou from 2014 to 2024.

Daytime (07:00-19:00 LT)

Daytime (07:00-19:00 LT)

Number of O3 episode

Year average concentration of Oz on average concentration of O3 on days (daily maximum
O3 episode days (ppbv) all days (ppbv) 03>100 ppbv)

2014 / 24.13 +1.35 /

2015 61.21 £3.40 24.11+1.35 1

2016 63.99 +1.01 2947+ 1.64 16

2017 59.68 £1.32 29.33 +1.58 9

2018 62.34+1.23 28.63 £ 1.56 11

2019 50.71 +1.46 29.32+1.52 7

2020 57.76 £1.77 33.60 +1.48 6

2021 59.88 +1.57 30.47 +1.53 7

2022 67.38 +£1.96 35.55+1.50 4

2023 59.96 +1.87 33.57+1.68 5

2024 62.47 +£3.60 33.56 £ 1.67 1

Table 5.2. Summary of daytime (07:00-19:00 LT) average concentration of O3 on all days, the

number of O3 episode days, and the increased rate of daily average O3 concentration by season
in different seasons of Lanzhou from 2014 to 2024.

Daytime (07:00-19:00 Increased rate of daily average Increased rate of daily average

Number of O3
Seasons LT) average O3 Os concentration from 2014 to O3 concentration from 2019 to
episode days
concentration (ppbv) 2018 (ppbv yr'!) 2024 (ppbv yr'!)
Spring 36.30 £ 0.63 5 1.85 (p <0.05) 0.46 (p < 0.05)
Summer 44.86 £0.75 61 2.50 (p <0.05) 1.70 (p < 0.05)
Autumn 23.36 + 0.67 1 0.51 (p<0.05) 0.71 (p < 0.05)
Winter 16.34 £ 0.57 0 0.19 (p>0.05) -0.33 (p > 0.05)
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Table 5.3. Daytime (07:00-19:00 LT) average values of O3 and meteorological parameters for

all days of summertime Lanzhou from 2014 to 2024.

Month 05 (ppbv) Temperature (°C) RH (%) Wind speed  Solar radiation
(ms) (W m?)
201406 32.76 £2.80 21.40+0.43 4538 +1.87 224+0.12 341.09+2235
201407 29.83 £3.42 24.01 £0.51 4597+191 1.87+£0.10 39521 +£24.92
201408 29.30 +2.97 21.06 +0.42 53.13+£1.78 1.82+0.11  339.31+23.32
201506 37.06 +3.59 21.42£0.40 4029+197 221+0.12 360.06 +23.30
201507 39.22 +3.44 24.13+£0.52 39.07+1.89  1.89+0.11  423.89 +24.59
201508 36.77+1.91 22.95+0.42 39.82+1.82 1.96+0.12 39458 +24.34
201606 44,11 +3.62 23.15+0.44 3535+1.65 2.01+£0.12 41627 +£24.00
201607 52.04 +4.80 24.74 £0.45 4506195 2.03=+£0.13 407.99 +24.62
201608 44.87+4.19 24.87 £ 0.50 52.77+1.88 2.17+0.11 32898 +£22.35
201706 45.98 £3.99 21.77+0.43 40.17+195 1.89+£0.10 400.79 +23.82
201707 50.51 £4.37 26.53 £0.50 37.54+1.98 245+0.13  42423+23.75
201708 46.06 + 4.85 20.53 +0.52 60.64+2.00 1.60+0.08 293.55+23.57
201806 45.52+3.35 23.39 +0.47 3646 +£1.65 2.14+0.12 387.35+23.20
201807 39.22+4.33 23.44 +0.47 5525+1.86 1.83+0.10 350.38 +24.13
201808 39.97 +4.19 22.47+0.33 63.52+1.46 1.70+0.09  326.69 +21.83
201906 38.96 £ 3.22 20.66 +0.38 4924 +£2.12 197+£0.10 356.97 +23.65
201907 45.87 +3.24 22.90 +0.40 46.65+1.59 1.56+0.09 408.98 +23.71
201908 43.01 £3.30 21.75 £ 0.47 51.12+2.03 1.71+0.11  318.25+24.45
202006 51.48 £3.31 22.13+0.42 37.82+1.68 225+0.14 386.22+23.58
202007 47.55+4.17 23.11+£0.41 48.17+1.88 1.96+0.10 382.73 +23.21
202008 47.69 £3.48 21.38 £0.46 5543+1.71 1.83+0.10 324.62+22.94
202106 4479 +£3.18 22.52 £0.45 3717+ 1.70  2.27+0.12 376.23 +23.31
202107 51.28 +2.85 26.20 £ 0.45 37.97+1.67 1.85+0.10 440.59 £24.25
202108 47.77+3.76 22.96 +£0.46 42.40+1.89 2.11+0.14 362.47 +£23.58
202206 52.94 +2.63 24.31+0.48 3236+1.81 237+0.12  424.09 £24.80
202207 57.44 £3.41 25.29 +£0.50 4134+195 1.99+0.13  415.51+25.39
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202208 53.75+3.81 23.77+0.55 5779+1.52 1.76+0.11  309.10 +22.40
202306 51.44 +2.64 22.82+£0.49 35.01+1.61 2.07+0.13 416.20+24.18
202307 5226 +4.22 25.04 £0.48 3813+ 1.61 2.02+0.10 414.06 +24.17
202308 49.69 £3.11 24.19 £ 0.46 40.61 £1.63 2.14+0.13  385.82+24.24
202406 54.02 +£2.47 22.24 £0.45 42.14+1.81 191+£0.11 405.03+24.03
202407 50.77 £3.04 24.80 £0.39 45.19+1.52 196+0.10 37431+22.84
202408 50.08 +2.40 24.54 £ 0.44 49.11+1.86 1.82+0.09 367.60 +23.86
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Figure 5.1. Long-term trend of daytime (07:00-19:00 LT) average concentrations of air
pollutants in Lanzhou from 2014 to 2024.
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5.3 Long-term trends of meteorological parameters and O3z precursors

in Lanzhou from August 2013 to 2024

Figure 5.2 illustrates the long-term trends in daytime (07:00—19:00 LT) average concentrations
of O3, meteorological parameters, and O3 precursors in Lanzhou from August 2013 to 2023.
During this period, the daily average O3z concentration exhibited a steady upward trend,
increasing at a rate of 2.55 ppbv yr'! from 2013 to 2018, and 1.45 ppbv yr'! from 2019 to 2023
(p<0.05). Meteorological conditions, such as temperature and solar radiation, significantly
influenced average O3 levels. Additionally, the complex mechanisms of O3 formation, driven
by interactions between precursors such as NO, and VOCs, as well as meteorological factors,
meant that reductions in precursor emissions do not always result in lower O3 concentrations.
Thus, the following sections of this chapter will explore the factors contributing to the increase
in O3 concentrations from both meteorological and chemical perspectives and provide

recommendations for effective O3 pollution control.
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Figure 5.2. Long-term trends in daytime (07:00-19:00 LT) average concentrations of O3,
meteorological parameters, and O3 precursors in Lanzhou during August for the years 2013 and
2019-2023.
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5.3.1 Meteorological influences

Meteorological parameters exhibited distinct trends across the two periods. During daytime
hours (07:00-19:00 LT), average relative humidity (RH) increased significantly from 2013 to
2018 at a rate of 4.31 % yr'!, followed by a slight, statistically insignificant decrease of 0.97 %
yr'! from 2019 to 2023. Solar radiation (SR) showed significant declines in the first period,
decreasing 15.40 W m2 yr'! (p < 0.05), while Temperature (Temp) presented an insignificant
decline trend with a rate of 0.14°C yr! (p > 0.05). In contrast, from 2019 to 2023, Temp and
SR exhibited increases of 0.18°C yr'! and 7.55 W m™ yr'!, and these changes were statistically
significant (p < 0.05). These meteorological variations likely reflect regional climate variability
and local weather patterns. Importantly, the observed changes in meteorological factors do not
align with the trends in average O3 concentrations, suggesting that meteorological conditions
alone cannot fully explain O3 variability. This inconsistency indicates that chemical processes

may play a more substantial role in O3 formation, warranting further investigation.

5.3.2 Chemical influences

According to Figures 5.2, trace gas data from 2013 to 2023 indicate that daytime (07:00—-19:00
LT) average concentrations of NO2 and CO exhibited declining trends during summer, with
more pronounced decreases observed from 2019 to 2023 compared to 2013 to 2018.
Specifically, the daytime average concentration of NO, decreased at a rate of 1.69 ppbv yr!
from 2013 to 2018, accelerating to 2.14 ppbv yr! from 2019 to 2023 (p < 0.05). For NO and
VOCs, data were available for August 2013 and August 2019-2023, as shown in Figures 5.2-
5.3 and Table 5.4. The daytime average concentration of NO decreased significantly from 2019
to 2023 at arate of 1.76 ppbv yr'! (p <0.05). Among VOC groups, alkanes, alkenes, and alkynes
exhibited similar trends between 2013 and 2019. The concentration of alkanes decreased
significantly from 29.15 + 1.02 ppbv to 13.41 £+ 1.09 ppbv (p < 0.05), while alkenes and
aromatics decreased significantly from 7.73 £ 0.43 ppbv to 2.60 + 0.23 ppbv and 8.74 + 0.60
ppbv to 2.78 £ 0.25 ppbv, respectively (p < 0.05). From 2013 to 2019, TVOC showed

significant decreases (p < 0.05). However, from 2019 to 2023, VOC concentrations
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experienced considerable fluctuations, largely influenced by the COVID-19 lockdown
measures. During the initial phase (2019-2020), the concentrations of alkenes, alkynes, and
aromatics increased significantly. In contrast, from 2020 to 2022, all VOC groups exhibited
marked decreases, which can be attributed to the strict lockdown restrictions that limited
anthropogenic emissions. Following the lifting of lockdown measures (2022-2023), the
concentrations of alkanes, alkenes, and TVOCs rebounded rapidly, with 2023 levels surpassing
those observed in 2019. The significantly lower NO, and VOC levels observed in 2022
compared to other years can be attributed to three main factors. First, abnormal meteorological
conditions occurred in August 2022, including five rainstorm warnings, with relative humidity
35% higher than in other years and precipitation in August accounting for 40% of the annual
total, which greatly enhanced the removal of pollutants through wet deposition. Second, the
main district in Lanzhou was under lockdown from July to August 2022, resulting in a
substantial reduction in anthropogenic emissions. Third, strict control policies were
implemented, with real-time emissions from key industries monitored 24 hours a day, and six
key industries required to meet emission standards for all pollutants. These combined factors

led to a significant decrease in NO, and VOC concentrations in 2022

These results suggest that while NO, control measures have had a sustained and significant
impact, the overall effectiveness of VOC control remains limited. The significant decrease in
VOC concentrations from 2013 to 2019 indicates substantial progress in VOC control, whereas
the marked increase from 2022 to 2023 highlights the need for further attention. Therefore,
future pollution control strategies should prioritize the coordinated management of different

VOC types to achieve more effective air quality improvements.

Figure 5.4 further illustrate the daytime (07:00-19:00 LT) proportions of different VOC groups
in Lanzhou during August 2013, 2016, and 2019-2023. Alkanes remained the dominant group
from 2013 to 2023, comprising approximately 57-70 % of total VOCs, indicating their
substantial contribution to the overall VOC composition. During this period, alkenes accounted
for about 11-21 %, while aromatics contributed 14-23 % from August 2013 to 2020, and

decreased to 4.3 £ 0.7 % in August 2023.
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To better understand the nonlinear relationship between O3 and its precursors, we simulated
daily maximum O3 concentrations in August 2013 and from 2019 to 2023 under varying NOx
and VOC concentrations, ranging from 0 % to 200 % of baseline values (Figure 5.5). The
results indicate that during the summers of 2013 and 2019-2022 in Lanzhou, O3 formation was
primarily VOC-limited and decreasing NO, concentrations led to an increase in Os
concentration, with the fluctuated VOC concentrations. From 2019 to 2023, Lanzhou
experienced a transition from a VOC-limited regime to a transitional regime, where both VOCs
and NO, influenced O3 formation. When VOC concentrations remained stable and the regime
shifted from VOC-limited to a VOC-NO, co-limited regime between 2019 and 2023,
reductions in NOx alone contributed to persistently high average O3z concentrations. These
findings highlight that effective O3 mitigation in Lanzhou requires substantial and coordinated
reductions in both NO, and VOC emissions. Therefore, focusing on VOC emission reductions
in the short term, followed by prioritizing NO, reductions in the long term, is an effective
strategy for improving summertime O3 air quality in Lanzhou. To further assess the individual
impacts of different VOC species on Oz formation, the PBM-MCM model was employed to
investigate the mechanisms of O3 production, radical chemistry, and the specific contributions

of various VOC species (Section 5.4).
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Table 5.4. Daytime (07:00-19:00 LT) average values of O3 and O3 precursors in Lanzhou in August 2013, and 2019-2023.

2013 2019 2020 2021 2022 2023

43.13 £3.22 55.89+4.45 4524 +£2.72 51.84+2.84 51.51+£2.23 62.48 +£2.75
NO (ppbv) 11.44£1.45 9.39+1.31 13.28 +1.40 6.87 +0.96 3.10+0.49 525+0.71
NO: (ppbv) 28.13 £2.25 22.86 £1.08 17.18 +0.93 17.51 £1.01 8.68 £0.63 14.67 +£0.93
CO (ppmv) 0.60 = 0.09 1.04 +£0.07 1.00 = 0.06 0.72 £0.04 0.85+0.02 0.70 £ 0.04
TVOCs(ppbv) 38.32+£2.05 19.39+1.70 21.52+£1.59 15.23 £2.36 10.79 £0.97 21.16 £4.02
Alkanes (ppbv) 29.15+£1.02 13.41 £1.09 12.25+0.86 10.22 +1.85 6.59 £0.55 14.87 £2.46
Alkenes (ppbv) 7.73+0.43 2.60+0.23 3.64+0.35 2.53+£0.26 1.93+0.24 441 +1.31
Alkyne (ppbv) / 0.60+0.13 2.26+0.14 1.26+0.11 1.24 +0.09 0.96+0.11
Aromatics (ppbv) 8.74 £ 0.60 2.78+£0.25 3.37+£0.25 1.22+0.14 1.03 £0.09 0.92+0.14

Table 5.5. Daytime (07:00-19:00 LT) average values of VOC species in Lanzhou in August 2013, and 2019-2023 (Unit: ppbv). (* represents the
VOC species used in the model simulations)

Compounds 2013 2019 2020 2021 2022. 2023
Ethane” / 2.72+£0.14 248 +£0.11 2.28+0.11 2.00+0.14 2.49+0.29
Propane” 340 + 0.30 2.62+0.19 1.89 £0.12 1.01£0.11 1.29+0.13 0.90£0.26
i-Butane? 243 + 0.04 0.91 £0.06 0.90 +£0.07 0.60 =0.05 0.45+0.04 1.03+0.21
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n-Butane” 1.75 + 0.01 1.39+0.20 2.04+0.22 1.10+0.13 0.99+0.11 1.72+0.27
i-Pentane” 1.57 + 0.08 1.40 £ 0.50 1.87£0.16 0.87 £ 0.08 0.78 £ 0.09 0.95+0.18
n-Pentane” 0.88 + 0.03 0.20 £ 0.05 0.86 £0.10 0.41 £0.05 0.39 £0.05 0.53+0.19
Cyclopentane 0.63 + 0.02 3.34+049 0.14 £ 0.02 0.09 + 0.04 0.04 £ 0.00 0.27 £0.19
n-Hexane” 0.55 + 0.01 0.27 £0.04 0.75 £ 0.08 0.55+0.13 0.27 +£0.03 0.69 +0.27
2,2-Dimethylbutane” 0.45 + 0.01 0.05 +0.02 0.03 £0.00 0.16 £0.10 0.01 £0.00 0.08 £0.07
2,3-Dimethylbutane” 0.34 + 0.01 0.31+0.02 0.29 £ 0.02 0.23 £0.09 0.08 £0.01 0.19 £ 0.07
2-Methylpentane* 0.34 + 0.01 0.41 £0.05 0.24 £0.03 0.24 £ 0.09 0.20+0.02 0.31+0.13
3-Methylpentane” 043 + 0.04 0.21+£0.02 0.38 £ 0.04 0.27 £0.09 0.14 £0.02 0.17 £0.09
2-Methylheptane 1.49 + 0.01 0.05+0.01 0.03 £ 0.00 0.16 £ 0.11 0.01 +£0.00 0.07 £0.07
3-Methylheptane 0.10 £ 0.01 0.04 £ 0.01 0.03 £0.00 0.12+0.09 0.01 £0.00 0.04 £0.05
Methylcyclopentane 0.22 + 0.06 0.12+0.01 0.24 +£0.02 0.16 £0.08 0.08 £0.01 0.11+0.09
Cyclohexane” 295 + 0.07 0.24 £0.02 0.03 £0.00 0.44 +0.18 0.04 £0.00 0.94+0.41
n-Heptane” 0.13 + 0.01 0.05+0.01 0.06 £ 0.01 0.26+0.13 0.04 £0.01 0.60 +0.42
2,3-Dimethylpentane 0.19 + 0.02 0.08 +£0.01 0.02 £0.00 0.35+0.09 0.02 +0.01 0.64+0.12
2,4-Dimethylpentane 0.08 + 0.01 0.01 £0.00 0.01 £0.00 0.15+£0.11 0.01 £0.00 0.06 £0.07
2-Methylhexane” 1.97 + 0.05 0.14+£0.01 0.05+0.00 0.12£0.08 0.04 £0.01 0.09 +0.08
3-Methylhexane” 0.27 + 0.01 0.09 +0.01 0.07 £0.01 0.15+£0.09 0.04 = 0.00 0.1£0.09
Methylcyclohexane 0.16 + 0.01 0.05+0.01 0.04 £0.00 0.15+0.10 0.04 £0.01 0.06 £ 0.03
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2,2,4-Trimethylpentane 0.10 + 0.01 0.04 +0.00 0.08 £0.01 0.14+0.09 0.02 +£0.00 0.07 £0.08
2,3,4-Trimethylpentane 0.26 + 0.06 0.04 +0.01 0.02 = 0.00 0.12+0.09 0.01 £0.00 0.08 £0.10
n-Octane® 0.58 + 0.13 0.09 +0.01 0.04 +0.00 0.11+0.07 0.03+0.01 0.06 = 0.06
n-Nonane* 0.29 + 0.01 0.03+0.01 0.03 +=0.00 0.22+0.12 0.01 =0.00 0.56 =0.08
n-Decane” 0.16 £ 0.01 0.03 +0.00 0.03 +£0.00 0.13+0.09 0.01 £0.00 1.38 +1.39
n-Undecane” 0.03 + 0.01 0.05+0.01 0.03 +£0.00 0.12+0.08 0.01 +0.00 0.12 +0.07
n-Dodecane” 0.10 £ 0.02 0.05+0.01 0.05+0.00 0.11£0.07 0.01 £0.00 0.60 +0.33
Ethyne* 0.60+0.13 2.26+0.14 1.26+0.11 1.24 +0.09 0.94+0.11
Ethene” 1.24+0.12 2.20+0.21 1.41+0.16 1.18£0.18 1.78 £0.37
Propene? 243 £ 0.10 0.32+0.10 0.57+0.09 0.23 £0.04 0.29 £0.05 1.12+0.34
1-Butene? 1.15 £+ 0.09 0.12+0.01 0.10+0.02 0.09+0.02 0.09+0.01 0.12+0.10
cis-2-Butene” 2.59 £ 0.12 0.08 +0.00 0.09 +0.02 0.05+0.02 0.05+0.00 0.22+0.20
trans-2-Butene” 0.55 + 0.04 0.11+0.01 0.10 £0.02 0.09+0.03 0.05+0.00 0.28+0.20
1-Pentene” 0.35 £ 0.02 0.34+0.01 0.00 = 0.00 0.13+0.03 0.15+0.00 0.17+0.10
cis-2-Pentene” 0.23 + 0.04 0.02 = 0.00 0.04 £ 0.02 0.05+0.03 0.02 +£0.00 0.19+0.17
trans-2-Pentene” 0.20 + 0.01 0.14+0.02 0.07 £0.02 0.04 +0.00 0.04 + 0.00 0.30+0.14
1-Hexene? 0.07 £ 0.01 0.64 +0.09 0.03 +£0.00 0.10+0.02 0.01 £0.00 0.01 £0.00
1,3-Butadiene” 0.07+0.02 0.15+£0.02 0.10+0.04 0.05+0.01 0.08 =0.02
Isoprene® 0.16 £ 0.00 0.09 +£0.02 0.32+0.03 0.30 £ 0.04 0.10+0.02 0.15+0.12
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Benzene® 1.94 + 0.01 0.82 £0.07 1.12+0.11 0.39 + 0.04 0.28 £0.03 0.20 + 0.03
Toluene” 1.01 + 0.01 0.93 £0.08 0.92+£0.07 0.35 + 0.03 0.36 £0.03 0.22 + 0.03
Ethylbenzene* 0.56 + 0.01 0.40 £ 0.03 0.21+£0.01 0.14 + 0.02 0.07 £0.01 0.09 + 0.02
Styrene” 0.18 + 0.01 0.46 £ 0.07 0.16 £0.02 0.03 + 0.01 0.02 £ 0.00 0.03 + 0.01
m/p-Xylene” 0.85 + 0.03 0.03 £0.00 0.47 £0.03 0.10 + 0.01 0.15+£0.02 0.09 = 0.01
o-Xylene” 0.38 = 0.01 0.13 +£0.02 0.23£0.02 0.15 + 0.02 0.07 £0.01 0.01 + 0.00
i-Propylbenzene” 1.12 + 0.01 0.01 +£0.00 0.01 +£0.00 0.01 + 0.00 0.00 + 0.00 0.02 + 0.00
n-Propylbenzene” 0.24 + 0.15 0.02 £ 0.00 0.02 £ 0.00 0.01 + 0.00 0.01 £0.00 0.01 + 0.01
m-Ethyltoluene” 0.54 = 0.22 0.03 £0.00 0.04 £0.00 0.03 + 0.01 0.01 £0.00 0.04 = 0.01
p-Ethyltoluene” 0.52 = 0.07 0.04 £0.01 0.02 £0.00 0.01 + 0.00 0.01 £0.00 0.01 = 0.00
o-Ethyltoluene” 0.96 + 0.02 0.02 £ 0.00 0.02 £0.00 0.01 + 0.00 0.01 £0.00 0.01 + 0.01
1,3,5-Trimethylbenzene” 0.07 = 0.01 0.03 £0.01 0.03 £0.00 0.03 + 0.01 0.01 £0.00 0.04 = 0.01
1,2,4-Trimethylbenzene” 0.09 = 0.01 0.02 £ 0.00 0.06 £ 0.00 0.01 + 0.00 0.02 £ 0.00 0.02 + 0.01
1,2,3-Trimethylbenzene” 0.20 = 0.01 0.03 £0.01 0.02 £0.00 0.01 + 0.00 0.01 £0.00 0.02 = 0.01
m-Diethylbenzene 0.03 + 0.01 0.04 £0.01 0.02 £0.00 0.01 + 0.00 0.00 £ 0.00 0.03 + 0.01
p-Diethylbenzene 0.05 = 0.01 0.01 £ 0.00 0.02 £0.00 0.01 + 0.01 0.00 £ 0.00 0.02 + 0.01
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Figure 5.3. Daytime (07:00-19:00 LT) concentrations of different VOC groups in Lanzhou
during August of 2013 and 2019-2023.
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Figure 5.4. Daytime (07:00-19:00 LT) proportions of VOC groups in Lanzhou in August 2013,
June 2016, and August 2019-2023. Data for June 2016 are sourced from Wu (2019).
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Figure 5.5. Simulated daily maximum O3 concentrations under different conditions in Lanzhou
in August 2013, and 2019-2023.
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5.4 Radical chemistry and VOC contributions

