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Abstract 

Time-of-flight chemical ionization mass spectrometry (ToF-CIMS) has become 

one of the most powerful and widely utilized tools for real-time measurement of 

atmospheric trace gases. This thesis focuses on the investigation of formic acid 

(HCOOH), nitrous acid (HONO), and molecular bromine (Br2) using an iodide-adduct 

ToF-CIMS. By integrating field measurements across diverse geographic regions with 

laboratory experiments and box model simulations, this research advances our 

understanding of the budgets and environmental impacts of these three compounds. The 

findings demonstrate that even trace gases at parts-per-trillion (ppt) levels can exert 

significant influence on atmospheric chemistry. These insights provide a robust 

foundation for improving air quality management strategies and designing effective 

pollution mitigation measures. 

HCOOH is among the most prevalent organic acids in the atmosphere, where it 

plays a significant role in influencing atmospheric acidity and aqueous-phase chemistry. 

Despite its ubiquity, sources of HCOOH remain poorly understood. To address this gap, 

atmospheric concentrations of HCOOH were measured at a coastal site in southern 

China from August 13 to October 31, 2021. The findings revealed average HCOOH 

concentrations of 191 Ñ 167 ppt in marine air masses and 996 Ñ 433 ppt in coastal air 

masses, indicating a marked increase in coastal environments. A notable finding from 

this study was the strong linear correlation observed between HCOOH concentrations 

and the surface area densities of submicron particulate matter specifically in coastal air 

masses. This relationship suggests a significant link between particulate matter and 

HCOOH generation. Further, post-campaign laboratory experiments demonstrated that 

the photochemical aging of ambient aerosols, enhanced by heterogeneous reactions 

with ozone, significantly contributes to HCOOH formation. These reactions yielded 
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high concentrations of HCOOH at a rate of 0.185 ppb hī1 under typical noon conditions. 

Additionally, the role of nitrate photolysis in HCOOH production was highlighted. The 

photolysis of nitrate is an efficient source of OH radicals, which subsequently oxidize 

organic compounds to produce HCOOH. To quantitatively assess the impact of these 

findings, the identified particle-phase source of HCOOH was incorporated into a 

photochemical model. This integration led to a tripling of the net HCOOH production 

rate compared to that predicted by the default Master Chemical Mechanism (MCM). 

These results underscore the importance of considering the photochemical aging of 

aerosols as a significant source of HCOOH in atmospheric chemistry-transport models.  

HONO serves as a crucial precursor to hydroxyl radicals (OH), which are vital for 

daytime atmospheric photochemistry and play a significant role in determining the 

oxidative capacity of the air. One notable source of HONO in the troposphere is the 

photolysis of particulate nitrate (Ð./ ). However, accurately determining the 

photolysis rate constant of Ð./ (Ὦ ) has been challenging due to considerable 

uncertainties. One of the primary complications in previous laboratory measurements 

of Ὦ   using aerosol filters is the ñshadow effectò, a phenomenon where light 

extinction within layers of aerosol can skew results. To address this issue, we developed 

a novel method that corrects for the shadow effect on the photolysis rate constant 

specifically for HONO production (Ὦ ᴼ  ) under tropical noontime sunlight 

conditions (solar zenith angle ɗ = 0Á). This method utilizes aerosol filters with identical 

chemical compositions but varies in aerosol loadings. We applied this refined method 

to measure Ὦ ᴼ   during the winter haze period over the North China Plain 

(NCP). After making the necessary corrections for the shadow effect, the average 

normalized Ὦ ᴼ  at 5  increased significantly from 5.89 Ĭ 10ī6 sī1 to 1.72 Ĭ 

10ī5 sī1. The Ὦ ᴼ  decreased with increasing pH and nitrate proportions in 

PM2.5, showing no correlation with the absolute nitrate concentrations. Based on these 
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observations, we developed a parameterization for Ὦ ᴼ  that can be used in 

model simulations to accurately predict HONO production in the NCP and similar 

atmospheric environments. 

Reactive bromine compounds significantly contribute to ozone depletion and 

affect ground-level air quality by participating in photochemical reactions. However, 

their abundance and sources outside the polar regions remain poorly understood. 

Observations of anthropogenic bromine emissions are particularly sparse. In this study, 

we report substantial levels of Br2, with a maximum concentration of 23.4 ppt, detected 

at a High-Tech Industrial Park in the Chinese Blue Silicon Valley, Qingdao. The average 

Br2 concentration following the reopening of the area was significantly higher than 

during the Coronavirus disease 2019 (COVID-19) lockdown, indicating that the source 

is strongly linked to human activities. The alignment of wind direction of high Br2 

concentrations with the location of the pharmaceutical facilities, along with strong 

correlations with brominated organic compounds and other chemical markers of 

methylating agents, implicates pharmaceutical processes as the probable source of these 

emissions. To our knowledge, this is the first reported observation of reactive bromine 

emissions from pharmaceutical activities. These episodic emissions occasionally 

persisted after sunset, contributing to approximately 20% of isoprene oxidation in the 

early morning. This source presents a significant concern for air quality in regions with 

extensive pharmaceutical manufacturing and is expected to become increasingly 

important as the pharmaceutical industry continues to grow. 