5.4.1 Os formation mechanism

Figure 5.6 shows the simulated daytime (07:00-19:00 LT) O3 production and destruction
pathways for all days and O3 episode days in 2013 and 2019-2023, while Table 5.6 list the
average reaction rates for different pathways during the same daytime (07:00-19:00 LT) period.
From 2019 to 2023, the net O3 production rate in Lanzhou during summer ranged from 6.0 to
9.0 ppbv h'!, consistent with both observed O3 concentration trends and findings from a
previous study in 2018 (X. F. Liu et al., 2021). In 2013, the net O3 production rate was 5.2 +
0.4 ppbv h'!, which is 1.5 ppbv h'! lower than the rate simulated for 2019 (p < 0.05). From
2019 to 2023, although an increasing trend was observed, the increase was not statistically

significant (p = 0.06).

The dominant O3 production pathway was HO> + NO, with reaction rates remaining stable
between 5.3 and 6.7 ppbv h'! from 2019 to 2023 (p > 0.05). The RO> + NO pathway also
maintained rates between 2.8 and 4.8 ppbv h™! during this period (p > 0.05). Compared to 2013,
the rates of both the HO> + NO and RO + NO pathways in 2019 were higher (p < 0.05). For
O3 destruction, the main pathway was OH + NO., which showed a significant decreasing trend
from 2019 to 2023 (p < 0.05), while the reaction rate in 2013 was smaller than in 2019 (p <
0.05). Other destruction pathways, such as O3 + alkenes, showed smaller rates from 2019 to
2023 compared to those in 2013 (p < 0.05), likely due to higher alkene concentrations in 2013
(Table 5.4). These findings suggested that reductions in NO, and alkene concentrations have
led to decreased O3 consumption in summer in Lanzhou through titration reactions and alkene
ozonolysis, potentially diminishing the effectiveness of air pollution control policies in

managing O3 levels.
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Table 5.6. Daytime (07:00-19:00 LT) average reaction rates of production and destruction pathways of O3 on all days in Lanzhou in August 2013,

2019-2023.
2013 2019 2020 2021 2022 2023
Observed O3 concentration (ppbv) 43.13+3.22 55.89 +4.45 4524 +£2.72 51.84+2.84 51.51+2.23 62.48 +£2.75
Net production rate (ppbv h!) 6.14+0.50 7.82 +0.64 6.23+0.53 7.65 +0.69 6.01 +0.48 9.02+0.97
Total production rate (ppbv h!) 9.27 £ 0.63 11.57+0.93 8.15+0.66 9.77+0.82 8.22 £ 0.63 11.33 £ 1.08
Total destruction rate (ppbv h™') -3.14+0.14 -3.75+0.30 -1.92+0.13 -2.12+0.15 -2.22+0.16 -2.30+0.14
Production rate HO;+NO 5.20+0.36 6.72+0.53 534+043 591+0.48 597+ 0.46 6.50+0.61
(ppbv h) RO, +NO 4.08+0.27 4.85+0.40 2.81 +£0.23 3.85+0.34 425+0.17 4.83 +£047
OH + NO» -1.92+0.11 -2.77+£0.22 -1.43+0.10 -1.61£0.11 -1.42+0.10 -1.40+0.10
D . O; + Alkenes -1.02 £0.04 -0.17£0.01 -0.10+0.00 -0.08 £0.00 -0.09 +£0.00 -0.42 +£0.04
estruction
4 O'D + H,O -0.14 £0.02 -0.73£0.08 -0.32+0.03 -0.34+0.03 -0.58 £0.06 -0.32+0.03
(ppbv h™)
0O; + OH -0.02 +£0.00 -0.05+0.01 -0.03 £0.00 -0.04 £0.00 -0.07 £ 0.00 -0.04 £0.00
03 + HO» -0.04 +0.00 -0.03 £0.00 -0.04 +£0.00 -0.06 = 0.01 -0.05+£0.00 -0.12+£0.01
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Figure 5.6. Simulated O3 production and destruction rates on all days in Lanzhou in August 2013, 2019-2023.
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5.4.2 Radical chemistry

Figures 5.7-5.9 present the OH, HO», and RO> formation and loss pathways on O3 episode and
non-episode days from 2013 to 2023, while Table 5.7 list the daytime average reaction rates
for these pathways. From 2019 to 2023, OH concentrations remained stable at around 2 x 10°
molecules cm™, comparable to levels observed in 2013, indicating no significant trend (p >
0.05). These simulated OH concentrations in 2013, 2019-2023 were consistent with previous
findings for summertime Lanzhou in 2018 (X. F. Liu et al., 2021). The dominant OH
production pathway was the reaction between HO> and NO, with production rates ranging from
(3.6-4.7) x 10" molecules cm™ s in both 2013 and 2019-2023. The main OH destruction
pathway was OH + VOCs, with rates stable between (1.8-3.9) x 107 molecules cm™ s™! across
the same periods, followed by OH+CO and OH+NO:. The rates of OH+CO and OH+NO; were
similar in 2013 and 2019-2023, at (0.5-1.8) x 107 and (1.0-1.9) x 107 molecules cm s™!
respectively. For HO2 and ROz radicals, the simulated average concentrations remained stable
at (1.0-2.4) x 107 and (4.3-7.2) x 10" molecules cm™, respectively in 2013 and 2019-2023. The
main production pathway for HO, was ROz + NO, with rates of (1.9-3.3) x 107 molecules cm™
3 in both periods. The dominant loss pathway for HO, was HO» + NO, accounting for over 90 %
of total HO; loss. For RO, radicals, average concentrations fluctuated between 4.3 x 10% and
7.2 x 10® molecules cm™, with OH + VOCs and RO, + NO serving as the main production and

loss pathways, respectively, each contributing over 90 % to RO formation and loss.
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Table 5.7. Daytime (07:00-19:00 LT) average concentrations of OH, HO2, RO2, and production & destruction rates of OH, HO», and RO; on all

days in Lanzhou in August 2013, 2019-2023.

2013 2019 2020 2021 2022 2023

OH concentration (x10% molecules cm) 1.83+0.11 2.02+0.24 1.95+0.23 2.22+0.24 2.01+£0.30 2.30+0.18
HO; concentration (x108 molecules cm) 1.30+0.11 1.56 £0.10 1.00 = 0.08 1.31+0.10 1.25+0.10 2.37+0.23
RO; concentration (x10® molecules cm) 5.38+1.28 6.19+1.17 5.31+0.63 5.44 +0.64 5.28 +£0.60 7.20+1.54
OH formation HO, +NO 3.56 +£0.10 4.61 £0.40 3.66+0.36 4.05+£0.40 4.10 £0.39 4.45 £0.50
pathways HONO + v 0.62 +0.05 1.34+0.15 0.75+£0.6 0.94 +£0.07 1.61 +£0.13 0.79 £ 0.06
(<10 molecules o'D+ H.0 0.20 +0.02 0.99+0.13 0.44 £ 0.05 0.46 £ 0.05 0.80 £ 0.09 0.44 £ 0.05
O, + Alkenes 0.70 £0.03 0.12 +£0.00 0.07 £ 0.00 0.05 £ 0.00 0.06 £ 0.00 0.29 +0.03
e ) H,0, + hv 0.01 £0.00 0.01 +£0.00 0.01 +£0.00 0.01 +£0.00 0.01 +£0.00 0.01 +£0.00
OH loss OH + CO -0.48 £0.04 -1.75+0.16 -1.22+£0.11 -1.13+£0.09 -1.63 £0.18 -0.95+0.09
pathways OH + VOCs -2.96 +£0.20 -2.63+0.29 -1.78 £0.19 -2.88+0.32 -2.69+0.16 -3.91+0.32
OH +NO -0.30+0.03 -0.72 +£0.07 -0.33+0.03 -0.34+0.03 -0.50 £0.05 -0.18£0.02

(x107molecules
OH +NO, -1.11+0.09 -1.90+0.19 -0.98 £0.08 -1.10+0.09 -1.94+£0.17 -0.96 +£0.08
RO; +NO 2.80 £0.23 2.66 £0.27 1.92 £0.19 2.64 £0.28 2.54+£0.14 3.31+040
OH + CO 0.48 +£0.04 1.75+0.16 1.43+£0.12 1.13 £0.09 1.63 £0.18 0.95 +£0.09
HCHO + hv 0.20 +0.02 0.34 £ 0.04 0.20 £ 0.02 0.21 £0.02 0.16 £ 0.02 0.21 £0.02
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HO; OVOCs + hy 0.04 + 0.00 0.05 + 0.00 0.02 + 0.00 0.02 + 0.00 0.01 + 0.00 0.03 + 0.00
formation 05 + Alkenes 0.70 + 0.03 0.12 +0.00 0.07 +0.00 0.05 = 0.00 0.06 = 0.00 0.29 +0.03
pathways OH + HCHO 0.25 + 0.02 0.30 £ 0.04 0.27 + 0.03 0.28 + 0.06 0.27 +0.03 0.30 + 0.04

HO:; loss HO, + NO -3.56£0.30 -4.61 +0.40 -3.66 £ 0.36 -4.05 £ 0.40 -4.10 + 0.39 -4.45 +0.50
pathways HO, + RO, -0.15+0.03 -0.07 +0.01 -0.07 +0.01 -0.06 + 0.01 -0.03 = 0.00 -0.22 +0.03
HO, + HO» -0.02 + 0.00 0.00 + 0.00 -0.02 + 0.00 -0.02 £ 0.00 -0.02 + 0.00 -0.09 +0.01

(x10"molecules
HO, + 03 -0.03 £ 0.00 -0.02 + 0.00 -0.03 = 0.00 -0.04 + 0.00 -0.04 = 0.00 -0.09 +0.01
RO; formation OH + VOCs 2.96 +0.23 2.63+0.29 2.09 +0.22 2.88+0.32 2.69+0.16 3.91+0.32
pathways Os + Alkenes 0.70 + 0.03 0.12 +0.00 0.07 +0.00 0.05 = 0.00 0.06 = 0.00 0.29 +0.03
(x10"molecules OVOCs + hv 0.04 + 0.00 0.05 + 0.00 0.02 + 0.00 0.02 +0.00 0.01 +0.00 0.04 + 0.00
RO:; loss RO+ NO -2.80+0.23 -2.66+0.27 -1.92+0.19 2.64+0.28 2.54+0.14 -3.31+0.40
pathways HO, + RO, -0.15+0.03 -0.07 £0.01 -0.07 £ 0.01 -0.06 = 0.01 -0.03 £ 0.00 -0.22+0.03
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Figure 5.7. Simulated OH formation and loss rates on all days in Lanzhou in August 2013,
2019-2023.
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Figure 5.8. Simulated HO» formation and loss rates on all days in Lanzhou in August 2013,
2019-2023.
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Figure 5.9. Simulated RO> formation and loss rates on all days in Lanzhou in August 2013,
2019-2023.
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5.4.3 VOC contributions to O3 formation

Table 5.8 summarize the average contributions of VOC groups and individual species to O3
formation during the peak period (12:00—-15:00 LT) on all days and O3 episode days in Lanzhou
for August 2013 and 2018-2023. As shown in Table 5.8, alkenes were the predominant
contributors to Oz formation in 2013 and 2019-2022, together accounting for 50-63 % of the
total VOC contribution, followed by aromatics, alkanes and alkyne. Alkanes and aromatics
ranged from 8-30 % and alkynes consistently below 1 %. Among the individual VOC species
listed in Table 5.9, alkenes such as trans/cis-2-butene, propene, and ethene exhibited the
highest contributions to Oz formation, while aromatics including m/p/o-xylene and toluene also
made substantial contributions. For example, in 2013, cis-2-butene was the dominant VOC,
accounting for 18.5 + 0.9 % of the total measured VOCs, while propene and trans-2-butene
contributed 14.0 + 0.6 % and 5.3 + 0.4 %, respectively. From 2019 to 2023, ethene and propene
continued to contribute significantly, accounting for approximately 10-19 % and 6-17 %,
respectively, while frans/cis-2-butene comprised around 5-9 %. Among aromatics, m/p/o-
xylene and toluene contributed 2-13 % and 1-7 %, respectively, from 2019 to 2023. Overall,
the data indicate a markable contribution from alkenes throughout 2013 and 2019-2023. These
findings highlight the necessity for targeted VOC control strategies to effectively mitigate Os

pollution.
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Table 5.8. Average contributions of VOC groups to O3 formation during peak hours (12:00-15:00 LT) on all days in Lanzhou in August 2013,

2019-2023.

2013

2019

2020

2021

2022

2023

Alkanes

18.71 £0.70 %

1826 £1.52 %

17.66 £3.54 %

28 77+7.11 %

21.49+£0.55%

28.54+£6.95%

Alkenes

51.50 +2.86 %

53.13 £6.06 %

50.44 +7.08 %

51.31 +5.43 %

55.88 +1.52 %

63.19 £ 9.29 %

Alkyne

/

0.14 +0.04 %

0.25+0.14 %

0.43 +£0.03 %

0.59 +£0.04 %

0.06 +0.02 %

Aromatics

29.79£2.95 %

28.48 £3.44 %

31.64 +6.80 %

19.49 £2.50 %

22.04+£1.02 %

8.07+1.32%

Table 5.9. Average contributions of VOC species to O3 formation during peak hours (12:00-15:00 LT) on all days in Lanzhou in August 2013,

2019-2023.

Species 2013 2019 2020 2021 2022 2023

Ethane / 0.34+0.07 % 0.26+0.14 % 0.54 £0.02 % 0.65+0.02 % 0.37+0.04 %
Propane 0.68 +0.06 % 1.58 +0.07 % 0.62 +0.24 % 0.87 +0.09 % 1.53+0.03 % 0.48+0.14 %
i-Butane 2.00+0.03 % 2.14+0.15% 1.61£0.16 % 2.14+0.16 % 2.21+0.09 % 229+ 047 %
n-Butane 1.00+0.01 % 2.05+0.33 % 2.22+£0.55% 2.73£0.30 % 3.39+0.09 % 2.66 £0.42 %
i-Pentane 1.51 £0.08 % 2.50+0.21 % 4.22+0.58 % 3.63+0.31% 4.49 £0.05 % 2.47+0.47 %
n-Pentane 0.81+0.03 % 0.58 +0.04 % 1.47+0.48 % 1.61+0.18 % 2.12+£0.05 % 1.31+0.47 %

2,2-Dimethylbutane

0.53£0.01 %

0.18 +£0.04 %

0.03+0.02 %

0.81+0.46 %

0.07 £ 0.00 %

0.25+0.22 %

2,3-Dimethylbutane

0.48+0.01 %

1.23+0.04 %

0.68 £0.25 %

1.42+0.51 %

0.68 +0.03 %

0.73+0.27 %
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2-Methylpentane

0.49+0.01 %

2.00+0.12 %

1.05+0.15 %

1.49+0.51 %

1.71 £ 0.04 %

1.21+0.50 %

3-Methylpentane

0.58 £0.05 %

1.09+0.06 %

1.82+0.26 %

1.58 £0.48 %

1.13+0.05 %

0.62+0.33 %

n-Hexane

0.59+0.01 %

1.08 +0.08 %

2.63 +0.28 %

2.55+0.55%

1.73+0.03 %

2.01 £0.78 %

Cyclohexane

531£0.13%

1.82+0.13 %

0.05+0.03 %

3.43+£0.28 %

0.43+0.01 %

4.57+0.99 %

2-Methylhexane

2.97+0.08 %

0.55+0.04 %

0.23+0.16 %

0.78 £0.48 %

0.36 £0.01 %

0.37+0.33 %

3-Methylhexane

0.44+0.02 %

0.39+0.08 %

0.43+£0.13%

1.06 +0.58 %

0.39+0.01 %

0.44 +0.04 %

n-Heptane 0.14+0.01 % 0.18 £0.01 % 0.13+0.04 % 1.18+£0.54 % 0.25+0.01 % 1.70 £ 0.19 %
n-Octane 0.52+0.12 % 0.25+0.03 % 0.11+0.02 % 0.43£0.25 % 0.16 +0.00 % 0.14+0.04 %
n-Nonane 0.44 +0.02 % 0.09+0.01 % 0.02+0.01 % 1.43+0.72 % 0.09 +0.00 % 2.28+0.33 %
n-Decane 0.19+0.01 % 0.09+0.01 % 0.04 +£0.02 % 0.66 +0.42 % 0.07 +£0.00 % 4.37+0.40 %
n-Undecane 0.03+0.01 % 0.13+0.01 % 0.03+0.02 % 0.43+0.27 % 0.05 +0.00 % 0.27+0.16 %

n-Dodecane

0.00 +0.00 %

0.00 +0.00 %

0.00 +0.00 %

0.00 +0.00 %

0.00 +0.00 %

0.00 +0.00 %

Ethyne

/

0.14+0.04 %

0.25+0.14 %

0.43+0.03 %

0.59 +0.04 %

0.20+0.02 %

Ethene

/

10.20+ 0.5 %

16.69 = 1.60 %

16.36 = 1.70 %

18.91 £ 0.08 %

12.89 £ 1.68 %

Propene

14.04 + 0.58 %

8.75+£0.44 %

13.23 £1.16 %

5.75+£0.92 %

10.00 £ 0.07 %

17.47 £1.30 %

1-Butene

529+041%

2.55+0.23 %

1.62+0.15 %

1.79+0.36 %

2.47 £0.08 %

1.49+0.24 %

trans-2-Butene

5.27+£0.38 %

6.68 £ 0.68 %

4.64 £0.22 %

3.73+£0.14 %

2.86 £ 0.30 %

7.24 £0.17 %

cis-2-Butene

18.49 = 0.86 %

2.88 £0.36 %

2.13+0.26 %

1.54 £ 0.57 %

2.13+0.14 %

4.24 £0.85 %

1,3-Butadiene

/

2.09+0.19 %

3.64+0.70 %

2.87+0.05%

1.98 +0.09 %

1.43+£0.36 %
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1-Pentene

242+0.14 %

6.39 £ 0.68 %

3.07+0.06 %

3.890+0.82 %

6.19+0.21 %

3.17+0.87 %

trans-2-Pentene

1.21 +£0.06 %

6.11+0.59 %

1.40+0.22 %

1.05+0.00 %

1.45+0.09 %

4.92+0.30 %

cis-2-Pentene

1.99+0.35 %

1.01+0.03 %

0.77+0.31 %

1.87+0.03 %

1.03+0.04 %

443 +£0.96 %

1-Hexene 0.54 +0.08 % 2.34+£0.05 % 0.56 +£0.23 % 3.33+0.61 % 0.46 +0.02 % 0.21 +0.00 %
Isoprene 2.25+0.00 % 4.13+£0.31% 2.69+0.17% 9.13+0.23 % 8.40+0.40 % 5.70+£0.56 %
Benzene 1.56 +0.01 % 0.95+0.20 % 1.38+0.13 % 1.35+0.13 % 1.34+0.21 % 0.43 +0.06 %
Toluene 2.18+0.02 % 6.79 £0.72 % 6.97 £1.15 % 3.27£0.26 % 4.64 £0.22 % 1.28+0.17 %
Ethylbenzene 1.84+0.03 % 337+035% 1.63+0.29 % 1.99+0.26 % 1.37+0.08 % 0.80 £0.18 %
m/p-Xylene 7.37+0.26 % 6.76 £ 0.07 % 8.01 £1.91 % 3.75+£0.34 % 7.76 £0.17 % 2.11+£0.23 %
0-Xylene 3.15+0.08 % 2.12+£0.45 % 4.78 £1.20 % 5.37 £ 0.66 % 3.46+£0.13 % 0.22 £ 0.00 %
Styrene 0.74 +0.04 % 3.01+0.78 % 2.26 £0.53 % 0.53+0.16 % 0.49 +0.04 % 0.33+0.11 %
i-Propylbenzene 1.13+0.01 % 0.08 £0.01 % 0.05+0.03 % 0.04 +0.00 % 0.06 £0.01 % 0.05+0.00 %
n-Propylbenzene 0.32+0.20 % 0.22 £0.06 % 0.24£0.13 % 0.06 +0.00 % 0.08 +0.01 % 0.04 +0.00 %

m-Ethyltoluene

4.52+1.84%

0.64 +0.05 %

0.84 +£0.29 %

1.09+0.33 %

0.50 £ 0.04 %

0.90+0.23 %

p-Ethyltoluene

1.13+0.15%

0.64 +0.05 %

031+0.11 %

0.09 +0.00 %

0.13+0.01 %

0.06 +0.00 %

o-Ethyltoluene

3.38+0.07 %

0.31+0.04 %

037+0.12%

0.15+0.00 %

0.21+0.01 %

0.09 +0.01 %

1,3,5-Trimethylbenzene

0.63 +0.09 %

1.75+0.37 %

1.42+0.34 %

1.17+0.36 %

0.54 +£0.04 %

0.98 £ 0.04 %

1,2,4-Trimethylbenzene

0.87+0.10 %

0.87 +0.06 %

2.79+0.37%

0.42 £0.00 %

1.16 £0.05 %

0.52+0.26 %

1,2,3-Trimethylbenzene

0.97 £ 0.05 %

0.96+0.21 %

0.59+0.21 %

0.21+£0.00 %

0.29+0.02 %

0.26 +£0.03 %
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5.5 VOC sources and their contributions to Oz formation

5.5.1 Source apportionment

To investigate the sources of various O3 precursors, 21 VOCs and 3 trace gases were selected
as inputs for the PMF model to perform source apportionment. A total of 3,622 samples
collected in Lanzhou in 2013 and from 2019 to 2023 were analyzed, with the results presented
in Figure 5.10. Factor 1 was identified as solvent usage, based on the significant contributions
of aromatics, particularly toluene, ethylbenzene, and m/p/o-xylene (Ling & Guo, 2014; Shao
et al., 2016). Factor 2 was characterized by high levels of C,—Cj; alkanes and alkenes, such as
ethane, ethene, propane, and propene, along with notable amounts of NO, and CO, and was
therefore attributed to diesel exhaust (X. F. Liuetal., 2021; Lyu et al., 2019). Factor 3 exhibited
substantial amounts of i/n-butane, along with moderate quantities of NOy, and CO, leading to
its identification as LPG usage (Guo, Ling, Cheung, Wang, et al., 2013; Ho, 2009; Ling & Guo,
2014; X. F. Liu et al., 2021; X. F. Liu et al., 2019; Lyu et al., 2019; Lyu et al., 2017). Factor 4
was marked by significant contributions from long-chain alkanes, notably i/n-pentane, n-
hexane, n-heptane, n-octane, n-nonane, and n-decane, as well as some NO, and CO, and was
thus classified as gasoline usage (Ho, 2009; Ling & Guo, 2014; Lyu et al., 2019). Factor 5 was
recognized as biogenic emission due to the dominant presence of isoprene (Qian et al., 2019;
Zhou et al., 2019). Finally, Factor 6 was identified as the petrochemical industry, given the
prominent contributions of 1,3-butadiene and styrene (Knighton et al., 2012; X. F. Liu et al.,

2021).

5.5.2 Source contributions to O3 production

The percentages of different sources contributing to Oz formation from 2013 to 2023 are
presented in Figure 5.10. Using the PBM-MCM model, we quantified the roles of individual
VOC species in O3 formation (see Table 5.9), while the distributions of VOC species from
different sources were identified by the PMF model (see Figure 5.10). The source contributions

to O3 formation were evaluated by integrating the results of the PMF and PBM-MCM models.
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Several key sources played significant roles in contributing to O3 levels throughout this period.
As both gasoline and diesel exhaust are categorized as vehicle emissions, they are treated as a

single source in the following discussion.

Based on Figure 5.11a, vehicle emissions consistently accounted for around 60 % of the total
VOC concentration in Lanzhou from 2013 and 2019-2023, followed by LPG usage and
petrochemical industry. Regarding Oz formation, the contribution of vehicle emissions
remained between 32 % and 45 % during 2013 and 2019-2023, while the petrochemical
industry contributed steadily, accounting for about 20 % to 28 % in both periods (Figure 5.11b).
The contribution from solvent usage remained at approximately 15 % to 22 %, whereas LPG
usage and biogenic emissions both showed limited contributions, accounting for about 7-10 %
and 4-10 % respectively. The notable contribution from vehicle emissions highlights the need
for stricter control measures targeting this source. Meanwhile, the stable contributions from the
petrochemical industry and solvent usage underscore the importance of regulating VOC

emissions from these sectors.
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Figure 5.10. Average profiles of the O3 precursor sources in Lanzhou.
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Figure 5.11 Percentage of source contribution to on a) VOC concentration, b) O3 formation in
2013, and 2019 to 2023 in Lanzhou.
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5.6 Summary

This study systematically examined the long-term trends, chemical mechanisms, and source
contributions of O3 pollution in Lanzhou from 2013 to 2023, with particular emphasis on the
summertime period when O3 levels peak. The results showed that, although concentrations of
primary air pollutants such as PMz 5, CO, SOz, and NO> have declined significantly in recent
years due to effective emission control measures, O3 concentrations exhibited a continuous
upward trend during 2013-2023, indicating that O3z pollution remains a persistent
challenge. While NO; and CO concentrations decreased steadily, the effectiveness of VOC

control measures was comparatively limited.

Model simulations further revealed a shift in O3 formation regimes in Lanzhou. In 2013, O3
formation was primarily VOC-limited; however, from 2019 to 2023, a transition occurred from
a VOC-limited regime to a transitional regime, largely driven by reductions in NO.. The
observed increase in O3 levels during this period was mainly attributable to the decrease in NOx
concentrations. As the O3 formation regime shifted from VOC-limited to VOC-NOx co-limited,
it became clear that effective O3 control now requires simultaneous management of both NO,

and VOC emissions.

Alkenes were identified as the dominant contributors to O3 formation in Lanzhou throughout
the decade, accounting for approximately 50—-63% of the total VOC contribution. Ethene,
propene, and trans/cis-2-butene made particularly significant contributions. Six major sources
of O3 precursors were identified, with vehicular emissions being the largest contributor to
ambient VOCs, followed by the petrochemical industry and solvent usage. This highlights the

need for additional efforts to reduce emissions from these sources.

Overall, these findings provide a robust scientific basis for refining O3 pollution control
policies in Lanzhou and may offer valuable guidance for developing similar strategies in other

cities facing persistent O3 challenges.

146



Chapter 6 Atmospheric formaldehyde, acetaldehyde, and acetone
in five Chinese megacities: photochemical characteristics, sources,

and joint ozone-carbonyl control strategies

6.1 Introduction

Carbonyls are important components of atmospheric volatile organic compounds (VOCs) and
have a significant impact on air quality (Atkinson, 2000; Jenkin, 1997; W. Wang, B. Yuan, et
al., 2022; Xue et al., 2016; Yang et al., 2018). They enter the atmosphere both through direct
emissions and secondary formation via complex photochemical reactions (Ling et al., 2017,
Liu et al., 2009; Pang & Mu, 2006; Wu et al., 2023; Yang et al., 2017; Z. Yang et al., 2019; Y.
Zhang et al., 2019). Among these carbonyls, formaldehyde, acetaldehyde, and acetone are most
abundant in urban environments. Formaldehyde and acetaldehyde, in particular, act as key
precursors for tropospheric ozone (O3) formation due to their reactive carbonyl groups (Guo,
Ling, Cheung, Wang, et al., 2013; Yang et al., 2018; Zhang et al., 2021; Y. Zhang et al., 2019).
Prolonged exposure to high concentrations of formaldehyde and acetaldehyde, which is
common in urban or industrial areas, poses health risks, including carcinogenicity and
respiratory irritation (Bao et al., 2022; Ho et al., 2015; Lu et al., 2010; Z. Yang et al., 2019).
Given regional differences in emission sources and chemical processes, understanding the
concentration levels, primary sources, and secondary formation mechanisms of carbonyl
compounds in various cities is crucial for formulating effective, targeted air pollution control

strategies.

The spatiotemporal distribution of formaldehyde, acetaldehyde, and acetone has been
extensively documented through global observations over recent decades (Ho et al., 2015; Liu
etal., 2022; Liu et al., 2009; Lui et al., 2017; Yang et al., 2017; X. Zhang et al., 2022; Y. Zhang
etal., 2019), which reveals high mixing ratios of these carbonyls in cities worldwide, especially
in East Asia (Liu et al., 2022). In China, regions such as the North China Plain (NCP), Yangtze

River Delta (YRD), and Pearl River Delta (PRD) have reported elevated carbonyl levels, with
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formaldehyde and acetaldehyde often exceeding 20 and 10 ppbv, respectively (Y. Zhang et al.,
2019). However, most previous studies relied on single-site sampling over various periods,
thereby limiting direct intercity comparisons and introducing uncertainties due to time
separation. Simultaneous multi-city sampling, which enables more accurate assessment of
secondary pollution and supports targeted air quality management, remains rare. For example,
one previous study conducted concurrent sampling in five major Chinese cities during the
summer of 2018, finding the highest carbonyl concentrations in Beijing (24.3 + 2.7 ppbv, 55 %
of total VOCs), followed by Wuhan (10.8 £ 1.5 ppbv), Lanzhou (7.6 £ 1.3 ppbv), Shanghai
(6.8 = 1.0 ppbv), and Chengdu (5.7 £ 2.0 ppbv) (X. F. Liu et al., 2021). However, as that study
focused on O3 pollution, the sources, formation, and transformation processes of carbonyls

were not comprehensively characterized.

Previous studies have extensively examined the contributions of primary and secondary
sources to major carbonyl compounds across various cities (Bao et al., 2022; de Gouw et al.,
2005; Ho et al., 2015; Li et al., 2010; Ling et al., 2017; Liu et al., 2009; Lui et al., 2017; Ma et
al., 2016; Pang & Mu, 2006; Wang et al., 2015; Wu et al., 2023; Yang et al., 2017; Z. Yang et
al., 2019). While the exact proportions vary depending on methodology, location, season, and
local emission profiles, primary sources, such as vehicle exhaust, industrial emissions, biogenic
emissions, and biomass burning, typically account for 30-50 % of carbonyls, with secondary
formation contributing 50—70 % (Guo, Ling, Cheung, Wang, et al., 2013; Hua et al., 2023; Liu
et al., 2009; Pang & Mu, 2006; Rao et al., 2016). Secondary formation, the dominant pathway,
mainly occurs through VOC reactions with atmospheric oxidants such as hydroxyl (OH)
radicals, producing alkyl (RO) radicals that decompose into carbonyls (Anderson et al., 2017;
Chen et al., 2022; Lin et al., 2012; Liu et al., 2022; Nussbaumer et al., 2021; Yang et al., 2018;
Yang et al.,, 2023). Anthropogenic alkenes are key precursors for formaldehyde and
acetaldehyde (Ling et al., 2017; Yang et al., 2018), while plant-emitted isoprene generates
formaldehyde (Palmer et al., 2006; X. Yang et al., 2020). Acetone is primarily formed from
C3-Cs alkanes and pinene (Guo, Ling, Cheung, Wang, et al., 2013; Ling et al., 2017; Lyu et al.,

2024; Yang et al., 2018; X. Yang et al., 2020). However, most research relies on sensitivity
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analyses or precursor exclusion to infer contributions, with few studies providing quantitative
assessments through in-situ simulation. Tracing the contributions of individual VOC
precursors via reaction pathways remains particularly challenging (Chen et al., 2022; Ling et

al., 2017; Lyu et al., 2024; Yang et al., 2018; X. Yang et al., 2020).

Apart from investigating carbonyl sources, many studies have focused on their role in Os
formation, mainly using parameterized methods such as O3 formation potential (OFP) and OH
reactivity (Lon) calculation (Bao et al., 2022; Huang et al., 2020; Hui et al., 2023; Z. Liu et al.,
2021; Lyu et al., 2024; Shen et al., 2021; C. Wang et al., 2017; F. Wang et al., 2024; Yang et
al., 2018; Yang et al., 2017; X. Yang et al., 2020; Zhang et al., 2021). Formaldehyde and
acetaldehyde consistently rank among the top contributors in OFP studies, qualitatively
highlighting their importance in O3 formation (Hui et al., 2023; F. Wang et al., 2024; X. Yang
et al., 2020; Yuan et al., 2024; Zhang et al., 2021). Mechanistically, as intermediate products
of VOC oxidation, formaldehyde and acetaldehyde are deeply involved in the radical cycle.
Their photolysis or oxidation produces hydroperoxyl (HOz) and alkyl peroxy (RO:) radicals
(Edwards et al., 2014; Xue et al., 2016; Yang et al., 2018; Yang et al., 2017), which react with
NO to promote O3 formation (Liu et al., 2012; Qu et al., 2021; Rao et al., 2016; Shen et al.,
2021; W. Wang, B. Yuan, et al., 2022; Y. Xu et al., 2023; Y. Zhang et al., 2019). Compared to
parameterized approaches, in situ simulations that incorporate detailed chemical mechanisms
can quantitatively assess carbonyl contributions to peroxy radicals and Os formation. For
example, in situ modeling has shown that carbonyls promote 21 %—-70 % of total RO, (= OH
+ HO> + RO + RO») radical production in cities like Beijing, Guangzhou, and Hong Kong (W.
Wang, B. Yuan, et al., 2022; Xue et al., 2016; Yang et al., 2018; Zhang et al., 2021). Their
influence on O3 formation has also been quantified as 3645 % in Shanghai (J. Zhu et al., 2020),
13-31 % in Wuhan (P. Zeng et al., 2019), 32-56 % in Beijing and Zibo in the NCP (Dai et al.,
2025; Duan et al., 2008), and 23-37 % in Guangzhou, Shenzhen, and Shantou in the PRD region
(Cheng et al., 2010; Shen et al., 2021; C. Wang et al., 2017), indicating a wide range of
contributions. In contrast, simulations based on simultaneous multi-city sampling data offer

more comparable assessments of contributions and better capture the diversity of
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photochemical processes across different urban environments (Bao et al., 2022; W. Guo et al.,
2022; X. F. Liu et al., 2021; Song et al., 2018; Yang et al., 2024). Importantly, while O3
pollution control has been widely studied, few investigations have addressed control strategies
specifically for carbonyls. Given the nonlinear relationship between carbonyl secondary
formation and their precursors (Atkinson et al., 2006; J. Lietal., 2016; Liuetal., 2022; Luecken
et al.,, 2012; Rosado-Reyes & Francisco, 2007; Wolfe et al., 2016; Zhang et al., 2021), it
remains unclear whether current O3 precursor reduction strategies are equally effective for
carbonyls. Therefore, identifying carbonyl precursors and understanding their interaction
mechanisms is essential for developing coordinated strategies to reduce both O3 and carbonyl

pollution.