The collective insights from these studies underscore the roles that specific trace 

gases play in atmospheric chemistry and their broader implications for environmental 

health and regulatory measures. Each study not only deepens our understanding of 

individual trace gas dynamics but also helps in refining atmospheric models that predict 

the fate of these pollutants. The use of ToF-CIMS has proven invaluable in tracing these 
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gases from their sources to their ultimate impact on air quality. This work advances our 

understanding of atmospheric chemistry and demonstrates the critical need for 

innovative analytical techniques in resolving the complexities of air pollution and its 

management. By highlighting the diverse sources and transformation pathways of trace 

gases, this thesis also paves the way for targeted environmental interventions aimed at 

reducing human exposure to harmful pollutants and mitigating the broader impacts of 

air pollution on climate change. 
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1 Introduction 

1.1 Overview of Atmospheric Trace Gases 

1.1.1 Definitions 

Trace gases in Earth's atmosphere are gases other than nitrogen (78.1%), oxygen 

(20.9%), argon (0.934%) and water vapor. They exist at very low concentrations in the 

atmosphere from a few parts per trillion by volume (pptv) to several hundred parts per 

million by volume (ppmv). Table 1.1 lists the common trace gases in the atmosphere, 

including their chemical formula, mixing ratio, and estimated residence time or lifetime 

(Wallace & Hobbs, 2006). Beyond these well-known atmospheric trace gases, 

advancements in measurement instruments have led to the discovery of an increasing 

number of additional trace gases. Examples include formic acid (HCOOH), nitrous acid 

(HONO), and halogen gases, which are the focus of this thesis. Despite their low 

concentrations, atmospheric trace gases play a crucial role in Earth's atmospheric 

chemistry, climate regulation, and air quality. They significantly influence atmospheric 

processes, including ozone formation, secondary aerosol production, and greenhouse 

gas dynamics (Seinfeld & Pandis, 2016).  

Table 1.1 Common Trace Gases in Earth's Atmosphere 

Name Chemical 

Formula 

Mixing ratio Residence Time 

or Lifetime 

Carbon Dioxide CO2 ~420 ppm  ~100 years 

Methane CH4 ~1.9 ppm ~12 years 

Nitrous Oxide N2O ~0.33 ppm ~114 years 

Ozone O3 10ï200 ppb Daysïmonths   

Carbon Monoxide CO 0.01ï1 ppm ~1-2 months 

Sulfur Dioxide SO2 10 pptï1 ppb Hours to days 
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Ammonia NH3 10 pptï1 ppb Hours to days 

Hydrogen H2 ~0.5 ppm ~2 years 

Nitrogen Oxides (NOx) NO, NO2 10 pptï1 ppm Hours to days 

Volatile Organic 

Compounds (VOCs) 

Various (e.g., 

C2H6, C3H8) 

ppb range (varies 

by compound) 

Hours to months 

 

1.1.2 Sources  

Atmospheric trace gases originate from a wide array of natural and anthropogenic 

sources. Natural sources include processes like biogenic emissions from plants, 

microbial activity in soils, wildfires, and oceanic releases. For example, vegetation 

emits substantial amounts of biogenic volatile organic compounds (BVOCs), such as 

isoprene (C5H8) and monoterpenes (C10H16), which play a crucial role in atmospheric 

oxidation chemistry and aerosol formation (A. Guenther et al., 2006). Anthropogenic 

sources primarily include fossil fuel combustion, industrial processes, agricultural 

activities, and biomass burning. Industrial emissions contribute significant amounts of 

NOx, SO2, and anthropogenic VOCs, which are key precursors to secondary pollutants 

such as O3 and fine particulate matter (PM) (Q. Zhang et al., 2017). In this thesis, the 

pharmaceutical industry, as a type of industrial emission, has been identified as a 

significant source of atmospheric bromine. As human activities continue to intensify, 

understanding the emissions and transformations of these gases becomes increasingly 

critical for air quality management and climate change mitigation. 

Except primary sources, trace gases can also be generated by secondary reactions. 

Sunlight-driven oxidation, often initiated by the hydroxyl radical (OH), progressively 

converts primary emissions into secondary species. Through complex reaction 

sequences, VOCs and CO in the presence of NOx produce ozone, which is a secondary 

pollutant and short-lived climate forcer. Likewise, oxidation products of VOCs can 
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undergo gas-to-particle conversion to form secondary organic aerosol (SOA), which 

influences cloud formation and the Earthôs radiation budget, with further repercussions 

for air quality and health (Shrivastava et al., 2017). For another example, the oxidation 

of SO2 by OH in the gas phase or through aqueous-phase reactions in cloud droplets 

leads to the formation of sulfuric acid (H2SO4), a critical precursor to sulfate aerosols 

(Chin et al., 2000). Similarly, ammonia (NH3) from agricultural activities reacts with 

sulfuric acid and nitric acid (HNO3) to form secondary inorganic aerosols, such as 

ammonium sulfate and ammonium nitrate, which contribute to fine PM pollution 

(Pinder et al., 2007; R. Zhang et al., 2015).  