To address the research gaps related to carbonyl compounds, this study utilized data from a
concurrent sampling campaign conducted in Beijing, Chengdu, Lanzhou, Shanghai, and
Wuhan during the summer of 2018. A photochemical box model incorporating the Master
Chemical Mechanism (PBM-MCM) was employed to investigate the photochemistry of
formaldehyde, acetaldehyde, and acetone in these five representative Chinese cities.
Specifically, the study quantified the degradation processes from VOCs to the three carbonyls,
clarified the detailed reaction pathways through which carbonyls promote peroxy radical and
Os formation, and assessed the effectiveness of O3 control strategies on carbonyl concentrations.
Furthermore, based on the quantitative results from the PBM-MCM, a positive matrix
factorization (PMF) model was applied to further explore the source contributions of both
primary and secondary carbonyls. These findings are expected to enhance the understanding
of carbonyl photochemistry and provide a theoretical basis for more effective secondary

pollution control strategies across diverse environments.
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6.2 Spatial distribution characteristics of carbonyls

Figure. 6.1 illustrates the daytime (07:00—19:00 LT) variations and proportion of carbonyls in
the five sampled cities during August 2018. The mean concentrations of carbonyls observed in
each city, along with comparisons to values reported in previous studies, are summarized in
Table 6.1. Among the carbonyls, formaldehyde, acetone, and acetaldehyde were the most
abundant species, collectively accounting for over 85 % of the total carbonyls in all five cities.
In Beijing and Wuhan, formaldehyde was the predominant carbonyl, with concentrations of
9.6 £ 0.1 ppbv and 5.2 £ 0.1 ppbv, respectively, representing nearly or more than 40 % of the
total carbonyls. Based on previous O3 study in five cities, it is known that the total oxidant (O«
= 03 + NO») levels in Beijing, Wuhan, and Lanzhou were higher during the sampling period,
indicating more intense photochemical activity in these three cities (X. F. Liu et al., 2021) .
Further comparison with data from national monitoring sites within 25 km around revealed that
Oy levels were consistently high at these sites in both Beijing and Wuhan, suggesting the
formation of city-scale regional pollution (shown in Figure 6.2). Although formaldehyde has a
relatively short lifetime, it may still accumulate at the city scale, which could contribute to the
higher levels observed in Beijing and Wuhan. The higher proportion of formaldehyde relative
to acetone in these cities is consistent with previous findings (Huang et al., 2020; Qian et al.,
2019; Yang et al., 2018; Z. Yang et al., 2019), and observations in other cities such as
Guangzhou, Shenzhen, Xiamen, and Xi’an (Ho et al., 2014; Ho et al., 2015; Lu et al., 2010).
In contrast, acetone was the most abundant carbonyl in Shanghai, Chengdu, and Lanzhou,
where the proportion of formaldehyde was lower (<30 %) and its concentrations were around

2 ppbv, aligning with findings from previous studies (Ho et al., 2015).

Acetaldehyde was the third most abundant carbonyl compound measured. The highest
concentration was observed in Beijing at 7.2 £ 0.1 ppbv, while concentrations in the other four
cities ranged from 1.0 to 1.7 ppbv (Table 6.1). Notably, the ratio of formaldehyde to
acetaldehyde varied considerably among the five cities. In Beijing and Lanzhou, formaldehyde

and acetaldehyde concentrations were comparable, whereas in Shanghai and Chengdu,
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formaldehyde levels were approximately twice those of acetaldehyde. In Wuhan, this ratio
exceeded three. These variations can be attributed to differences in primary carbonyl emissions,
regional influences, and VOC compositions among the cities, with the latter likely playing a
more significant role due to its impact on the secondary formation of carbonyls (de Gouw et
al., 2005; Friedfeld et al., 2002; Ling et al., 2017; Liu et al., 2009; Lui et al., 2017; Wu et al.,
2023; Yang et al., 2017; Z. Yang et al., 2019). From the perspective of secondary formation,
the precursor of acetaldehyde, propene, was relatively high in both Beijing and Lanzhou (>2.5
ppbv) (X. F. Liu et al., 2021), which may have resulted in a stronger acetaldehyde formation
capacity and thus a closer ratio of formaldehyde to acetaldehyde in these two cities.
Additionally, the relatively high concentration of acetaldehyde in Beijing may also be
attributed to local regional accumulation. In contrast, propene levels in the other three cities
were all below 0.5 ppbv, indicating a weaker capacity for acetaldehyde formation. Considering
the higher formaldehyde levels in Wuhan, the ratio of formaldehyde to acetaldehyde in Wuhan
was correspondingly larger. Details regarding the characteristics of observed VOC components
can be found in Figure 6.2 and our previous study (X. F. Liu et al., 2021). According to Table
6.1 and Figure 6.2, Beijing recorded the highest concentration of carbonyls at 24.3 + 2.7 ppbv,
followed by Wuhan at 10.8 £ 1.5 ppbv. The other three cities (i.e., Lanzhou, Shanghai, and
Chengdu) showed similar concentrations of 7.6 + 1.3 ppbv, 6.8 £ 1.0 ppbv, and 5.7 £ 2.0 ppbv,
respectively. The carbonyl concentrations observed in Beijing were among the highest reported
in China, with carbonyls comprising more than half of the total VOCs (TVOCs) at 55.0 £ 6.1 %.
These findings underscore the significant role of carbonyls in the VOC profile and their
substantial contribution to O3 formation processes (Bao et al., 2022; Ho et al., 2015; Huang et
al., 2020; Hui et al., 2023; Mo et al., 2022; Z. Xu et al., 2023; X. Yang et al., 2020; Z. Yang et
al., 2019; X. Zhang et al., 2022). In Wuhan and Shanghai, carbonyls contributed similarly to
the TVOCs, at 35.9 £ 5.0 % and 35.6 + 5.2 %, respectively, which is consistent with proportions
reported in previous studies (Han, Huang, et al., 2019; Hui et al., 2023; Y. H. Liu et al., 2019;
Mo et al., 2022; W. Wang et al., 2023). In contrast, carbonyls comprised less than 20 % of the

TVOC:s in both Chengdu and Lanzhou (Bao et al., 2022; Ho et al., 2015; Yang et al., 2018; Z.
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Yang et al., 2019), a result attributed to the high proportion of alkanes, which made up nearly
half of the TVOC:s in these cities. Additionally, Lanzhou exhibited elevated levels of alkenes
(26.1 £ 4.1 %), consistent with its profile as an industrial city (B. Li et al., 2021; Liu et al.,
2023; Z. Zhang et al., 2023), further influencing the TVOC profile. Overall, these findings
indicate that carbonyls play a significant role in shaping the VOC composition and secondary
pollution in major central and eastern Chinese cities (Beijing, Wuhan, and Shanghai) during

the summer.

Moreover, the formation processes and contributions of VOC species to carbonyls, along with
their potential sources, will be elucidated through modeling and discussed in the following

sections.
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Table 6.1. Daytime (07:00—19:00LT) average concentrations of formaldehyde, acetaldehyde, acetone and total carbonyls in this study and previous

studies (unit: ppbv).

Location Formaldehyde Acetaldehyde Acetone Carbonyls References
Beijing-urban site 9.57 £ 0.09 7.21+£0.08 6.60 + 0.07 24.34+2.72 This study
Chengdu-urban site 2.07+0.27 1.03 +0.16 2.63 +0.60 5.70 £2.04 This study
Lanzhou-urban site 1.84 +£0.08 1.70 £0.08 3.25+0.08 7.56 £1.27 This study
Shanghai-urban site 2.27+0.05 1.41+0.04 2.45+0.07 6.82 +1.03 This study
Wuhan-urban site 5.17+0.06 1.66 +0.02 3.46 +£0.08 10.80 + 1.52 This study
Beijing-urban site 11.17+5.32 527+224 6.98 £3.01 28.49 +10.64 (Yang et al., 2018)
Beijing-urban site 6.31+2.79 2.90+1.36 416+1.44 / (Huang et al., 2020)
Beijing-urban site 8.49+2.11 2.97+0.79 6.72+1.58 21.05+4.99 (Qian et al., 2019)
Beijing-urban site 8.35+3.34 3.05+0.99 / 13.8+4.61 (Ho et al., 2015)
Beijing-urban site 8.3 5.38 12.09 / (Zhang et al., 2012)
Chengdu-urban site 9.86 +4.41 3.57+2.19 441+232 20.38 +9.24 (Bao et al., 2022)
Chengdu-urban site 11.4+3.80 3.09+1.05 / 17.7+5.49 (Ho et al., 2015)
Fujian-urban site 4.96 +2.13 1.74 £ 0.81 3.05+1.20 12.15+2.53 (X. Zhang et al., 2022)
Guangzhou-urban site 11.2 5.89 7.21 / (Luetal., 2010)
Guangzhou-urban site / 2.54 4.39 / (X.-B. L1, B. Yuan, 5.

Wang, et al., 2022)
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Guangzhou-urban site 6.69 +1.98 2.28+0.77 / 11.0+3.23 (Ho et al., 2015)
Guangzhou-urban site 9.84 5.28 10.93 / (Lyu et al., 2020)
Guiyang-urban site 3.91 3.16 2.15 / (Pang & Lee, 2010)
Nanning-urban site 5.53 8.77 2.29 / (Guo et al., 2016)
Qinghai Lake-rural site 390+1.12 1.97 +0.77 / 6.93 +£2.23 (Ho et al., 2015)
Qinzhou-urban site 5.46 4.46 1.03 / (Guo et al., 2014)
Shanghai-urban site 5.53+1.46 4.55+1.06 4.04 +1.77 / (Huang et al., 2009)
Shanghai-suburban site 1.54 +£0.51 0.29 +0.07 / 2.16 £ 0.63 (Ho et al., 2015)
Shenzhen-urban site 1.60 + 0.86 1.16 £0.90 231+1.32 / (Huang et al., 2020)
Shenzhen-urban site / 1.98 3.78 / (Zhu et al., 2019)
Shenzhen-urban site / 2.05 4.49 / (Huang et al., 2019)
Shenzhen-urban site 4.24 1.96 2.93 / (Z.Maetal., 2019)
Wuhan-urban site 4.90 +2.36 2.35+0.94 2.88 +1.66 11.29+3.85 (Z. Yang et al., 2019)
Wuhan-urban site 4.69 +2.33 1.72+£0.94 / 8.29 £4.02 (Ho et al., 2015)
Wuhan-suburban site 3.37+1.99 1.85+0.80 2.54+1.72 8.72+3.75 (Z. Yang et al., 2019)
Xiamen-urban site 1.72 +£0.18 0.87+£0.18 / 3.33+0.56 (Ho et al., 2015)
Xi'an-urban site 5.31 2.89 3.11 / (Ho et al., 2014)
Yantai-urban site 743 +4.14 3.82+£2.19 / 15.4 £8.08 (Ho et al., 2015)
Hok Tsui, Hong Kong -background site / 2.14+£0.16 4.20+0.26 / (Lyu et al., 2024)
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Hok Tsui, Hong Kong-background site 2.00 +1.04 0.59 £0.28 / 2.80 +£1.35 (X. Yang et al., 2020)
Hok Tsui, Hong Kong-background site 0.93+0.39 1.72 +£0.88 337+1.55 / (Yuan et al., 2024)
Hok Tsui, Hong Kong-rural site 2.04 +0.82 0.55+0.17 / / (Lui et al., 2017)
Tsuen Wan, Hong Kong-urban site 2.93+0.16 2.17+0.22 4.17 +0.59 / (Guo, Ling, Cheung,
Wang, et al., 2013)
Tung Chung, Hong Kong-urban site 3.75 +0.65 1.27+0.22 / / (Lui et al., 2017)
Nan'ao, Hong Kong-background site / 1.62 1.8 / (Huang et al., 2019)
Yuen Long, Hong Kong-urban site 4.23 £0.81 1.55+0.33 / / (Lui et al., 2017)
Hong Kong-urban site / / 10.59 +£3.50 / (F. Wang et al., 2024)
Hong Kong-roadside site / / 11.40 +3.34 / (F. Wang et al., 2024)
Hong Kong-suburban site / 4.07 £2.81 3.28+1.40 / (Hui et al., 2023)
Lasa-rural site 0.83 +£0.31 0.32+0.13 / 1.27+0.46 (Ho et al., 2015)
Mt. Tai-mountain site 3.48 1.27 / / (Yang et al., 2017)
Mt. Tai Mo Shan, Hong Kong-mountain (Guo, Ling, Cheung,
site 2.69+0.16 1.39+0.11 3.62+0.29 / Wang, et al., 2013)
Mt. Waliguan-mountain site 342+1.55 2.36+1.84 0.85+0.36 / (Mu et al., 2007)
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Figure 6.1. Daytime (07:00-19:00 LT) temporal variations and spatial distributions of
carbonyls in the five sampling cities.
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Figure 6.2. Daytime (07:00-19:00LT) temporal variations and spatial distributions of TVOCs
in the five sampling cities.
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6.3 Formation mechanism of carbonyls

6.3.1 Formaldehyde

Figure 6.3 depicts the daytime (07:00-19:00 LT) production and destruction pathways of
formaldehyde in the five cities, with detailed reaction rates for each pathway provided in Table
6.2. As illustrated in Figure 6.3, formaldehyde production in all five cities was primarily driven
by the decomposition of RO radicals (RO + O»). In contrast, formaldehyde destruction was
mainly governed by its reactions with OH radicals and by photolysis, with both processes
contributing to a similar extent. All five cities exhibited positive net production rates of
formaldehyde, consistent with previous studies in Beijing, Wuhan, and the YRD region (Wu
et al., 2023; Yang et al., 2018; X. Yang et al., 2020; P. Zeng et al., 2019; Zhang et al., 2021).
Among the five cities, Beijing had the highest daytime average production rate of 6.4 + 1.0
ppbv h!, followed by Wuhan at 5.3 £+ 0.7 ppbv h'!, reflecting strong secondary formation
capabilities in both cities. Additionally, the elevated concentrations of formaldehyde observed
in Beijing and Wuhan result in more intense destruction processes via both OH oxidation and
photolysis. Consequently, Beijing, Lanzhou and Wuhan showed comparable net production
rates of approximately 3-4 ppbv h'!, with Chengdu following. Shanghai recorded the lowest

net production rate, at 1.7 = 0.3 ppbv h..

The pie charts in Figure 6.3 further illustrate the proportions of various RO decomposition
pathways, showing that the six dominant RO species contributed over 70 % of formaldehyde
production in all five cities. The methyl radical (CH30), extensively produced from a wide
range of VOCs, was the predominant RO radical, accounting for 25-43 % of formaldehyde
formation across the cities. The 2-oxoethoxy radical (HCOCH20), mainly generated from a/f-
pinene, ethane, and toluene, ranked second, contributing approximately 11-16 %. Notably,
other RO radicals exhibited distinct city-specific features. The 2-hydroxy ethoxy radical
(HOCH:CH?0), primarily derived from ethene, played a significant role (~16 %) in Beijing
and Lanzhou. In contrast, the 1-hydroxypropane-2-yloxy radical (HYPROPO), mainly formed

from propene, contributed substantially to formaldehyde production in Wuhan, accounting for
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around 15 %. The 1-methyl-1-vinyl-2-hydroxyethoxy radical (ISOPBO), a typical isoprene-
derived radical, contributed most prominently (~5 %) in Chengdu. Additional minor formation
pathways are detailed in Tables 3.7 and 6.2. These findings highlight the diversity of VOCs
involved in formaldehyde production and underscore the complexity of its formation

mechanisms, which are strongly influenced by the distinct VOC profiles of each city.

To further quantify the parent VOCs contributing to formaldehyde formation, Table 6.4
presents the average contributions of various VOC species across the five cities, while Table
6.3 provides a detailed proportional breakdown for each city. As shown in Table 6.4, alkenes
were the predominant contributors to formaldehyde production, accounting for an average of
62 % across all cities. Anthropogenic alkenes, including ethene, propene, 1-butene, and 1,3-
butadiene, contributed more than 30 % overall, with their share exceeding 50 % in Beijing and
Lanzhou (Table 6.3). In contrast, biogenic alkenes such as isoprene and a/f-pinene played a
significant role in Chengdu and Wuhan, comprising 28 % and 24 % of formaldehyde formation,
respectively. These results are consistent with previous sensitivity analyses, which have
identified specific species such as ethene, propene, and isoprene as major contributors to
formaldehyde formation (Chen et al., 2022; Ling et al., 2017; Lyu et al., 2024; Yang et al.,

2018; X. Yang et al., 2020).

However, quantitative analysis reveals that the combined contribution of these well-studied,
typical VOC species accounted for less than or around 50 % of formaldehyde formation in the
five cities. As shown in Table 6.4, aside from the prominent alkene species, individual VOC
species each contributed approximately 1-2 % to formaldehyde production. This suggests that
nearly every VOC can generate formaldehyde through oxidation and degradation processes,
reflecting the previously discussed diversity of formaldehyde formation pathways. The top ten
VOC species together contributed less than 60 % of formaldehyde formation in Beijing,
Chengdu, Shanghai, and Wuhan, while in Lanzhou, their combined contribution was around
70 % (as illustrated in Figure 6.4). These results suggest that previous studies relying on

sensitivity analyses may have overemphasized the role of typical alkene species, potentially
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underestimating the contributions of other VOCs in urban environments. Therefore, while
prioritizing alkene control is important, its overall impact on formaldehyde reduction is limited.
Effective mitigation of formaldehyde formation requires comprehensive control of the entire

spectrum of VOCs.

Notably, in Lanzhou, anthropogenic alkenes dominated formaldehyde formation, accounting
for 58.2 + 0.8 % (Table 6.3). Ethene and propene were particularly significant contributors,
representing 14.8 + 0.1 % and 19.2 + 0.3 % of formaldehyde formation, respectively, followed
by a-pinene (11.2 £ 0.3 %), 1,3-butadiene (8.6 = 0.3 %), and 1-butene (6.8 = 0.1 %). The
elevated contribution of alkenes is attributed to the high ambient levels of these compounds
(12.6 £ 2.0 ppbv), primarily emitted from the petrochemical industry in Lanzhou (W. Guo et
al., 2022; Jia et al., 2016; X. F. Liu et al., 2021; Yang et al., 2024), which more accurately
reflects the characteristics of formaldehyde formation in industrial cities. Additionally,
isoprene exerted a considerable influence on formaldehyde formation in Chengdu, contributing
20.7 £ 0.2 %. This is due to the higher isoprene levels observed in Chengdu (0.6 + 0.1 ppbv),
whereas isoprene concentrations in the other cities were only half to a quarter of those in
Chengdu (X. F. Liu et al., 2021). This further underscores the significant role of isoprene in

formaldehyde formation in areas with high biogenic emissions.
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Table 6.2. Daytime (07:00-19:00 LT) reaction rates of production and destruction pathways of formaldehyde, acetaldehyde and acetone.

Reaction rate (ppbv h'') Beijing Chengdu Lanzhou Shanghai Wuhan
Net production rate 3.53+0.49 2.16 £0.25 3.46+£0.38 1.71 £0.28 3.39+0.29
Total production rate 6.43 +£0.97 2.54+0.31 3.71£0.42 2.69 +0.48 5.34+0.69
Total destruction rate -2.90 £0.52 -0.38+0.06  -0.24+0.04 -098+0.20 -1.95+041
P Alkenes + O3 0.20 £ 0.02 0.08 £0.01 0.29+£0.03 0.03 +0.00 0.10+0.01
r Other RO+ O, 3.32+0.52 1.36£0.18 2.37+0.30 1.45+£0.27 2.99+042
Formaldehyde " oer carbonyls + OH/Av 0.17£0.02  0.15£002  0.18£002  0.10£001 023002
4 CH:0+02 2.58+0.41 0.83+£0.10 0.69 £0.07 0.99+0.18 1.75+0.23
. Other production pathways 0.16 £0.02 0.11+0.01 0.17+0.02 0.12+0.02 0.27 £0.03
D HCHO + hv -1.54+£026  -023+0.04 -0.15+0.03 -0.54+0.10 -1.01=+0.18
e HCHO + OH -136+£026  -0.14+0.03  -0.09+0.02 -044+0.10 -0.94+023
s HCHO +NOs -0.01 +£0.01  -0.01+£0.01  0.01+0.01 0.01 £0.01 -0.01 £0.01
Net production rate 0.30+0.13 0.39+0.04 1.33+0.16 0.19+0.03 0.42+0.04
Total production rate 2.03+0.29 0.51 +£0.05 1.46 £0.18 0.59+0.10 0.90+0.12
Acetaldehyde 1401 destruction rate 1724032 0124002 -0.13£002  -039+008  -047+0.11
Alkenes + O3 0.35+£0.04 0.09+£0.01 0.48 +0.05 0.05+0.01 0.14+£0.01
RO+ 0O, 1.60 +0.25 0.40 +0.05 0.93+£0.14 0.50+0.09 0.71+0.10
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P Other carbonyls + OH/Av 0.06+0.01 0.02+0.002  0.02+0.01 0.03 +£0.01 0.04 +£0.01

r Other production pathways 0.02+0.002 0.01+0.001 0.02+0.01 0.01 £0.01 0.01 £0.01

D CH;3;CHO + hv -0.06 £ 0.01 -0.01 +£0.001 -0.01 £ 0.01 -0.02 +0.003  -0.02 +0.01

¢ CH3;CHO + OH -1.66 +0.31 -0.12+0.02  -0.12+0.02  -0.38+0.08 -0.45+0.10

s CH3;CHO + NOs -0.01 +0.01 -0.01 £0.01 -0.01 £0.01 0.01 £0.01 -0.01 £0.01

Net production rate 0.41+0.05 0.22 £ 0.03 0.44 £ 0.05 0.15+0.02 0.77 £ 0.08

Total production rate 0.44+0.05 0.23 +£0.03 0.45+0.05 0.16 £ 0.03 0.79 +£0.08

Total destruction rate -0.03 + 0.01 -0.01 £0.001 -0.01 £0.01 -0.01 +0.01 -0.02 + 0.01

P Alkenes + O3 0.05+0.01 0.01 £0.01 0.04 £0.01 0.01 £0.01 0.02£0.01
Acetone r RO+0, 036+0.04  020+003  037+0.04  0.15+£002  0.50+0.05

o Other carbonyls + OH/Av 0.02 £0.01 0.01 £0.01 0.03 +£0.05 0.01 £0.01 0.05+0.01

d Other production pathways 0.01 £0.01 0.01 £0.01 0.04 +£0.01 0.01 £0.01 0.03 +£0.01

D CH3COCHs+ hv -0.01 £ 0.01 -0.01 £0.01 -0.01 £0.01 -0.01 £ 0.01 -0.01 £0.01

e CH3COCHs;+ OH -0.02 £ 0.01 -0.01 £0.01 -0.01 £0.01 -0.01 £0.01 -0.01 £0.01

Table 6.3. Contribution of VOC species to formaldehyde formation during peak hours (11:00-14:00 LT).
Beijing Chengdu Lanzhou Shanghai ‘Wuhan
Alkanes 20.80 = 0.19 % 19.13 £0.21 % 13.30£0.21 % 23.51+£0.53 % 20.74 £ 0.22 %
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Ethane

1.01 £0.01 %

0.90+0.01 %

0.57+0.01 %

2.77+0.11 %

0.95+0.01 %

Propane

1.01 £0.01 %

0.89+0.01 %

0.56 +0.01 %

0.94+0.01 %

1.00+0.01 %

i-Butane

1.01 £0.01 %

0.99+0.01 %

0.63 +£0.01 %

0.96+0.01 %

1.03+0.01 %

n-Butane

1.05 +£0.01 %

1.04+0.02 %

0.63+0.01 %

1.20 £ 0.04 %

1.15+0.01 %

i-Pentane

1.04 +£0.01 %

1.01 £0.01 %

0.59+0.01 %

1.06 +0.01 %

1.18+0.01 %

n-Pentane

1.05+0.01 %

1.28 £0.02 %

0.82+0.01 %

1.44 +0.06 %

1.41+0.04 %

2,2-Dimethylbutane

1.01 £0.01 %

0.91+0.01 %

0.58 +0.01 %

0.95+0.01 %

1.01+0.01 %

2,3-Dimethylbutane

1.01 £0.01 %

0.89+0.01 %

0.57+0.01 %

0.95+0.01 %

1.00+0.01 %

2-Methylpentane

1.18 £ 0.01 %

1.08 +0.01 %

0.82+0.01 %

1.04 £ 0.01 %

1.09+0.01 %

3-Methylpentane

1.15+0.01 %

1.22+0.01 %

0.72+0.01 %

1.11+0.01 %

1.10+0.01 %

n-Hexane

1.19+£0.01 %

1.20+0.01 %

1.13+0.02 %

2.50 £ 0.15 %

1.24 £ 0.01 %

Cyclohexane

1.10 £ 0.01 %

0.95+0.01 %

0.68 +0.02 %

1.25+£0.03 %

1.11 £0.01 %

2-Methylhexane

1.03+0.01 %

1.00+0.01 %

0.85+0.01 %

1.08+0.01 %

1.11+0.01 %

3-Methylhexane

1.04 £ 0.01 %

0.91+0.01 %

0.59+0.01 %

0.99 £ 0.01 %

1.03 £0.01 %

n-Heptane

1.14+0.01 %

0.97+0.01 %

0.78+£0.01 %

1.02+0.01 %

1.04 +£0.01 %

n-Octane

1.17 £ 0.01 %

1.03+0.01 %

0.61+0.01 %

1.08 £ 0.01 %

1.08 £ 0.01 %

n-Nonane

1.45+0.01 %

0.98 +0.01 %

0.92+0.01 %

1.09 £ 0.01 %

1.08 £ 0.01 %

n-Decane

1.17+0.01 %

0.98 +0.01 %

0.69 +0.01 %

1.12 £ 0.01 %

1.13£0.01 %

Undecane

1.01 £0.01 %

0.89+0.01 %

0.57+0.01 %

0.95 £ 0.01 %

1.00+0.01 %

163



Alkenes (Anthropogenic)

50.78 £ 0.24 %

31.69 £ 0.40 %

58.21 £0.84 %

39.01 £0.64 %

35.46 £0.20 %

Ethene

13.43 £0.03 %

11.18£0.15 %

14.81 £0.14 %

15.26 +0.49 %

16.53 £0.06 %

Propene

20.94 £0.05 %

4.58+0.04 %

19.15+0.25%

7.78 £0.04 %

5.93+0.03 %

1-Butene

4.24 £0.04 %

5.06+0.07 %

6.84 +0.05 %

4.32+0.01 %

2.58 £0.01 %

trans-2-Butene

1.06 £ 0.01 %

0.94+0.01 %

0.72+0.02 %

0.97+0.01 %

1.03+0.01 %

cis-2-Butene

1.04 +£0.01 %

0.92+0.01 %

0.66 £0.01 %

0.96+0.01 %

1.02+0.01 %

1,3-Butadiene

1.57+0.01 %

1.65+0.02 %

8.58+0.25%

2.01 £0.02 %

1.39+0.02 %

1-Pentene

1.57+0.01 %

2.25+0.02 %

3.54+0.03 %

1.51+0.01 %

1.14+0.01 %

3-Methyl-1-butene

1.39+0.01 %

0.96 +0.01 %

0.72+0.01 %

1.05 £ 0.01 %

1.16 £ 0.01 %

2-Methyl-1-butene

2.19+0.01 %

1.13+0.01 %

1.15+0.03 %

2.26+0.01 %

1.54+0.01 %

trans-2-Pentene

1.01 £0.01 %

0.92+0.01 %

0.59+0.01 %

0.96 £ 0.01 %

1.01 £0.01 %

cis-2-Pentene

1.03 +£0.01 %

0.92+0.01 %

0.62+0.01 %

0.95 £ 0.01 %

1.00 £ 0.01 %

2-Methyl-2-butene

1.32+0.04 %

1.19+0.04 %

0.82+0.03 %

0.98+0.01 %

1.14+0.01 %

10.24 £ 0.07 %

28.42 £ 0.55 %

15.49 £ 0.38 %

18.03 £ 0.22 %

24.14 £ 0.35 %

4.95+0.03 %

20.68 £0.16 %

2.94+0.04 %

13.69 £ 0.09 %

1241 +£0.21 %

2.91+0.02 %

4.55+£0.25%

11.17+£0.31 %

1.57 £0.02 %

6.78 £ 0.09 %

2.39+£0.02 %

3.19+0.14 %

1.37+0.03 %

2.77+£0.11 %

4.95+0.05 %

15.97 £0.15 %

18.59 £0.26 %

11.70 £ 0.27 %

17.14 £ 0.20 %

17.43 £0.16 %

Alkenes (Biogenic)
Isoprene
a-Pinene
S-Pinene

Aromatics
Benzene

1.02+0.01 %

1.01 £0.01 %

0.60 +0.01 %

0.97 £ 0.01 %

1.04 £ 0.01 %
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Toluene

1.34+0.01 %

3.01+0.10 %

0.81 £0.01 %

1.97+0.04 %

1.72+0.01 %

Ethylbenzene

1.09 +0.01 %

1.27+0.01 %

0.95+0.01 %

1.34 £ 0.01 %

1.48 +0.01 %

m/p-Xylene

1.80 +£0.02 %

3.25+0.04 %

2.39+0.11 %

2.28+0.04 %

2.14+0.02 %

0-Xylene

1.27+0.01 %

1.58 +£0.01 %

1.12+0.04 %

1.37+£0.01 %

1.43+£0.02 %

Styrene

1.01 £0.01 %

0.89+0.01 %

0.57+0.01 %

0.95+0.01 %

1.00+0.01 %

Isopropylbenzene

1.05+0.01 %

0.90 +£0.01 %

0.63 +£0.01 %

0.98+0.01 %

1.04 +£0.01 %

n-Propylbenzene

1.09 +£0.01 %

0.91+0.01 %

0.65+0.01 %

0.97+0.01 %

1.02+0.01 %

m-Ethyltoluene

1.02+0.01 %

0.95+0.01 %

0.60 +0.01 %

0.96+0.01 %

1.02+0.01 %

p-Ethyltoluene

1.07 £ 0.01 %

0.95+0.01 %

0.71+0.01 %

1.04 £ 0.01 %

1.10+0.01 %

o-Ethyltoluene

1.04 +£0.01 %

0.92+0.01 %

0.61 £0.01 %

1.01 +£0.01 %

1.05+0.01 %

1,3,5-Trimethylbenzene

1.06 £ 0.01 %

0.94+0.01 %

0.68 +0.01 %

1.00 £ 0.01 %

1.09 £ 0.01 %

1,2,4-Trimethylbenzene

1.03 +£0.01 %

1.05+0.01 %

0.71+0.01 %

1.17 £ 0.01 %

1.20 £ 0.01 %

1,2,3-Trimethylbenzene

1.08 £ 0.01 %

0.97+0.01 %

0.68 £0.01 %

1.11+0.01 %

1.11+0.01 %

Alkyne

1.18 £ 0.01 %

1.26 £ 0.02 %

0.67 £0.02 %

1.36 £ 0.04 %

1.21 £ 0.01 %

Ethyne

1.18+0.01 %

1.26 £0.02 %

0.67+0.02 %

1.36 £ 0.04 %

1.21+0.01 %

Table 6.4 Average contributions of VOC species to formaldehyde formation during peak hours (11:00-14:00LT) in five cities.

Alkanes 19.5 %

Alkenes

62.3 %

Aromatics

16.16 %
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Ethane 1.24 % (Anthropogenic) Benzene 0.93 %
Propane 0.88 % Ethene 14.24 % Toluene 1.77 %
i-Butane 0.92 % Propene 11.68 % Ethylbenzene 1.22 %
n-Butane 1.01 % 1-Butene 4.61 % m-Xylene

2.37 %
i-Pentane 0.98 % trans-2-Butene 0.94 % p-Xylene
n-Pentane 1.20 % cis-2-Butene 0.92 % o0-Xylene 1.35%
2,2-Dimethylbutane 0.89 % 1,3-Butadiene 3.04 % Styrene 0.88 %
2,3-Dimethylbutane 0.88 % 1-Pentene 2.00 % i-Propylbenzene 0.92 %
2-Methylpentane 1.04 % 3-Methyl-1-butene 1.06 % n-Propylbenzene 0.93 %
3-Methylpentane 1.06 % 2-Methyl-1-butene 1.65 % m-Ethyltoluene 0.91 %
n-Hexane 1.45 % trans-2-Pentene 0.90 % p-Ethyltoluene 0.97 %
Cyclohexane 1.02 % cis-2-Pentene 0.90 % o-Ethyltoluene 0.93 %
2-Methylhexane 1.01 % 2-Methyl-2-butene 1.09 % 1,3,5-Trimethylbenzene 0.95 %
3-Methylhexane 091 % Alkenes 1,2,4-Trimethylbenzene 1.03 %
n-Heptane 0.99 % (Biogenic) 1,2,3-Trimethylbenzene 0.99 %
n-Octane 1.00 % Isoprene 10.93 % Alkyne 1.14 %
n-Nonane 1.11 % a-Pinene 5.40 % Ethyne 1.14 %
n-Decane 1.02 % [-Pinene 2.93%
Undecane 0.88 %
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Figure 6.3. Diurnal variations of simulated production and destruction pathways of
formaldehyde (HCHO) in the five cities. The pie charts illustrate the proportions of the main
RO species contributing to the RO decomposition pathways for each city.
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Figure 6.4. The top 10 contributed VOC species and their proportions to a) formaldehyde, b)
acetaldehyde, and c) acetone formation during the peak hours (11:00-14:00 LT) in Beijing (BJ),
Chengdu (CD), Lanzhou (LZ), Shanghai (SH) and Wuhan (WH).
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6.3.2 Acetaldehyde

Figure 6.5 illustrates the simulated production and destruction pathways of acetaldehyde in the
five cities. As with formaldehyde, acetaldehyde production was predominantly governed by
the decomposition of RO radicals. However, unlike formaldehyde, the destruction of
acetaldehyde was dominated by its reaction with OH radicals. Net production of acetaldehyde
was observed in all five cities, with Lanzhou exhibiting the highest net production rate at 1.3 +
0.2 ppbv h!. The other cities showed considerably lower net production rates, ranging from
approximately 0.2 to 0.4 ppbv h™!. Although Beijing had a high acetaldehyde production rate,

its substantial destruction rate, mainly due to OH oxidation, led to a lower net production rate.

Furthermore, the pie charts in Figure 6.5 show that the top six RO species accounted for
approximately 70-80 % of RO decomposition, leading to acetaldehyde formation in the five
cities. The propene-derived HYPROPO radical was the most abundant in all cities except
Chengdu, representing around 60 % of RO decomposition in Lanzhou and Beijing. In contrast,
the ethyl radical (C2Hs0), mainly produced from alkanes, was most significant in Chengdu
(~35 %) and also played a vital role in Shanghai and Wuhan, contributing about 23-27 %.
Additionally, the 2-hydroxy-2-methylpropoxy radical (BUT20LAO), produced from trans/cis-
2-butene, exerted a considerable influence in Shanghai, Lanzhou, and Wuhan. Notably, the
ozonolysis of certain alkenes (such as propene) directly produces acetaldehyde, making this
pathway a major contributor in Beijing and Lanzhou, where propene concentrations (3.1 + 0.1
ppbv and 2.6 + 0.1 ppbv, respectively) were about ten times higher than in the other three cities.
These findings indicate that acetaldehyde formation is governed by distinct parent VOC species,
with their relative contributions closely linked to the unique VOC composition characteristics

of each city.

Table 6.5 presents the VOC contribution profiles to acetaldehyde formation in the five cities.
Anthropogenic alkenes were the dominant VOC group, contributing nearly 90 % in Beijing
and Lanzhou, and around 60 % in Chengdu, Shanghai, and Wuhan. In these latter three cities,
alkanes also played a significant role, accounting for over 25 % of acetaldehyde production.

Figure 6.4b highlights the top ten VOC species contributing to acetaldehyde formation in the
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five cities. Propene emerged as the predominant contributor in all cities, particularly in Beijing
and Lanzhou, where it accounted for 62 % and 58 % of acetaldehyde production, respectively.
The important role of propene in acetaldehyde formation in Beijing has also been documented
in previous research (Yang et al., 2018). Additionally, trans/cis-2-butene made a substantial
contribution, accounting for approximately 10-20 % across the five cities. Its significant role
has been reported at background sites such as Hong Kong (Lyu et al., 2024). Pentene isomers
also contributed about 10 % to acetaldehyde formation in all cities. Furthermore, C4—Cs alkanes,
mainly n-butane and i-pentane, contributed over 20 % to acetaldehyde production in Chengdu,
Shanghai, and Wuhan. Notably, 3-methylpentane and n-hexane were particularly significant in
Chengdu and Shanghai, each accounting for about 5 %, highlighting the specificity in VOC
composition among the cities. Despite these differences, the control strategies for reducing
acetaldehyde formation remain consistent across all cities: targeting propene emissions can

significantly reduce acetaldehyde production, followed by the control of C4—Cs alkenes.
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Table 6.5. Contribution of VOC species to acetaldehyde formation during peak hours (11:00-14:00 LT).