1.1.3 Atmospheric Impacts 

Many trace gases have detrimental effects on both human health and the 

environment. Certain trace gases, such as methane (CH4), nitrous oxide (N2O), and 

tropospheric ozone, act as greenhouse gases (GHGs), contributing to global warming 

by trapping infrared radiation in the Earth's atmosphere. CH4, for example, has a global 

warming potential (GWP) approximately 28ï34 times greater than that of carbon 

dioxide (CO2) over a 100-year timescale (Masson-Delmotte et al., 2021). Tropospheric 

ozone is also a major component of smog that is linked to respiratory diseases and 

cardiovascular disorders (Bell et al., 2005). Organic acids, as well as sulfur and nitrogen 

compounds, contribute to acid rain, which harms ecosystems and accelerates 

infrastructure degradation. Additionally, HONO and dihalogen molecules enhance 

atmospheric oxidative capacity by generating OH and halogen radicals, respectively, 

through rapid photolysis (Acker et al., 2006; Alicke et al., 2003; Hubinger & Nee, 1995). 

Given these wide-ranging impacts, understanding the sources and fate of 

atmospheric trace gases is essential for developing effective air pollution control 

strategies. However, accurately measuring and characterizing these species, particularly 

reactive and short-lived intermediates, remains a significant challenge. This has led to 
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the increasing adoption of high-resolution analytical techniques such as Time-of-Flight 

Chemical Ionization Mass Spectrometry (ToF-CIMS) for real-time and high-sensitivity 

measurements. 

1.2 Introduction to Time-of-Flight Chemical 

Ionization Mass Spectrometry 

ToF-CIMS has emerged as a powerful analytical tool for the detection of 

atmospheric trace gases. It combines the advantages of chemical ionization for selective 

and sensitive ionization with the high mass resolution and rapid analysis capabilities of 

time-of-flight (ToF) mass spectrometry. This section provides an overview of the 

principles of ToF-CIMS, its historical development, advantages and limitations. 

1.2.1 Principles 

1.2.1.1 Ionization Mechanism 

Chemical ionization (CI) is classified as a soft ionization technique, as it imparts 

minimal excess energy to analyte molecules. This results in limited molecular 

fragmentation and the generation of prominent molecular ion signals. In CI, a reagent 

gas is first ionized (often by electron ionization or discharge) to produce reagent ions. 

These ions subsequently react with neutral analyte molecules through ionïmolecule 

collisions, transferring a charge (via proton transfer, electron transfer, or adduct 

formation) to produce analyte ions (W. Li et al., 2024). Because CI minimizes 

fragmentation, the resulting product ions typically correspond to the intact molecule or 

a predictable adduct, thereby preserving molecular identity. This characteristic makes 

CI particularly well-suited for analyzing complex mixtures such as atmospheric trace 

gases, where accurate identification of the parent compound is essential. 

1.2.1.2 Mass Analysis 

In a ToF mass analyzer, ions are separated by their mass-to-charge ratio (m/z) 
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based on the time it takes for them to travel through a field-free drift region. The process 

begins by extracting or pulsing ions out of the CI source and accelerating them with an 

electric field so that all ions receive approximately the same kinetic energy. The ions 

then enter a long drift region (flight tube) with no applied electric field. Because all ions 

had the same kinetic energy imparted, lighter ions move faster, and heavier ions move 

slower. Thus, ions separate in time as they travel down the flight tube. The flight time 

of each ion is measured over a fixed distance, and this time is converted to m/z using 

calibration equations. In many ToF instruments, an ion mirror called a reflectron may 

be used at the end of the flight tube to reflect ions back toward the detector. The 

reflectron compensates for small energy differences among ions of the same m/z, and 

thereby improving mass resolution (Mamyrin, 2001). Ultimately, the ToF analyzer 

captures an entire mass spectrum from a single ion pulse: all ions from the lightest to 

heaviest are detected in parallel, rather than scanning sequentially. This non-scanning 

operation means each pulse yields a full mass range snapshot, enabling very rapid 

acquisition of mass spectra. 

1.2.1.3 Ion Detection and Signal Processing 

After drifting through the flight tube, ions are detected by a fast, sensitive detector, 

typically a microchannel plate (MCP) detector. When an ion strikes the surface of an 

MCP, it generates secondary electrons. The MCP is essentially a plate with millions of 

microscopic channels that act as electron multipliers. Each ion impact triggers a cascade 

of electrons within a channel, amplifying the signal by several orders of magnitude. In 

practice, ToF-CIMS detection is time-resolved, which records the exact time each ion 

hits the detector. The MCP produces an electrical pulse for each ion arrival. These 

pulses are timestamped with high precision (on the order of nanoseconds), and a 

transient recorder or digitizer collects this information. The result is a spectrum of signal 

intensity vs. arrival time. Since flight time correlates with m/z, the time data is 
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converted to a mass spectrum after calibration. MCP detectors are well-suited for ToF 

because they have nanosecond response times and can handle the rapid stream of ions 

from each pulse. As a result, nearly all ions that enter the drift region can be detected, 

unlike scanning analyzers where ions may be lost when they are not in the transmitted 

m/z window.  

1.2.2 Historical Development 

1.2.2.1 Early Developments in CIMS 

Chemical ionization mass spectrometry (CIMS) was introduced in the late 1960s 

(Munson & Field, 1966) and first applied to atmospheric measurements in the 1970s. 

Early atmospheric CIMS instruments used quadrupole mass analyzers (Q-CIMS) and 

were deployed on high-altitude rockets and balloons to detect ions in the stratosphere. 