Beijing Chengdu Lanzhou Shanghai Wuhan

Alkanes 9.04 +0.48 % 3527+£1.25% 9.26 = 0.41 % 26.99 £1.18 % 27.81+1.47 %
Ethane 0.89 £ 0.09 % 2.50+0.18 % 0.70 £0.02 % 1.43+0.12 % 2.11+0.29 %

Propane 0.01 £0.01 % 0.04 £0.01 % 0.03 £0.01 % 0.07+0.01 % 0.25£0.03 %
i-Butane 0.00 = 0.00 % 0.08 £0.01 % 0.01 £0.01 % 0.02+0.01 % 0.03+0.01 %
n-Butane 1.70 £ 0.02 % 10.35+£0.40 % 1.55+0.07 % 7.15+£0.13 % 5.44 £ 0.09 %
i-Pentane 2.05+0.18 % 10.84 £ 0.21 % 1.28 £0.08 % 7.05+ 047 % 12.92 +£0.69 %
n-Pentane 0.12+0.01 % 1.96 £ 0.07 % 0.67 £0.03 % 1.23+0.02 % 1.66 £ 0.07 %

2,2-Dimethylbutane

0.03+0.01 %

0.11 £0.01 %

0.04 +0.01 %

0.04+0.01 %

0.04+0.01 %

2,3-Dimethylbutane

0.01 £0.01 %

0.02+0.01 %

0.01 £0.01 %

0.04 +£0.01 %

0.01 £0.01 %

2-Methylpentane

0.15+0.01 %

0.38+0.01 %

0.27+0.01 %

0.15+£0.01 %

0.17 £ 0.01 %

3-Methylpentane

1.39 £ 0.06 %

4.90 £ 0.22 %

1.32+0.03 %

1.86 £0.07 %

1.50 £ 0.08 %

n-Hexane

0.39+0.02 %

1.39 £ 0.06 %

1.33+0.06 %

5.03+0.17 %

1.13 £ 0.05 %

Cyclohexane

0.00 = 0.00 %

0.00 = 0.00 %

0.00 £ 0.00 %

0.01 +£0.00 %

0.00 = 0.00 %

2-Methylhexane

0.01 +£0.01 %

0.11 £0.01 %

0.14+0.01 %

0.14 £ 0.01 %

0.14 £ 0.01 %

3-Methylhexane

0.38 +0.01 %

0.41 £0.01 %

0.26+0.01 %

0.67 £0.01 %

0.53 £0.01 %

n-Heptane

0.43+0.01 %

0.78 £0.01 %

0.25+0.02 %

0.60 +0.02 %

0.45+£0.02 %

n-Octane

0.42+0.01 %

0.63 +£0.01 %

0.49+0.01 %

0.58 £ 0.06 %

0.50 £ 0.05 %

170



n-Nonane 0.71 +0.01 % 0.30+0.01 % 0.62+0.01 % 0.37+£0.02 % 0.34 £ 0.02 %
n-Decane 0.35+0.01 % 0.47+0.01 % 0.28+0.01 % 0.56 £ 0.03 % 0.57 £0.02 %
Undecane 0.00 + 0.00 % 0.00 + 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
Alkenes (Anthropogenic) 89.10 £ 0.70 % 58.07 £1.39 % 88.74 +£1.66 % 66.39 +0.77 % 63.7 £ 0.56 %
Ethene 0.00 + 0.00 % 0.00 + 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
Propene 62.24 £ 0.08 % 26.90 = 0.13 % 5793 £0.15 % 34.26 £ 0.16 % 35.84 £ 0.09 %
1-Butene 0.92 +0.02 % 2.22+0.25% 1.71 £ 0.09 % 1.25+£0.11 % 1.22 £0.04 %
trans-2-Butene 8.79 £0.23 % 6.85 £ 0.08 % 11.68 + 0.55 % 10.65 £ 0.07 % 8.35+£0.04 %
cis-2-Butene 5.99 £ 0.11 % 4.77 £0.09 % 7.77 £0.44 % 7.90 £ 0.10 % 6.26 £ 0.07 %
1,3-Butadiene 0.00 + 0.00 % 0.00 + 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
1-Pentene 0.46 £ 0.05 % 2.65+0.13 % 1.78 £ 0.07 % 0.8 +0.08 % 0.27 £ 0.05 %

3-Methyl-1-butene

0.05+0.01 %

0.03+0.01 %

0.01 £0.01 %

0.02+0.01 %

0.06 £ 0.01 %

2-Methyl-1-butene

0.87 +0.05 %

0.65+0.12%

0.47 +0.09 %

0.78 £0.03 %

0.79 £ 0.05 %

trans-2-Pentene

0.68+0.01 %

4.04+£0.35%

1.63+0.16 %

557+0.16 %

3.48 +0.06 %

cis-2-Pentene

2.51+0.04 %

5.18+0.15 %

3.44+0.08 %

3.22+0.04 %

0.82 £0.04 %

2-Methyl-2-butene 6.58 +£0.10 % 4.78 £0.08 % 2.34+£0.02 % 1.93 £0.01 % 6.61+0.11 %
Alkenes (Biogenic) 0.06 + 0.01 % 0.42 £ 0.07 % 0.03 £0.01 % 0.18 £ 0.02 % 0.35 £ 0.03 %
Isoprene 0.06 +0.01 % 0.42 +£0.07 % 0.03+0.01 % 0.18 £ 0.02 % 0.35+0.03 %
a-Pinene 0.00 +0.00 % 0.00 £ 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
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f-Pinene 0.00 + 0.00 % 0.00 + 0.00 % 0.00 + 0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
Aromatics 1.80+0.11 % 6.23 £0.24 % 1.97+£0.25 % 6.43 £ 0.48 % 8.14 £ 0.38 %
Benzene 0.00 + 0.00 % 0.00 + 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %

Toluene 0.00 + 0.00 % 0.01 +£0.01 % 0.00 +0.00 % 0.01 £0.01 % 0.01 £0.01 %
Ethylbenzene 0.31+0.02 % 1.27 £ 0.09 % 0.43 +0.08 % 2.33+£0.27% 3.17+0.19 %
m/p-Xylene 0.32+0.01 % 1.84 £ 0.01 % 0.46+0.01 % 1.03 £0.01 % 0.91£0.01 %
0-Xylene 0.08 +£0.01 % 0.29 +0.01 % 0.05+0.01 % 0.07 £ 0.01 % 0.12+0.01 %

Styrene 0.00 + 0.00 % 0.00 + 0.00 % 0.00 + 0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
Isopropylbenzene 0.00 = 0.00 % 0.00 +0.00 % 0.00 = 0.00 % 0.01 £ 0.00 % 0.01 £ 0.00 %

n-Propylbenzene

0.08 £0.01 %

0.03+0.01 %

0.03 +£0.01 %

0.05+0.01 %

0.04 +£0.01 %

m-Ethyltoluene

0.12+0.01 %

0.49 £ 0.02 %

0.14+0.02 %

0.18 £ 0.02 %

0.39+0.01 %

p-Ethyltoluene

0.14 +0.01 %

0.12+0.01 %

0.10+0.02 %

0.40 £ 0.07 %

0.59 £ 0.07 %

o-Ethyltoluene

0.18+0.01 %

0.18+0.01 %

0.13+0.02 %

0.62+0.04 %

0.58 £0.02 %

1,3,5-Trimethylbenzene

0.19+0.01 %

0.42 +£0.01 %

0.21+0.01 %

0.61 £0.01 %

0.57 £0.01 %

1,2,4-Trimethylbenzene

0.18+0.01 %

1.32+0.05 %

0.30+0.05 %

0.87 £0.02 %

1.42 £0.03 %

1,2,3-Trimethylbenzene

0.18 +£0.01 %

0.26 +£0.01 %

0.10+0.02 %

0.24 £ 0.01 %

0.32+0.01 %

Alkyne

0.00 £ 0.00 %

0.00 £ 0.00 %

0.00 £ 0.00 %

0.00 £ 0.00 %

0.00 £ 0.00 %

Ethyne

0.00 = 0.00 %

0.00 + 0.00 %

0.00 +0.00 %

0.00 +0.00 %

0.00 +0.00 %
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Figure 6.5. Diurnal variations of simulated production and destruction pathways of
acetaldehyde (CH3CHO). The pie charts illustrate the proportions of the main RO species
contributing to the RO decomposition pathways for each city.
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6.3.3 Acetone

Figure 6.6 illustrates the simulated production and destruction pathways of acetone in the
five cities. Acetone was primarily produced through RO decomposition. In contrast to
aldehydes, its destruction via reaction with OH radicals was negligible, highlighting
acetone’s atmospheric stability and its tendency to accumulate to high concentrations.
Net acetone production rate was highest in Wuhan, reaching 0.8 = 0.1 ppbv h™!, followed
by Beijing and Lanzhou at approximately 0.4 ppbv h'l. The lowest net production rate
was calculated in Shanghai, at 0.2 + 0.02 ppbv h''. The higher mixing ratios of
acetaldehyde and acetone observed in summer in Beijing, compared to the other four
cities, despite the fact that their production rates are lower than those in Lanzhou and
Wuhan, respectively. This can be mainly attributed to two factors. First, the
concentrations of carbonyls are influenced not only by secondary formation but also by
primary emissions and regional transport. In Beijing, primary emissions play a significant
role, accounting for 55-70% of carbonyl concentrations, much higher than in Lanzhou
and Wuhan, where simulated net production rates are higher. Second, regional transport
contributes substantially to pollutant levels in Beijing. Previous studies have shown that
Beijing is significantly affected by the regional transport of air pollutants from
surrounding provinces, especially Hebei, which contributes 37-42% of PM2 5, 31% of O3
pollution, and 36-50% of VOC concentrations (C. Li et al., 2022; Panagi et al., 2025; P.
Wang et al., 2020; Z. Zhang et al., 2024). These factors together explain the elevated

carbonyl mixing ratios in Beijing

The pie charts in Figure 6.6 reveal that the top six RO species accounted for only about
50 % of the total RO radicals contributing to acetone formation in the five cities,
indicating a considerable diversity of RO sources. Radicals derived from a/f-pinene (i.e.,
C980, (9190, CI1060, and C1080, as designated in the MCM) -contributed
approximately 15-50 % to acetone formation across the cities. In addition, the isopropoxy

radical (IC3H70), mainly produced from propane and 2,3-dimethylbutene, and the 1,1-
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dimethylpropoxy radical (IPECO), formed from the degradation of i-pentane, also played
significant roles, with their contributions varying among the cities. Notably, alkene
ozonolysis, particularly the reaction between 2-methyl-2-butene and O3, made a more

substantial contribution to acetone formation in Beijing.

Figure 6.4c displays the top ten VOC species contributing to acetone formation in the five
cities, with detailed contributions for each species listed in Table 6.6. Collectively, these
top ten VOCs accounted for over 95 % of acetone formation in all cities. a/f-pinene
emerged as dominant contributor, responsible for over 60 % of acetone formation in
Lanzhou and Wuhan, and around 40 % in Beijing, Chengdu, and Shanghai. This
underscores the significant role of biogenic sources in acetone production, consistent with
findings from the Hok Tsui site in Hong Kong (Lyu et al., 2024). Notably, in Lanzhou,
o/f-pinene was primarily emitted from industrial sources rather than biogenic sources,
highlighting the importance of anthropogenic pinene emissions in industrial cities (Cheng
et al., 2018; Dai et al., 2010; Rouviere et al., 2006; H. Wang et al., 2022). In Shanghai,
alkanes were identified as the most significant contributors to acetone formation (p <
0.05), accounting for 51 % of the total contribution, a similarly high alkane contribution
was also observed in Hong Kong (Guo, Ling, Cheung, Wang, et al., 2013). In Beijing, 2-
methyl-2-butene contributed over 30 % to acetone formation, while in the other four cities,
its contribution was around 6—7 %. Additionally, i-pentane made a substantial impact on

acetone formation in the remaining four cities, followed by propane and i-butane.
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Table 6.6. Contribution of VOC species to acetone formation during peak hours (11:00-14:00LT).

Beijing Chengdu Lanzhou Shanghai Wuhan
Alkanes 20.04 £0.82 % 42.65+0.42 % 27.23 £0.84 % 50.50 £ 0.70 % 27.87+£0.72 %
Ethane 0.00 +0.00 % 0.00 + 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 +0.00 %
Propane 2.24+022% 7.26 £0.17 % 7.30 £ 0.42 % 10.87 £ 0.30 % 7.94 +0.49 %
i-Butane 1.14 £ 0.02 % 10.58 = 0.05 % 3.34+0.08 % 5.97 £ 0.07 % 3.89£0.08 %
n-Butane 0.00 = 0.00 % 0.00 = 0.00 % 0.00 = 0.00 % 0.00 = 0.00 % 0.00 = 0.00 %
i-Pentane 8.82 £0.17 % 17.06 = 0.03 % 2.77+0.03 % 20.06 £0.03 % 13.86 = 0.08 %
n-Pentane 0.00 = 0.00 % 0.00 = 0.00 % 0.00 = 0.00 % 0.00 = 0.00 % 0.00 = 0.00 %

2,2-Dimethylbutane

0.17+0.01 %

0.29 £ 0.01 %

0.17+0.01 %

0.20+0.01 %

0.06 £ 0.01 %

2,3-Dimethylbutane 4.71 £0.34 % 2.30+0.06 % 6.48 £ 0.24 % 7.48 £0.26 % 0.20 £ 0.03 %
2-Methylpentane 2.25+0.05 % 2.37+0.02 % 2.36 £0.04 % 1.62+0.02 % 0.56 £ 0.01 %
3-Methylpentane 0.00 +0.00 % 0.00 + 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
n-Hexane 0.00 = 0.00 % 0.00 = 0.00 % 0.00 +0.00 % 0.00 = 0.00 % 0.00 £ 0.00 %
Cyclohexane 0.00 = 0.00 % 0.00 = 0.00 % 0.00 +0.00 % 0.00 = 0.00 % 0.00 £ 0.00 %
2-Methylhexane 0.67+0.01 % 2.76 £ 0.08 % 4.80 £ 0.02 % 4.30+0.01 % 1.35+£0.02 %
3-Methylhexane 0.00 +0.00 % 0.00 £ 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
n-Heptane 0.00 + 0.00 % 0.00 + 0.00 % 0.00 + 0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
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n-Octane 0.00 + 0.00 % 0.00 + 0.00 % 0.00 + 0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
n-Nonane 0.00 +0.00 % 0.00 + 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
n-Decane 0.00 +0.00 % 0.00 + 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
Undecane 0.00 + 0.00 % 0.00 + 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %

Alkenes (Anthropogenic)

37.65+0.23 %

9.73 £ 0.09 %

7.12 £ 0.07 %

7.97£0.11 %

9.16 £ 0.22 %

Ethene 0.00 +0.00 % 0.00 + 0.00 % 0.00 + 0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
Propene 0.00 +0.00 % 0.00 + 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
1-Butene 0.00 + 0.00 % 0.00 + 0.00 % 0.00 + 0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %

trans-2-Butene 0.00 +0.00 % 0.00 + 0.00 % 0.00 + 0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
cis-2-Butene 0.00 +0.00 % 0.00 + 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
1,3-Butadiene 0.00 +0.00 % 0.00 £ 0.00 % 0.00 = 0.00 % 0.00 = 0.00 % 0.00 £ 0.00 %
1-Pentene 0.00 +0.00 % 0.00 + 0.00 % 0.00 + 0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %

3-Methyl-1-butene

4.46 £0.13 %

0.84 +0.03 %

0.63 £0.04 %

1.70 £ 0.10 %

1.87£0.18 %

2-Methyl-1-butene 0.00 +0.00 % 0.00 + 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
trans-2-Pentene 0.00 £ 0.00 % 0.00 = 0.00 % 0.00 = 0.00 % 0.00 = 0.00 % 0.00 = 0.00 %
cis-2-Pentene 0.00 +0.00 % 0.00 £ 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
2-Methyl-2-butene 33.16 £ 0.10 % 8.86 £ 0.06 % 6.48 £ 0.03 % 6.26 £0.01 % 7.27 £0.04 %
Alkenes (Biogenic) 41.46 = 0.66 % 47.48 = 0.36 % 65.41 £ 0.28 % 40.69 = 0.32 % 62.47 = 0.85 %
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Isoprene 0.02+0.01 % 0.05 +£0.01 % 0.01+0.01 % 0.03 £0.01 % 0.02 £0.01 %
a-Pinene 22.07+0.31% 33.85+£0.10% 61.42+£0.15% 7.83 £0.09 % 30.36 £0.29 %
B-Pinene 19.36 +£0.34 % 13.58£0.25% 3.98+0.12 % 32.83+0.22% 32.09+£0.55 %
Aromatics 0.86 £ 0.10 % 0.14 £ 0.01 % 0.24 £ 0.05 % 0.85+£0.14 % 0.50 £0.10 %
Benzene 0.00 +0.00 % 0.00 + 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
Toluene 0.00 +0.00 % 0.00 + 0.00 % 0.00 + 0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
Ethylbenzene 0.00 +0.00 % 0.00 + 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
m/p-Xylene 0.00 + 0.00 % 0.00 + 0.00 % 0.00 + 0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
0-Xylene 0.00 +0.00 % 0.00 + 0.00 % 0.00 + 0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
Styrene 0.00 +0.00 % 0.00 + 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
Isopropylbenzene 0.82+0.10 % 0.09 £ 0.01 % 0.23 +0.05 % 0.85+0.14 % 0.47£0.10 %
n-Propylbenzene 0.00 £ 0.00 % 0.00 = 0.00 % 0.00 = 0.00 % 0.00 = 0.00 % 0.00 = 0.00 %
m-Ethyltoluene 0.00 = 0.00 % 0.00 = 0.00 % 0.00 +0.00 % 0.00 = 0.00 % 0.00 £ 0.00 %
p-Ethyltoluene 0.00 +0.00 % 0.00 + 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
o-Ethyltoluene 0.00 +0.00 % 0.00 + 0.00 % 0.00 + 0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
1,3,5-Trimethylbenzene  0.00 = 0.00 % 0.00 £ 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
1,2,4-Trimethylbenzene  0.00 = 0.00 % 0.00 + 0.00 % 0.00 + 0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
1,2,3-Trimethylbenzene  0.00 = 0.00 % 0.00 £ 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
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Alkyne 0.00 = 0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %

Ethyne 0.00 +0.00 % 0.00 + 0.00 % 0.00 +0.00 % 0.00 £ 0.00 % 0.00 £ 0.00 %
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Figure 6.6. Diurnal variations of simulated production and destruction pathways of
acetone (CH3COCH3). The pie charts illustrate the proportions of the main RO species
contributing to the RO decomposition pathways for each city.
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6.4 Impacts of carbonyls on radical cycling and O3 formation

6.4.1 Impacts of carbonyls on reaction pathways

Figure 6.7 presents the major degradation pathways of VOCs to carbonyls and their respective
contributions to radical and O3 production in the five cities. Using Beijing as an example,
formaldehyde destruction via OH oxidation and photolysis (as shown in Figure 6.3) directly
contributed 31.8 = 1.2 % to HO> production. In contrast, acetaldehyde and acetone mainly
contribute to RO» production through OH oxidation. Specifically, acetaldehyde is oxidized to
form peroxyacetyl radicals (PA, CH3COs3), making it the dominant source of PA radicals, with
a contribution of 73.8 £ 2.2 % in Beijing. PA can further react with NO to produce CH30;
radicals, accounting for 85.1 + 0.4 % of CH30O> formation. Consequently, acetaldehyde can be
considered to indirectly contribute approximately 30 % to the combined pathway of PA and
CH302 with NO. Furthermore, since CH3O: is almost quantitatively converted to CH3O
radicals, acetaldehyde (62.2 + 0.1 % of which originates from propene) also contributes about
26 % to formaldehyde formation via CH30 decomposition, while its subsequent contributions

to the HO, pathway via HCHO remain relatively minor (~1 %).

Beyond aldehydes, acetone is oxidized by OH to form CH3COCH:0; radicals. It reacts with
NO to produce the corresponding RO radicals (CH3COCH20), which can further thermally
decompose to simultaneously generate PA and formaldehyde. This indicates that acetone can
also be converted to formaldehyde and promote O3 formation during its degradation. However,

due to the low reaction rate of acetone with OH, these contributions are insignificant.
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Figure 6.7. Degradation progresses from VOC to carbonyls and Oz during peak hours (11:00—
14:00LT) in (a) Beijing, (b) Chengdu, (¢) Lanzhou, (d) Shanghai, and (e) Wuhan.
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6.4.2 Impacts of carbonyls on radicals and O3 formation

Summarizing the mechanistic diagrams for the five cities shown in Figure 6.7, Figure 6.8a
presents the average contributions of the three carbonyls to peroxy radical formation, while
Figure 6.8b displays their respective contributions to the O3 production rate in each city. The
specific proportions for each city are provided in Table 6.7. On average, formaldehyde
accounted for 20.0 % of HO> production across the five cities. In Beijing, the influence of
formaldehyde on HO formation was similar to that in Shanghai (about 30 % each), followed
by Wuhan (23.0 £ 0.9 %). In contrast, the contributions in Chengdu and Lanzhou were
significantly lower (6—8 %). This limited influence in Chengdu and Lanzhou was primarily
attributed to their low aldehyde concentrations, as well as the high contribution of alkenes in

Lanzhou (X. F. Liu et al., 2021).

Regarding RO> formation, acetaldehyde contributed an average of 16 % across the five cities.
In Beijing, RO> formation was strongly affected by acetaldehyde, with a contribution of 31.3
+ 0.8 %. In contrast, the contribution of acetaldehyde to RO> formation in Lanzhou was less
than 10 %. In Shanghai and Wuhan, acetaldehyde accounted for 19.3 £0.9 % and 15.0 £ 1.0 %
of RO, formation, respectively. In Chengdu and Lanzhou, acetaldehyde had a smaller
contribution to RO> formation (5-9 %) compared to the other two cities (p < 0.05). The higher
acetaldehyde concentration in Beijing (7.21 £+ 0.08 ppbv), compared to the other cities (1-2
ppbv), led to its greater contribution to PA radicals. In Shanghai and Wuhan, the proportions
of acetaldehyde among total VOCs were 7.3 % and 5.3 %, respectively, which were slightly
higher than those in Chengdu (2.8 %) and Lanzhou (3.8 %). Finally, the contributions of
acetone to RO formation in all five cities were minimal, each less than 1 %. The results for
Shanghai and Wuhan in this study are generally consistent with previous findings (J. L. Li et
al., 2022; Pei Zeng et al., 2019; Zhang et al., 2021; J. Zhu et al., 2020), while the results for
Beijing are lower than those reported in an earlier study, which found that carbonyls accounted

for over 70 % in summertime Beijing (Yang et al., 2018).

By combining the proportions of the two peroxy radicals, the contribution of carbonyls to O3

formation can be determined. As shown in Figure 6.8b, formaldehyde contributed 16.7 £ 0.6 %,
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16.5+1.4 %, and 12.5 £ 0.5 % to O3 formation in Beijing, Shanghai, and Wuhan, respectively,
while its contributions in Chengdu and Lanzhou were lower, at only 4.8 = 0.2 % and 3.1 +
0.2 %. Acetaldehyde made a significant contribution to O3 formation in Beijing (15.1 £ 0.4 %)
but had a more limited impact in the other four cities, with contributions ranging from 3 % to
4 % in Chengdu and Lanzhou, and from 6 % to 9 % in Shanghai and Wuhan. The contribution
of acetone was less than 1 % in all five cities. Overall, the contribution of aldehydes to O3
formation in these cities ranged from 6 % to 33 %. In Beijing, carbonyls accounted for 32.4 +
1.0 % of O3 formation, which is consistent with results reported for other cities (J. L. Li et al.,
2022; X. F. Liu et al., 2021; Shen et al., 2021). The limited contributions of carbonyls in
Chengdu and Lanzhou may be attributed to the significant influence of aromatics in Chengdu

and the high contribution of alkenes in Lanzhou (X. F. Liu et al., 2021).
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Table 6.7. Contribution of carbonyls to radicals and O3 formation during peak hours (11:00-14:00 LT).

Species

HO; formation

RO, formation

O3 formation

Beijing

Formaldehyde

31.84 £ 1.17 %

/

16.71 £0.61 %

Acetaldehyde

0.47+0.05 %

3129+ 0.75 %

15.12+0.38%

Acetone

/

1.15+0.07 %

0.55+£0.03 %

Chengdu

Formaldehyde

8.39+0.39 %

/

4.82+0.22%

Acetaldehyde

0.14 £ 0.02 %

8.55+0.56 %

3.72+£0.25 %

Acetone

/

1.04+0.07 %

0.44 £ 0.03 %

Lanzhou

Formaldehyde

6.18£0.30 %

/

3.06£0.15 %

Acetaldehyde

0.14 £ 0.02 %

5.93+0.63 %

3.07+0.24 %

Acetone

/

0.46 +£0.03 %

0.32+0.02 %

Shanghai

Formaldehyde

30.23 £2.48 %

/

16.52+1.35%

Acetaldehyde

0.37+0.07 %

1933+ 1.09 %

897+£0.53%

Acetone

/

0.92 +£0.08 %

0.42+0.03 %

Wuhan

Formaldehyde

23.04 £0.89 %

/

12.52 £ 0.48 %

Acetaldehyde

0.89 £0.01 %

15.01 £0.66 %

6.93+0.31%

Acetone

/

0.96 + 0.05 %

0.44+0.02 %
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Figure 6.8. a) The average contribution of carbonyls to radical cycling during the peak hour
(11:00-14:00LT) in five cities; b) The proportion of carbonyls contribution to O3 formation

during the peak hour (11:00-14:00LT) in Beijing (BJ), Chengdu (CD), Lanzhou (LZ),
Shanghai (SH) and Wuhan (WH).
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6.5 Policy recommendations for carbonyl control

6.5.1 Comparisons of the reduction ratio of VOCs/NOyx on carbonyls and O3 formation

Os isopleth diagrams, also known as empirical kinetic modeling approach (EKMA) curves,
were first developed by Dodge in 1977 and represent a classical method for assessing the
nonlinear relationship of O3 to its precursors under specific assumptions (Cui et al., 2021;
Dodge, 1977; Ou et al., 2016). As carbonyl compounds exhibit a similar nonlinear relationship
with their precursors, to inform science-based control strategies, O3 and carbonyls isopleths
were examined by plotting isopleths of their production rate as a function of VOCs and NO
concentrations (X. F. Liu et al., 2021; Lyu et al., 2019; Zeng et al., 2022). In this study, different
concentrations of O3 precursors (i.e., VOCs and NOy) were input into the model to simulate the
formation of O3 and carbonyls during peak periods. The base case scenario was determined by
the concentrations of VOCs and NO, measured during the carbonyl sampling period. Starting
from this base case, both VOC and NO, concentrations were systematically reduced in 10 %
increments, ranging from 0 % (no reduction) to 100 % (full reduction) of their base values.
This approach resulted in 11 levels for each precursor, forming an 11 X 11 matrix and yielding
a total of 121 scenarios. Using the PBM-MCM model, we simulated these 121 scenarios and
extracted the average production rates of O3 and carbonyls at peak times for each scenario to
generate the isopleths. In these isopleth diagrams, the base case is indicated by a black star in

the upper right corner. The resulting isopleths are presented in Figure 6.9.

Because carbonyls and O3 exhibit nonlinear relationships with their precursors, the feasibility
of joint control strategies for these secondary pollutants can be evaluated. Figure 6.9 presents
isopleth diagrams for the three carbonyls and O3, based on sampling days in five cities. As
shown, the positions of the base cases (marked with black stars) fall within the VOC-limited
regime, indicating that reducing NO, alone would increase the production of both carbonyls
and Os. Therefore, it is crucial to determine an appropriate VOC-to-NO, reduction ratio to
effectively prevent secondary pollutant formation. Typically, the minimum VOC/NO.
reduction ratio corresponds to the tangent of the contour line passing through the base case. In

Figure 6.9d, the tangent to the contour line at the base case (shown in green) indicates a
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VOC/NO:x reduction ratio of 0.8, suggesting that a higher reduction ratio of VOCs to NOy is
necessary to prevent an increase in O3 production. In comparison, the minimum VOC/NO,
reduction ratios for the three carbonyls in Beijing ranged from 0.4 to 0.7 (Figure 6.9a—c), which
are lower than that for Os. Similar trends were observed in the other four cities, where the
minimum VOC/NO; ratios required for carbonyl control were also lower than those for Os.
This indicates that the VOC/NO, reduction ratios necessary for effective O3 control are also
sufficient to suppress carbonyl formation. Thus, implementing O3 reduction policies can

simultaneously reduce carbonyl levels.

Compared to the O3 isopleths, the lower VOC/NO, ratios observed for the three carbonyls can
be attributed to their flatter contour curves. Among these, the contour lines for formaldehyde
most closely resemble those of Os, likely because formaldehyde is produced from the
degradation of nearly all VOC species. In contrast, the contour lines for acetaldehyde and
acetone are noticeably flatter, which may be due to their more limited range of VOC precursors
and their reduced involvement in photochemical reactions. The flatter isopleths for carbonyls

indicate that O3 control strategies are also effective in reducing carbonyl concentrations.

It is noteworthy that this evaluation approach is particularly well-suited for assessing control
strategies aimed at locally formed secondary pollutants. This is because the isopleth plots
presented in this study are based on the net production rates of carbonyls and O3, rather than
their ambient concentrations, which inherently incorporate all relevant formation and loss
pathways for each species. Factors influencing the chemical lifetime of each species, such as
dry deposition rates, photolysis, and reactions with OH radicals, are already considered in this
modelling approach. Nevertheless, since the model focuses on local photochemical formation,
it has limited capacity to account for the impact of secondary pollutants transported over
regional scales. For example, acetone, which has a much longer lifetime compared to more
reactive carbonyls (Atkinson, 2000; Carter, 1994; Sander et al., 2006; Seinfeld & Pandis, 2016),
is likely to be more affected by regional transport. Therefore, caution should be exercised when

applying this method to the evaluation of regional pollution control strategies.
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Figure 6.9. Simulated isopleths of a) formaldehyde, b) acetaldehyde, and c) acetone
concentrations as a function of VOC and NOx reduction rates during peak hours (11:00-14:00
LT) in (a) Beijing, (b) Chengdu, (c) Lanzhou, (d) Shanghai and (¢) Wuhan. The black star
represents the base case, while the purple dashed line indicates the most effective reduction
strategy.

6.5.2 Estimation of primary and secondary sources of carbonyls

In the five cities, O3 and 37 VOC species, including 14 alkanes, 13 alkenes, 1 alkyne, 6
aromatics, and 3 carbonyls, were input to the PMF model for source identification and
quantification. The selection of the 37 VOC species and O3 was based on their abundances and
their roles as tracers. The source apportionment analysis using the PMF model identified seven
sources, including diesel exhaust, gasoline exhaust, industrial emission, solvent usage,
liquefied petroleum gas (LPG) usage, biogenic emission, and secondary formation. The source
profiles are presented in Figure 6.10. To minimize uncertainty in the source apportionment
results, all samples from Beijing (sample size: 43), Chengdu (42), Lanzhou (40), Shanghai (41),
and Wuhan (33) were combined and input into the model for simulations, rather than
conducting separate source apportionments for each city. The first factor, characterized by
elevated levels of C,—Cs3 hydrocarbons (especially C>—Cs alkenes), Ce—Cio hydrocarbons, and
benzene, was identified as diesel exhaust (X. F. Liu et al., 2021; Lyu et al., 2019). The second
factor, marked by significant loadings of i/n-pentanes and C¢—Cio hydrocarbons, along with
moderate amounts of C, hydrocarbons, was attributed to gasoline exhaust (Ho, 2009; Ling &
Guo, 2014; Liu et al., 2008; Lyu et al., 2019; Wang et al., 2019; Yuan et al., 2024). The third
factor, characterized by moderate to high levels of propane and i/n-butanes, represented
Liquefied Petroleum Gas (LPG) usage (Guo, Ling, Cheung, Wang, et al., 2013; X. F. Liu et al.,
2021; Lyu et al., 2019; Lyu et al., 2017). The fourth factor, defined by substantial amounts of
1,3-butadiene and styrene, as well as moderate loadings of ethyne and aromatics, was attributed
to industrial emissions (Knighton et al., 2012; X. F. Liu et al., 2021). The fifth factor was
associated with solvent usage, indicated by high levels of C7—Co aromatics (Ling & Guo, 2014;
Shao et al., 2016). The sixth factor was identified as biogenic emissions, dominated by isoprene
and o/B-pinene (Cheng et al., 2018; Qian et al., 2019; Zhou et al., 2019). Finally, the seventh

factor was attributed to secondary formation, characterized by high levels of carbonyls and Os
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(Lietal., 2010; Qian et al., 2019; Y. Xu et al., 2023). The source apportionment analysis using
the PMF model identified seven sources: diesel exhaust, gasoline exhaust, industrial emissions,

solvent usage, LPG usage, biogenic emissions, and secondary formation.

Since both gasoline and diesel exhaust are classified as vehicle emissions, they are considered
as a single source in the following discussion. Table 6.8 presents the proportions of
formaldehyde, acetaldehyde, and acetone attributed to these sources in five cities, as
determined by the PMF model. Overall, formaldehyde and acetaldehyde in Beijing and
Chengdu primarily originated from primary emission sources (54 %—67 %), whereas in the
other three cities, secondary formation was the dominant source (54 %—66 %). In contrast, the
contribution of secondary formation to acetone was less than 50 % in all cities, with primary
emissions accounting for the majority (54 %—70 %). According to Table 6.8, formaldehyde
and acetaldehyde were predominantly attributed to secondary formation in all five cities, with
5-city average contributions equal to or exceeding 50 %. Among the cities, Wuhan exhibited
the highest contribution from secondary formation to formaldehyde (65.5 %), followed by
Shanghai (63.2 %) and Lanzhou (55.5 %). In comparison, the proportion of secondary sources
for formaldehyde in Beijing (43.8 %) and Chengdu (40.0 %) was slightly lower than the
combined contribution from the five primary sources. Among primary sources, solvent usage
was the largest contributor to formaldehyde, accounting for 16.5 % in Beijing and 17.6 % in
Chengdu. Industrial emissions were notable contributors in Lanzhou (16.4 %), Shanghai
(12.4 %), and Beijing (12.9 %). Biogenic emissions contributed approximately 10 % of the
formaldehyde in all cities except Lanzhou. The source contributions for acetaldehyde were

generally consistent with those for formaldehyde across all cities.

Acetone exhibited a different source distribution compared to the aldehydes. Although
secondary formation remained the largest single contributor, its proportion did not exceed 50 %
in any city, indicating that acetone is more strongly influenced by primary emissions. Among
primary sources, acetone was mainly attributed to solvent usage in Chengdu (27.1 %), Beijing
(22.4 %) and Shanghai (17.0 %). In Lanzhou, industrial emissions were the major source

(20.1 %), highlighting the significance of local industrial activities for carbonyls. Additionally,
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biogenic emissions had a notable impact on acetone in all five cities (averaging around 9 %),

which is slightly higher than the contributions observed for the aldehydes.

Additionally, the proportions of primary and secondary sources for each city were compared
with previous studies, as shown in Table 6.9. Overall, the findings are generally consistent with
values reported in the literature. Table 6.9 presents the relative contributions of primary
emissions and secondary formation to formaldehyde, acetaldehyde, and acetone in five cities,
and also includes a comparison between the results of this study and those reported in previous
literature. In Beijing and Chengdu, primary emissions contributed significantly to
formaldehyde, accounting for 46.3 % and 47.8 %, respectively. In contrast, Lanzhou, Shanghai,
and Wuhan exhibited higher contributions from secondary sources, at 55.5 %, 63.2 %, and
65.6 %, respectively. The contribution of biogenic emissions to formaldehyde in all cities was
approximately 10 % except Lanzhou, which is lower than values reported in previous studies
(Huang et al., 2020; C. Wang et al., 2017; Yuan et al., 2012). Acetaldehyde displayed similar
primary and secondary source distribution characteristics to formaldehyde across the five cities,
while acetone was mainly influenced by primary emissions. The PMF results for formaldehyde
in Beijing and Chengdu are consistent with previous studies (Bao et al., 2022; Li et al., 2010;
Qianetal., 2019), which also identified primary emissions as significant contributors. Similarly,
the substantial contributions from secondary formation in Shanghai and Wuhan align with
earlier findings (Wu et al., 2023; Z. Yang et al., 2019), and the importance of secondary sources
in Lanzhou, Shanghai, and Wuhan has also been reported at urban sites in Guangzhou and
industrial sites in Houston (Friedfeld et al., 2002; Ling et al., 2017). For acetaldehyde and
acetone, the dominance of primary sources in Beijing and Chengdu is consistent with previous

studies (Bao et al., 2022; Huang et al., 2020; Yuan et al., 2012).

Similar to PMF results, in Beijing and Chengdu, primary emissions by MLR model had higher
contribution for formaldehyde and acetaldehyde compared to secondary formation, accounted
for 47.5 % to 56.6 %, and Lanzhou, Shanghai and Wuhan were characterized by a higher
contribution from secondary formation for formaldehyde and acetaldehyde, from 41.6 % to

64.7 %. In these cities, acetone had more balanced contributions between primary emissions,
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secondary formation and background, around 30 %. In summary, carbonyls in Beijing and
Chengdu were dominated by primary emissions, and Lanzhou, Shanghai and Wuhan showed
higher secondary formation for formaldehyde and acetaldehyde and significant primary source

for acetone.

The contributions of individual VOC species to the three carbonyls were quantified using
PBM-MCM calculations (see Tables 6.3, 6.5, and 6.6). By combining the proportions of VOC
species in various primary sources, as determined by the PMF model (see Figure 6.10), we
further estimated the contributions of VOCs from each primary source to carbonyls, thereby
enabling source apportionment of VOCs responsible for the secondary formation of carbonyls.
It is noted that although the 37 VOC species used for source apportionment are fewer than
those included in the MCM, these VOCs accounted for 82-90 % of formaldehyde, 95-98 % of
acetaldehyde, and 93-96 % of acetone concentrations, thus largely covering the formation of
carbonyl compounds. Figure 6.11 presents the proportions of formaldehyde, acetaldehyde, and
acetone attributed to each source, as determined by the combined PMF and PBM-MCM results.
When both primary and secondary contributions from each source to carbonyls are considered,
vehicle emissions emerge as the dominant source of formaldehyde and acetaldehyde,
contributing on average 37 % and 43 %, respectively, across the five cities. This increased
contribution from vehicle emissions is primarily due to the high content of short-chain alkenes
in this source, which significantly enhances the secondary formation of aldehydes. Propene, as
a major precursor of acetaldehyde, further amplifies the contribution of vehicle emissions to
acetaldehyde. These findings are consistent with previous understandings of anthropogenic
sources of aldehydes and suggest that traffic-related sources should be prioritized in aldehyde

control policies.