For example, Arnold & Henschen (1978) reported the first measurements of positive 

and negative ions in the stratosphere using Q-CIMS, identifying protonated water 

clusters and HNO3-containing ion clusters. Throughout the 1980s and 1990s, CIMS 

became a popular technique for trace gas detection in atmospheric chemistry. A 

pioneering work introduced improved sampling techniques (e.g. flow-drift tube inlets) 

to detect tropospheric ions, overcoming the challenge of high neutral densities at ground 

level (Eisele, 1983). By the 1990s, Q-CIMS instruments were routinely measuring 

species like HNO3, SO2, and H2SO4 with fast response and high sensitivity. For instance, 

Mauldin III et al. (1998) developed a quadrupole CIMS using SF6 reagent ions to 

monitor HNO3 in real time. The key limitation of these early Q-CIMS systems was their 

low mass resolving power. They could only differentiate integer masses, which meant 

complex mixtures of atmospheric organics could not be fully resolved, and only a 

handful of target molecules could be analyzed unambiguously. This sets the stage for 

the next generation of CIMS with higher-resolution analyzers. 

1.2.2.2 High-Resolution ToF-CIMS 
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In the 2000s, advances in ToF mass spectrometry dramatically improved the mass 

resolution of CIMS instruments. High-resolution ToF-CIMS systems emerged to 

address the shortcomings of quadrupoles. The new ToF analyzers offered resolving 

power in the thousands, allowing separation of ions only a few milli mass units apart. 

Bertram et al. (2011) introduced a field-deployable ToF-CIMS, demonstrating ~5000 

resolving power in a compact instrument for aircraft and ground studies. Researchers 

found that higher resolution was crucial for complex atmospheric samples. For example, 

a ToF-CIMS was able to resolve the weak sulfuric acid cluster ion signal from 

interferences, which had been impossible with unit-resolution instruments.  

Along with better analyzers, the 2000s saw the introduction of new reagent ion 

chemistries that broadened the range of detectable compounds. CIMS inherently allows 

a variety of reagent ions. Protonated water clusters (H3O Ŀ(H2O)n) have long been 

employed for the detection of many volatile compounds and form the basis of proton 

transfer reaction mass spectrometry. However, the development of new reagent ions has 

expanded the analytical scope to include less volatile and more highly functionalized 

species. For instance, iodide ion (I ) adduct CIMS was adopted for detecting polar 

oxygenates and inorganic nitrates (e.g. N2O5, ClNO2) by the mid-2000s. Acetate ion 

(CH3C(O)O ) CIMS was introduced in the late 2000s to selectively detect organic acids. 

Veres et al. (2008) demonstrated that acetate reagent ions dramatically improve 

sensitivity to formic and acetic acid. Similarly, nitrate ion (NO3) CIMS was deployed 

for highly oxidized molecules. For example, detection of H2SO4 and its neutral clusters 

was achieved using NO3-adduct CIMS. The incorporation of these new reagent ions, 

in conjunction with ToF analyzers, has significantly enhanced the complexity and 

richness of the resulting mass spectra. This advancement has enabled the detection of 

hundreds of distinct peaks and facilitated the assignment of elemental formulas to 

signals that were previously unresolved. By around 2010, high-resolution (HR) ToF-
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CIMS had become the standard for VOCs and oxidized gas measurements, offering 

mass accuracies of ~ppm and the ability to distinguish isobaric species that earlier Q-

CIMS instruments would lump together.  

In summary, the 2000s marked a transformative period for CIMS, characterized 

by the introduction of high mass resolution and the development of expanded chemical 

ionization schemes. These advancements significantly extended the analytical 

capabilities of CIMS beyond the targeted, unit-mass analyses that had dominated earlier 

decades. 

1.2.2.3 FIGAERO-ToF-CIMS for Gas and Particle Phases 

Another major development was the integration of gas and particle phase 

measurements in a single CIMS instrument. Traditionally, CIMS was used for gas-

phase species, while particle-phase organics were analyzed by collecting filters or using 

separate aerosol mass spectrometers. In the early 2010s, the Filter Inlet for Gases and 

AEROsols (FIGAERO) was developed to bridge this gap. FIGAERO is an inlet system 

that couples to an HR-ToF-CIMS and allows alternating sampling of gases and aerosol 

particles (Lopez-Hilfiker et al., 2014). In this design, a Teflon filter is used to collect 

particulate matter while drawing air continuously through a bypass for gas analysis. 

After a collection period, the filter is heated under flow to thermally desorb the particle-

phase compounds, which are then analyzed by the same ToF-CIMS detector used for 

gases. This yields a temperature-programmed desorption chromatogram of particulate 

compounds. The FIGAERO-ToF-CIMS thus provides molecular information on both 

gas and particle composition with a single instrument, achieving detection limits in the 

low pptv for gases and pg mī3 for particle species. This represented a step-change in 

capability that researchers could directly observe the gas-particle partitioning of 

complex organics and study processes like aerosol formation and aging in 

unprecedented detail. Before FIGAERO, earlier attempts like the Micro-Orifice 



30 

 

Volatilization Impactor (MOVI) had laid groundwork by allowing collection of 

particles on a substrate for subsequent CIMS analysis. FIGAERO refined these ideas 

into a robust, field-deployable interface. Since its introduction, FIGAERO-ToF-CIMS 

has been widely adopted in laboratory chamber studies and field campaigns to 

characterize SOA. For example, studies have used it to unravel volatility distributions 

of aerosol constituents and to detect novel highly oxidized multi-functional compounds 

in both phases. In summary, FIGAERO-ToF-CIMS became a powerful tool by the mid-

2010s for integrated gas/particle measurements, providing insight into the chemistry 

linking gaseous precursors and particulate products in the atmosphere. 

1.2.2.4 ñLong-Pathò ToF-CIMS  

The pursuit of increasingly higher mass resolution in CIMS continued into the late 

2010s and 2020s. One innovation has been the use of extended ion flight paths in ToF 

mass analyzers, which essentially force ions to travel longer distances to achieve finer 

separation of masses. By increasing the flight path, ions with very small mass 

differences can be distinguished. Recent high-resolution designs, such as multi-

reflection or multi-turn ToF instruments, have achieved extremely high resolving power 

in atmospheric applications. For instance, Yan et al. (2024) developed an atmospheric-

pressure interface multi-reflection ToF-MS that reflects ions hundreds of times, 

extending the effective flight path to over 1 kilometer. This instrument reached a mass 

resolving power of 116,050 (full widths at half maximum (FWHM)), meaning that it 

could cleanly separate ions differing by less than 0.001 amu, while still acquiring 

spectra in ~10ï20 milliseconds. Such ultrahigh-resolution ToF-CIMS instruments 

allow detection of the complex ñorganic soupò in the atmosphere with unprecedented 

clarity. They can resolve isotopic fine structure and distinguish isomeric species that 

even the earlier HR-ToF-MS might merge. In atmospheric chemistry, this improves 

confidence in identifying elemental formulas of unknown signals and helps in tracking 
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minute changes in composition. One application has been in measuring aerosol-phase 

molecules where peak congestion is severe. The extended-path ToF analyzers can 

differentiate large biomolecular fragments and products in secondary organic aerosol 

that were indistinguishable before. Overall, the ñlong-pathò ToF-CIMS approach 

represents a major advancement in the 2020s, enabling near-comprehensive speciation 

of complex mixtures and improving the accuracy of quantification and mechanism 

identification in atmospheric chemistry.  

1.2.2.5 Innovation of ionization method  

Early CIMS instruments typically relied on radioactive ion sources (most often 

210Po Ŭ-emitters) to generate reagent ions. Polonium-210 sources are very reliable and 

convenient, which provides continuous ionization with no power required. For decades, 

CIMS instruments used Po-210 foils to produce the desired primary ions. However, 

radioactive sources involve regulatory hurdles, safety protocols for handling, and 

restrictions on deployment. In addition, they continuously emit ions even when 

sampling is paused, which can lead to unwanted background buildup.  

In the late 2010s and into the 2020s, there has been a shift toward non-radioactive 

ion sources for CIMS, with vacuum ultraviolet (VUV) lamps emerging as a new 

solution. A breakthrough study demonstrated a VUV ion source for iodide-CIMS that 

produces I  reagent ions by photoionizing methyl iodide (CH I) (Ji et al., 2020). This 

VUV-CIMS was shown to perform on par with the traditional Po-210 source. In a Q-

CIMS, the VUV source achieved sensitivities up to ~700 Hz/pptv for HCOOH (limit 

of detection (LOD) <1 pptv). When tested on a ToF-CIMS, it similarly detected 

HCOOH and Cl2 with >25 Hz/pptv sensitivity, which is comparable to the Po source. 

The substitution of Po-210 with VUV ionization reduces regulatory concerns while 

maintaining analytical performance. The adoption of VUV ionization has substantially 

enhanced the practicality of CIMS by simplifying deployment in field campaigns, 
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eliminating the need for radioactive material declarations, and facilitating broader 

commercial and laboratory adoption without associated safety constraints.  

1.2.3 Advantages and Limitations 

1.2.3.1 Advantages 

Exceptional Sensitivity (ppt-level Detection): ToF-CIMS instruments achieve 

extraordinarily low detection limits, often in the ppt range. For example, iodide-adduct 

CIMS can detect certain organic acids and polyfunctional compounds at mixing ratios 

of only a few ppt. Reported 1-second detection limits on the order of tens of ppt 

demonstrate the ability of ToF-CIMS to measure extremely low ambient concentrations 

(Lee et al., 2014). This high sensitivity makes ToF-CIMS ideal for tracking trace 

atmospheric species and subtle concentration fluctuations. 

Soft Ionization with Minimal Fragmentation: Chemical ionization is a soft 

ionization method that largely preserves the intact molecular ion, minimizing 

fragmentation of the analyte. In ToF-CIMS, molecules react gently with reagent ions, 

so the parent ion or adduct is detected rather than a swarm of fragments. This preserves 

the molecular identity and enables straightforward interpretation of molecular formulas 

from the mass spectrum. Compared to harsh ionization like electron impact, the soft 

ionization of CIMS produces simpler spectra and a clear molecular ion signal, aiding 

accurate composition determination. 

High Mass Resolution: Modern ToF mass analyzers provide high resolving power 

in the thousands to tens of thousands (Junninen et al., 2010). This high mass resolution 

is crucial for analyzing complex atmospheric samples, as it enables distinguishing 

species with nearly identical m/z (e.g. different molecular formulas that overlap at unit 

mass). The ability to resolve such peaks improves confidence in identification of 

compounds in crowded mass spectra. 