Additionally, the contributions from industrial emissions and solvent usage were comparable,
each accounting for approximately 15-24 % of aldehydes. The increased total contribution
from industrial sources is mainly due to the presence of a wide variety of alkenes and alkanes,
which significantly contribute to secondary formation. Solvent usage, which is rich in

aromatics, primarily enhances the secondary formation of formaldehyde. The contribution
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from LPG usage also increased slightly, as the high content of C3—C4 alkanes in LPG has a

limited effect on secondary formation.

It is also notable that the contribution from biogenic emissions increased significantly for
formaldehyde and acetone, reaching 20 % and 27 %, respectively. This indicates that, even in
densely populated urban areas, biogenic sources still make a substantial contribution to
formaldehyde. For acetone, previous studies have focused primarily on its anthropogenic
sources (Guo, Ling, Cheung, Wang, et al., 2013). However, our results highlight the importance

of biogenic sources for acetone.

While our study quantifies the separate contributions of anthropogenic and biogenic sources to
carbonyl formation, effective mitigation strategies must also consider their critical interaction,
especially in urban environments. Recent studies have shown that the interaction between
biogenic and anthropogenic emissions can lead to synergistic effects, resulting in higher levels
of secondary pollutants than would be expected from either source alone (Gao et al., 2022; Li
et al., 2018; Qu et al., 2013). This implies that controlling anthropogenic precursors serves a
dual purpose: it not only reduces their direct impact but also mitigates their role in amplifying
biogenic contributions. However, reductions in anthropogenic VOC or NO, emissions may
alter the non-linear relationship between secondary pollutants and their precursors. As a result,
the synergistic effect on O3 concentrations, for example, typically becomes more pronounced
with decreasing anthropogenic VOC emissions, but tends to weaken with reductions in NO,
emissions (Gao et al., 2022). Therefore, accounting for this complex interaction is essential for

designing effective and predictable pollution abatement strategies.
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Table 6.8 Proportions of formaldehyde, acetaldehyde, and acetone from different sources in five cities.

City Industrial LPG usage Vehicle emission Solvent usage Biogenic emission Secondflry
emission formation
Formaldehyde
Beijing 12.91 % 7.85 % 9.11 % 16.46 % 9.88 % 43.79 %
Chengdu 531 % 9.85 % 15.00 % 17.64 % 12.23 % 39.97 %
Lanzhou 16.42 % 2.44 % 10.94 % 11.48 % 327 % 55.45 %
Shanghai 12.43 % 3.10 % 10.49 % 3.33% 741 % 63.24 %
Wuhan 11.98 % 4.65 % 6.74 % 5.09 % 6.00 % 65.54 %
S-city average 11.61 % 5.18 % 9.86 % 10.00 % 7.56 % 55.80 %
Acetaldehyde
Beijing 12.71 % 7.27 % 11.53 % 16.43 % 6.15 % 4591 %
Chengdu 7.30 % 9.01 % 17.72 % 23.18 % 9.28 % 33.51 %
Lanzhou 23.68 % 4.00 % 6.17 % 9.32% 2.81% 54.02 %
Shanghai 15.54 % 6.00 % 6.43 % 10.94 % 513% 55.96 %
Wuhan 10.64 % 5.60 % 7.11 % 13.49 % 5.52% 57.64 %
5-city average 13.97 % 5.98 % 9.79 % 14.67 % 5.78 % 49.81 %
Acetone
Beijing 12.81 % 10.85 % 9.61 % 22.40 % 11.90 % 32.43 %
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Chengdu 10.51 % 8.97 % 10.47 % 27.12 % 12.13 % 30.80 %
Lanzhou 20.11 % 7.04 % 8.11 % 19.66 % 6.89 % 38.19 %
Shanghai 13.70 % 10.32 % 8.85 % 17.01 % 7.05 % 43.07 %
Wuhan 15.00 % 7.62 % 7.39 % 15.00 % 8.75 % 46.24 %
5-city average 14.43 % 8.96 % 8.89 % 20.24 % 9.34 % 38.15 %

Table 6.9. Proportions of primary emissions, secondary formation, biogenic emission and background of carbonyls in this study and previous

studies.
Location Primary emission  Secondary emission  Biogenic emission Background Method Reference
Formaldehyde
Beijing-urban site 46.33 % 43.79 % 9.88 % / PMF This study
Chengdu-urban site 47.80 % 39.97 % 12.23 % / PMF This study
Lanzhou-urban site 41.28 % 55.45 % 3.27 % / PMF This study
Shanghai-urban site 29.35% 63.24 % 7.41 % / PMF This study
Wuhan-urban site 28.46 % 65.54 % 6.00 % / PMF This study
Beijing-urban site 48.39 % 45.27 % / 6.34 % MLR This study
Chengdu-urban site 49.73 % 40.86 % / 9.41 % MLR This study
Lanzhou-urban site 3727 % 51.07 % / 11.67 % MLR This study
Shanghai-urban site 30.57 % 53.79 % / 15.65 % MLR This study
Wuhan-urban site 20.60 % 64.71 % / 14.70 % MLR This study
Beijing-urban site 76 % 18 % / 5% MLR (Li et al., 2010)
Beijing-urban site 48 % 42 % / 0% PMF (Qian et al., 2019)
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Beijing-urban site 22 % 28 % 36 % 15 % PMF (Yuan et al., 2012)
Photochemical age-
. based
Beijing-urban site 10 % 23 42 % 25 % Lo (Huang et al., 2020)
parameterization
method
Chengdu-urban site 66 % 34 % / 0% MLR (Bao et al., 2022)
Shanghai-urban site 30.4 % 56 % / 12.7 % MLR (Wu et al., 2023)
. (Z. Yang et al.,
Wuhan-urban site 17.5 % 67.2 % / 152 % MLR
2019)
Nanjing-urban site 69.2 % 13.8% / 27.0 % MLR (Maetal., 2016)
Zhejiang-urban site 18.5% 349 % / 46.7 % MLR (Wang et al., 2015)
Zhejiang-rural site 18 % 35% / 47 % MLR (Wang et al., 2015)
Guangzhou-urban site 47 % 53 % / / PMF (Ling et al., 2017)
Photochemical age-
based (C. Wang et al.,
Shenzhen-urban site 9% 38 % 41 % 11 % o
parameterization 2017)
method
Tung Chung, Hong Kong -urban .
" 21.3+8.5% 304+ 13.1% / 483+9.4 % MLR (Lui et al., 2017)
site
Yuen Long, Hong Kong -urban .
" 39.8 +12.6 % 36.2+15.8% / 24.0+6.7 % MLR (Lui et al., 2017)
site
Hok Tsui, Hong Kong- .
. 13.0+£7.3% 525+£11.3% / 345+£11.3% MLR (Lui et al., 2017)
background site
Mt. Tai-mountain site 22 % 44 % / 34 % MLR (Yang et al., 2017)
. L (Friedfeld et al.,
Houston-industrial site 36 % 64 % / / MLR 2002)
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Mexico City-urban site 41 % 38 % / 21 % MLR (Garcia et al., 2006)
Acetaldehyde
Beijing-urban site 47.94 % 45.91 % 6.15 % / PMF This study
Chengdu-urban site 57.21 % 33.51 % 9.28 % / PMF This study
Lanzhou-urban site 43.17 % 54.02 % 2.81% / PMF This study
Shanghai-urban site 3891 % 55.96 % 5.13% / PMF This study
Wuhan-urban site 36.84 % 57.64 % 5.52 % / PMF This study
Beijing-urban site 43.87 % 36.12 % / 20.01 % MLR This study
Chengdu-urban site 46.33 % 30.94 % / 22.73 % MLR This study
Lanzhou-urban site 35.12 % 47.60 % / 17.28 % MLR This study
Shanghai-urban site 32.40 % 41.57 % / 26.03 % MLR This study
Wuhan-urban site 30.26 % 50.90 % / 18.84 % MLR This study
Beijing-urban site 46 % 30 % 16 % 8% PMF (Yuan et al., 2012)
Photochemical age-
Beijing-urban site 13 % 23 % 4% 20 % based (Huang et al., 2020)
parameterization
method
Photochemical age-
Beijing-urban site 1611 % 48 £15% 13+£6% 22+9% basefi . (Liu et al., 2009)
parameterization
method
Chengdu-urban site 76 % 24 % / 0% MLR (Bao et al., 2022)
Zhejiang-urban site 69 % 23.2% / 7.8 % MLR (Wang et al., 2015)
Zhejiang-rural site 69 % 23 % / 8% MLR (Wang et al., 2015)
Hok Tsui, Hong Kong - Photochemical age-
11.4+£0.6 % 27.1£29 % 61.5+£04 % 0 based (Lyu et al., 2024)

background site
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parameterization

method
Mt. Tai-mountain site 15 % 85 % / / MLR (Yang et al., 2017)
Photochemical age-
based (de Gouw et al.,
New England-urban site 9% 51 % 13 % 26 % o
parameterization 2005)
method
Acetone
Beijing-urban site 55.67 % 32.43 % 11.90 % / PMF This study
Chengdu-urban site 57.07 % 30.80 % 12.13 % / PMF This study
Lanzhou-urban site 54.92 % 38.19 % 6.89 % / PMF This study
Shanghai-urban site 49.88 % 43.07 % 7.05 % / PMF This study
Wuhan-urban site 45.01 % 46.24 % 8.75 % / PMF This study
Beijing-urban site 34.25% 31.78 % / 33.97 % MLR This study
Chengdu-urban site 38.64 % 3091 % / 30.45 % MLR This study
Lanzhou-urban site 34.95 % 32.79 % / 32.26 % MLR This study
Shanghai-urban site 34.46 % 32.03 % / 33.51 % MLR This study
Wuhan-urban site 32.11 % 29.05 % / 38.84 % MLR This study
Beijing-urban site 38 % 5% 9% 47 % PMF (Yuan et al., 2012)
Photochemical age-
Beijing-urban site 16 % 18 % 28 % 38 % basefl . (Huang et al., 2020)
parameterization
method
Photochemical age- .
Beijing-urban site 308 % 9+4% 18£8 % 43+11 % based (Liu et al., 2009)
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parameterization

method
Chengdu-urban site 70 % 30 % / 0% MLR (Bao et al., 2022)
Zhejiang-urban site 529 % 20.3 % / 26.8 % MLR (Wang et al., 2015)
Zhejiang-rural site 53 % 20 % / 27 % MLR (Wang et al., 2015)
Photochemical age-
Hok Tsui, Hong Kong - based
. 179+ 0.7 % 0 542+04 % 27.9+0.8% . (Lyu et al., 2024)
background site parameterization
method
Mt. Tai-mountain site 13% 31 % / 56 % MLR (Yang et al., 2017)
Photochemical age-
based (de Gouw et al.,
New England-urban site 25% 16 % 13% 46 % o
parameterization 2005)
method
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Figure 6.10. Average profile of the seven sources in (a) all five cities, (b) Beijing, (c) Chengdu,

(d) Lanzhou, (e) Shanghai, (f) Wuhan extracted from PMF.

210



a) 100 -

Percentage (%)

0 0
BJ CD LZ SH WH Bl CD LZ SH WH Bl CD LZ SH WH

[ industrial emission (pri)
[ Jindustrial emission (sec) B Vehicle emission (pri)

[ ]LPG usage (pri) [ Vehicle emission (sec)
[ ]LPG usage (sec) B solvent usage (pri)
[ Biogenic emission (pri) [ Solvent usage (sec)

[ I Biogenic emission (sec)

Figure 6.11. Contribution of primary and secondary sources to a) formaldehyde, b)
acetaldehyde, and c) acetone in five cities.
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6.6 Summary

This study investigated the formation mechanisms, sources, and atmospheric impacts of
formaldehyde, acetaldehyde, and acetone in five Chinese cities by combining modeling and
observational approaches. Although the data used are based on sampling conducted in 2018,
the findings remain broadly relevant and provide valuable reference for understanding
secondary pollution in China and other developing countries or regions. First, it is important to
note that secondary O3 pollution remains a significant challenge in China (Bao et al., 2022;
Bao et al., 2025; Y. Li et al., 2023; Sun et al., 2023). Unlike primary particulate pollution,
which is mainly driven by direct emissions and can be effectively controlled through emission
reduction measures, secondary pollution is characterized by complex nonlinear relationships
between secondary pollutants and their precursors. As a result, even when precursor emissions

are reduced, the formation of secondary pollutants can persist.

While substantial progress has been made in reducing NO, emissions in recent years, the
reduction in VOC emissions has not kept pace, and the overall VOC concentration levels and
speciation profiles have shown relatively minor changes (K. Li et al., 2019; Wu et al., 2022).
As a result, the NO,/VOC ratio has shifted, which can influence the efficiency of O3 and
secondary carbonyl formation, but the relative contributions of different VOC species and their
chemical pathways remain largely consistent. Our study findings on the VOC contributions
and chemical formation pathways of carbonyls therefore remain highly relevant. The detailed
understanding of VOC oxidation to carbonyl formation, as elucidated in this study, continues
to provide a scientific basis for targeted control strategies. Changes in the NO,/VOC ratio can
be further evaluated using isopleth diagrams to guide current and future management scenarios

(Guo et al., 2023; Hua et al., 2024; L. Li et al., 2023).

Moreover, while the proportions of specific sources may have shifted over time, our multi-city
comparison provides a valuable database of source contribution ranges that can serve as a
reference for current and future research. These quantitative source profiles can inform
policymakers about the likely impacts of changes in source composition and help prioritize

control measures as emission patterns evolve. In summary, despite recent changes in emission
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sources, our study insights into the chemical mechanisms and source contributions to carbonyl
formation remain applicable and the isopleth can be adapted to current conditions for scenario

analysis.

In summary, this study advances the understanding of carbonyl photochemistry and its
relationship with O3 pollution, providing a scientific basis for the development of more

effective air pollution control strategies in China.

213



Chapter 7 Conclusions and suggestions for future study

7.1 Conclusions

This thesis addresses these issues through three main studies: (1) investigating the mechanisms
of wintertime O3 formation in Lanzhou, (2) analyzing long-term O3 trends in Lanzhou, and (3)
exploring the formation mechanisms and sources of secondary carbonyls across five major
Chinese cities. Beyond summarizing the findings from these three research components, this
work also provides new insights into the broader implications for air quality management and
scientific understanding of Oz and carbonyl pollution in China. The main findings are as

follows:
1) Wintertime O3z formation in Lanzhou

Field measurements conducted in Lanzhou during winter revealed that O3 concentrations can
reach exceptionally high levels, even under cold and low-light conditions. The results indicated
that substantial emissions of alkenes from the petrochemical industry react with O3 to form
Criegee intermediates, generating significant amounts of RO, radicals and thereby accelerating
O3 production. Four alkenes, trans/cis-2-butene, propene, ethene, and trans/cis-2-pentene,
were found to contribute over 80 % of O3 formation. The study demonstrated that temperature
changes had the minimal effect on alkene ozonolysis, which could proceed even in the absence
of sunlight. These findings challenge the traditional view that strong solar radiation is necessary
for high O3 production and underscore the importance of dark reactions in wintertime
photochemistry. The results also suggest that alkene ozonolysis can serve as a major source,
rather than a sink, of O3 in heavily industrialized regions. These results not only advance the
mechanistic understanding of wintertime Oz formation but also highlight the need to consider
non-traditional photochemical pathways in air quality models and control strategies, especially

for cities with significant petrochemical activity.
2) Long-term O3 trends and radical chemistry in Lanzhou

This study systematically examined the long-term trends, chemical mechanisms, and source

contributions of O3 pollution in Lanzhou from 2013 to 2023, focusing on the summertime.
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Results showed that, despite significant declines in M2 5, CO, SO, and NO; due to emission
controls, O3 concentrations continued to rise, highlighting persistent Oz pollution. While NO»
and CO decreased steadily, VOC control was less effective. Model simulations revealed a shift
from a VOC-limited to a VOC-NOx co-limited regime, mainly due to NO , reductions. Alkenes,
especially ethene, propene, and trans/cis-2-butene, were the main VOC contributors, with
vehicle emissions, petrochemical industry, and solvent use as key sources. These findings
underscore the need for integrated O3 control strategies targeting both NO, and VOCs. These
findings provide a scientific basis for refining O3 pollution control policies in Lanzhou and
may inform similar strategies in other cities facing persistent O3 challenges. Moreover, the
observed regime shift underscores the importance of dynamic, region-specific control

strategies that adapt to changing precursor emission patterns and photochemical environments.
3) Photochemical characteristics and sources of carbonyls in five cities in China

The study also examined the formation mechanisms, sources, and atmospheric impacts of
formaldehyde, acetaldehyde, and acetone in five Chinese megacities, including Lanzhou.
These three carbonyls accounted for over 85 % of the total observed carbonyls, with the highest
concentrations detected in Beijing and Wuhan. The main VOC precursors for carbonyl
formation varied by city. In Lanzhou, alkenes were the dominant precursors, particularly for
formaldehyde and acetaldehyde. In Beijing and Wuhan, vehicle-related alkenes such as
propene played a key role, while in Chengdu, isoprene was especially important. The
contribution of carbonyls to O3 formation ranged from 6 % to 33 % across the cities. The study
found that the VOC/NO. reduction ratios required for effective carbonyl control were
consistently lower than those for O3, suggesting that current O3 mitigation strategies can also
help reduce carbonyl pollution. Both primary and secondary sources contributed to carbonyl
levels, with vehicle emissions, industrial activities, solvent use, and biogenic sources all
playing significant roles. These results emphasize the complexity of secondary pollution in
urban China and demonstrate the value of coordinated control strategies that target both O3 and

carbonyls. The multi-city comparison also reveals regional differences in precursor sources and
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photochemical regimes, providing important guidance for the design of tailored air quality

management policies.

In summary, by integrating field measurements with advanced modelling, this work not only
elucidates the chemical processes, temporal variations, long-term trends, and source
contributions of VOC-driven O3 pollution in northwestern Chinese industrial cities but also
provides critical scientific evidence to support the development of more effective, regionally
adaptive air quality management strategies. The findings contribute to a deeper understanding
of the evolving challenges of O3 and carbonyl pollution in China, and offer practical insights

for policymakers seeking to achieve sustained improvements in urban air quality.
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7.2 Suggestions for future study

Although this work has addressed several key questions regarding Os; and carbonyl
photochemistry, many areas remain that warrant further investigation. The following

recommendations are proposed:
1) Long-term and multi-seasonal observations

The field campaigns in this study were limited in both duration and seasonal coverage. Future
research should incorporate long-term, year-round measurements in Lanzhou and other major
Chinese cities to more accurately capture seasonal and inter-annual variations in O3 and
carbonyl pollution. Additionally, expanding the study to include a broader range of cities,
particularly those with diverse industrial activities and meteorological conditions, would

improve the generalizability of the findings.
2) Regional and functional area comparisons

Future studies should examine the differences in O3 and carbonyl formation mechanisms across
various land-use types, such as industrial, residential, and traffic-dominated areas. Additionally,
greater emphasis should be placed on understanding the regional impacts of VOCs and other

precursors on O3 and carbonyl formation.
3) Expansion of research on carbonyls and radical chemistry

This study primarily focused on a limited number of major carbonyls. Future research should
include a broader spectrum of carbonyls, investigating both their primary and secondary

sources, as well as their roles in O3 production and radical chemistry.

By addressing these areas, future studies can further advance our understanding of O3 and
carbonyl pollution, thereby supporting the development of more effective air quality

management strategies in China and beyond.
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