Fast Time Response (Real-Time Measurements): ToF-CIMS offers rapid analysis, 
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making it suitable for real-time monitoring with high temporal resolution. Typical 

instruments operate at ~1 Hz or faster, meaning they can produce one full mass 

spectrum per second or more. This fast time response allows capture of transient events 

and dynamic processes in the atmosphere. For example, a CIMS using CF3O  reagent 

ions demonstrated sub-second response in detecting hydroperoxides, enabling airborne 

measurements that tracked rapid concentration changes (Crounse et al., 2006).  

Broad Chemical Coverage: A major strength of CIMS is its versatility in detecting 

a wide range of chemical species by selecting appropriate reagent ion chemistry. ToF-

CIMS can target everything from small inorganic acids to large complex organics. For 

example, I-CIMS is effective for many polar organics and inorganic acids. CF3O  is 

used for hydrogen peroxide and organic hydroperoxides, NO3 for highly oxidized 

organic molecules, NH4 for carbonyls and alcohols, etc. (Riva et al., 2019). With these 

options, ToF-CIMS can detect diverse atmospheric species that play critical roles in air 

chemistry. This broad scope makes ToF-CIMS a very general detector for trace gas 

analysis. 

1.2.3.2 Limitations 

Dependence on Reagent Ion Chemistry (Selective Sensitivity): The flip side of 

CIMSôs flexibility is that any given reagent ion imparts a chemical bias. Each reagent 

ion preferentially ionizes certain classes of compounds while failing to detect or 

underrepresent others. This means measurements can be incomplete or skewed 

depending on the chosen chemistry. For instance, iodide-adduct CIMS is highly 

sensitive to many oxidized organics, but it may under-detect less polar species like 

simple alkyl nitrates (W. Zhang et al., 2023). Such biases require careful interpretation 

and often necessitate deploying multiple ionization schemes (or switching reagent ions) 

to comprehensively characterize atmospheric composition. 

Complex Data Analysis: The rich spectra produced by high-resolution ToF-CIMS 
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are information-rich but also complex. A single ambient sample can contain hundreds 

or thousands of peaks, including many overlapping signals at unit mass resolution. Peak 

identification and quantification thus demand sophisticated data analysis algorithms 

and substantial expert effort. High-resolution peak fitting is time-consuming and can be 

error-prone when peaks are congested. Analysts must perform tasks like mass 

calibration, formula assignment, and isotopic pattern recognition for numerous ions, 

often using specialized software (e.g. HR peak-fitting tools or multivariate methods). 

As a result, processing ToF-CIMS data and deconvolving contributions of individual 

compounds is a non-trivial step that can limit the speed and transparency of analysis. 

High Operational Costs and Calibration Needs: ToF-CIMS instruments are 

complex and costly, often requiring significant investment in equipment and 

maintenance. They also demand skilled operators and rigorous calibration protocols to 

ensure quantitative accuracy. Sensitivities to different molecules can vary widely, so 

frequent calibrations with known standards or calibration systems are needed. 

Establishing calibration curves for dozens of detected compounds (some of which have 

no readily available reference standards) is labor-intensive. Additionally, maintaining 

reagent ion sources and vacuum systems contributes to operational costs. These 

practical considerations can limit accessibility and deployment of ToF-CIMS, 

especially for smaller laboratories or field campaigns with limited resources. 

Limited Structural Information: While minimal fragmentation is an advantage for 

identifying molecular formulas, it means ToF-CIMS alone provides little structural or 

isomeric detail. The mass spectrum typically shows the molecular ion (or adduct) and 

maybe some simple clusters, but no fragment ion pattern to deduce structure. Different 

isomers or structural variants can produce an identical m/z, making it hard to distinguish 

them without additional techniques. Therefore, researchers often couple ToF-CIMS 

with tandem mass spectrometry (MS/MS) or chromatographic separation to gain 
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structural insights. For example, collision-induced dissociation (CID) in an MS/MS 

experiment can fragment the molecular ion to reveal structural markers, complementing 

the ToF-CIMS data. In summary, standalone ToF-CIMS is highly effective for 

molecular detection but generally necessitates complementary techniques for structural 

elucidation. 

1.3 Research Objectives and Thesis Overview 

Building on the context above, this thesis investigates atmospheric trace gases 

from their sources, through their transformations, to their impacts by leveraging the 

capabilities of high-resolution ToF-CIMS. The central objective is to improve our 

understanding of how specific trace gases are emitted and chemically transformed, and 

how those processes ultimately influence air quality and climate forcing. Three studies 

are presented to address different trace gases of source-to-impact continuum, each 

employing ToF-CIMS as a primary analytical tool. 

This thesis consists of seven chapters, structured as follows: 

Chapter 1 provides background information on atmospheric trace gases and 

discusses their significance. It also presents a brief overview of the principles, 

development, advantages, and limitations of ToF-CIMS. 

Chapter 2 reviews the background, known sources, atmospheric impacts, and 

existing knowledge gaps related to three trace gases: HCOOH, HONO, and Br2. 

Chapter 3 details the methodology of field observations, laboratory experiments, 

and modeling analyses employed in the three studies presented in this thesis. 

Chapter 4 presents new findings regarding the formation pathways of HCOOH. 

Chapter 5 offers novel insights into the reaction rate constant of nitrate photolysis 

leading to HONO formation. 

Chapter 6 identifies a newly discovered primary emission source of Br2 and 
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examines its atmospheric impacts. 

Chapter 7 synthesizes the key findings and common themes across the three 

studies, discusses the study's limitations and proposes potential directions for future 

research. 

1.4 Summary of Chapter 1 

This chapter introduces atmospheric trace gases, defining them as minor but 

influential components of the Earth's atmosphere. It details their sources, both natural 

and anthropogenic, and their transformations and impacts on climate and air quality. 

This chapter also introduces ToF-CIMS, explaining its importance in detecting and 

analyzing trace gases with high sensitivity and real-time capability. This sets the 

foundation for the deeper investigations into specific trace gases detailed in the 

following chapters. 
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2 Literature Review of Target Trace 

Gases 

This chapter provides an overview of the sources, atmospheric processes, and 

environmental impacts of HCOOH, HONO, and Br2. It details the current 

understanding while identifying significant knowledge gaps in pinpointing precise 

sources and the challenges involved in accurately modeling the observed concentrations 

of these compounds.  

2.1 Formic Acid 

Organic acids pervade the troposphere and represent a considerable portion of total 

organics in both gas and particulate phases (Chebbi & Carlier, 1996). These compounds 

are active in the aqueous-phase chemistry of clouds and play a role in the formation of 

SOA via reactions in the condensed phase (Carlton et al., 2007; Ervens et al., 2004; Lim 

et al., 2010). Additionally, they are suggested to facilitate new particle formation in the 

atmosphere (R. Zhang et al., 2004). HCOOH, one of the most prevalent organic acids 

in the atmosphere (Khare et al., 1999), contributes over 60% of the total free acidity in 

precipitation in remote areas and more than 30% in polluted regions (Andreae et al., 

1988; Keene et al., 1983; Keene & Galloway, 1988; Khare et al., 1999; Stavrakou et al., 

2012). The significance of this contribution has grown as concentrations of 

anthropogenic NOx and sulfur dioxide have decreased. HCOOH is a major sink for in-

cloud OH radicals and stabilized Criegee intermediates (SCIs) (Jacob, 1986), thereby 

influencing the aqueous-phase chemistry by altering pH-dependent reaction rates, 

oxidant concentrations, and solubilities (Vet et al., 2014). HCOOH also impacts the 

development of cloud condensation nuclei (Yu, 2000), owing to its relatively high 

hygroscopicity at low critical supersaturations in aerosols (Novakov & Penner, 1993), 
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which in turn affects the total indirect radiative forcing. Furthermore, HCOOH 

potentially engages in halogen chemistry through its heterogeneous reactions with solid 

sodium chloride found in sea-salt aerosols (K. Xia et al., 2018).  

Given the significant roles of HCOOH in atmospheric processes, it is critical to 

delineate its sources and sinks comprehensively. Primary sources of HCOOH 

encompass direct emissions from terrestrial vegetation (Andreae et al., 1988), as well 

as emissions from biomass and biofuel combustion (Akagi et al., 2011; Goode et al., 

2000; Yokelson et al., 2009), fossil fuel burning (Kawamura et al., 2000; Zervas et al., 

2001b, 2001a), and soil outgassing (Sanhueza & Andreae, 1991). Secondary formation 

of HCOOH in the gas phase primarily involves the oxidation of VOCs, including the 

ozonolysis of terminal alkenes (Neeb et al., 1997), oxidation of alkynes (Bohn et al., 

1996), OH-initiated oxidation of isoprene (Paulot et al., 2009), oxidation of 

monoterpenes (Larsen et al., 2001), keto-enol tautomerization (Andrews et al., 2012; 

Shaw et al., 2018), and ĿOH oxidation of methyldioxy radicals (CH3O2Ŀ) (Bossolasco 

et al., 2014). HCOOH is primarily removed from the atmosphere through both wet and 

dry deposition, with a lesser removal pathway being photo-oxidation by ĿOH radicals 

(Atkinson et al., 2006). Despite incorporating these processes, models substantially 

underestimate HCOOH concentrations (Baboukas et al., 2000; Bannan et al., 2017; 

Chaliyakunnel et al., 2016; Le Breton et al., 2012; Millet et al., 2015; Yuan et al., 2015), 

suggesting the presence of significant unidentified sources of HCOOH. 

Beyond gas-phase mechanisms, HCOOH can also arise from heterogeneous or 

condensed-phase reactions. Notably, aqueous reactions involving formaldehyde 

(HCHO) (Chameides & Davis, 1983), glyoxal (Carlton et al., 2007), and interactions 

with aqueous OH radicals are known to generate HCOOH, especially in moderately 

acidic conditions (Jacob, 1986). A recent chamber study highlighted an efficient 

conversion of formaldehyde to HCOOH via a multiphase process involving its hydrated 
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derivative, methanediol (Franco et al., 2021). This pathway was found to produce 

HCOOH at rates up to fourfold higher than those from all other known chemical sources 

combined, according to simulations in a chemistry-climate model. The refined model 

notably aligned with the observed ambient concentrations of HCOOH. Furthermore, 

Gao et al. (2022) introduced a novel bidirectional deposition-emission mechanism, 

where HCOOH is rapidly deposited in night-time dew and subsequently re-emitted as 

the dew evaporates the following day.  

Numerous laboratory chamber experiments have established that photochemical 

aging of organic aerosols leads to the production of HCOOH (Henry & Donahue, 2012; 

Malecha & Nizkorodov, 2016; Mang et al., 2008; Pan et al., 2009; Walser et al., 2007; 

R. Zhang et al., 2021). This aging process involves the reactive uptake of oxidants by 

particle surfaces, which modifies their chemical composition and physical 

characteristics (George et al., 2015). In the condensed organic phase, photodegradation 

of SOA can also result in the formation of HCOOH (Henry & Donahue, 2012; Malecha 

& Nizkorodov, 2016). Moreover, oxidants such as OH, NO2, and nitrite ions or HONO 

arising from the photolysis of particulate nitrate (NO3
ī) are shown to efficiently oxidize 

organics, leading to HCOOH production (R. Zhang et al., 2021). Field measurements 

by Paulot et al. (2011) in coastal, urban, and polar regions revealed a significant positive 

correlation between HCOOH concentrations and submicron organic aerosol masses, 

indicating that aerosol aging contributes to HCOOH formation. These findings 

underscore the importance of quantitatively assessing how photochemical aerosol aging 

contributes to ambient HCOOH production. 

2.2 Nitrous Acid 

Nitrous acid is a critical player in tropospheric photochemistry, serving as a 

primary precursor of OH during daytime (Acker et al., 2006; Alicke et al., 2003; Kim 



40 

 

et al., 2014). Its role in OH production is especially significant in polluted environments, 

where it can account for up to 87% of OH generation at urban sites, compared to 33% 

in forested areas (Kleffmann et al., 2005; Yun et al., 2017). Research has increasingly 

highlighted HONO's role in enhancing ozone levels and the formation of secondary 

aerosols, particularly in polluted regions (Fu et al., 2019; T. Wang et al., 2022). HONO 

sources range from direct emissions, including those from soil (Y. Wang et al., 2021), 

vehicle exhaust (Y. Liu et al., 2017), and biomass burning (Yokelson et al., 2007), to 

secondary processes. These include the gas-phase reaction between NO and OH 

(Pagsberg et al., 1997), heterogeneous reactions of NO2 on terrestrial and aerosol 

surfaces (Kleffmann et al., 2004), and the photolysis of particulate nitrate (Ye et al., 

2017). 

The photolysis of aqueous nitrate under actinic radiation (ɚ > 290 nm) primarily 

follows two pathways: the generation of NO2 and OH (referred to as R1) and the 

production of nitrite (NO2
ī) along with atomic oxygen O(3P) (referred to as R2). 

Subsequently, HONO is formed by the protonation of NO2
ī (referred to as R3) 

(Benedict et al., 2017). The photolysis rate constant for particulate nitrate Ὦ  

encompasses the production rates of both NO2 and HONO, while Ὦ ᴼ  

specifically measures the rate of HONO production. Recent studies have revealed that 

the Ὦ  is significantly higher than that of bulk aqueous nitrate or gaseous HNO3, 

underscoring the potential importance of nitrate photolysis in contributing to daytime 

HONO levels (Andersen et al., 2023; Bao et al., 2018; Ye et al., 2017; Ye, Zhou, et al., 

2016). However, accurately determining Ὦ  remains a complex challenge, mainly 

due to difficulties in replicating the precise physical and chemical properties of 

atmospheric particles within laboratory settings. 

./  Ὤὺ (  O  ./   Ͻ/( (R1) 

./  Ὤὺ O  ./  / 0  (R2) 
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The common method for assessing Ὦ  involves laboratory experiments where 

ambient particles, gathered on filters, are exposed to light (Bao et al., 2018; Sommariva 

et al., 2023; Ye et al., 2017; Ye, Gao, et al., 2016). This technique determines Ὦ  by 

dividing the rate of NO2 and HONO production by the total nitrate content on the filter. 

A significant uncertainty in this method is the physical state of the particles: while 

ambient particles are suspended in air, those on filters are aggregated, which could 

affect the results. To improve accuracy, a recent study employed aerosols suspended 

from atomized solutions of pure nitrate salts and found a notably lower Ὦ  (Q. Shi 

et al., 2021). However, the simplification in particle composition used in this approach 

may not accurately reflect the complexity found in natural aerosol environments, thus 

limiting its broader applicability. 

In addition to direct laboratory measurements of Ὦ , estimates of these values 

have also been made by analyzing the budget of reactive nitrogen species, combining 

modeling with field observations (Kasibhatla et al., 2018; Romer et al., 2018; Ye, Zhou, 

et al., 2016; Y. Zhu et al., 2022). These derived values of Ὦ   are based on the 

assumption that any unaccounted sources or sinks of reactive nitrogen species are 

primarily due to the photolysis of pNO3
ī, with HONO being the predominant product. 

The reliability of these calculated Ὦ  values is inherently tied to the assumptions 

made, as well as to the uncertainties involved in measuring other sources of HONO, 

such as the heterogeneous uptake of NO2 on various surfaces. Therefore, these values 

are generally considered to represent the upper limits. Most of these estimations are 

conducted in clean marine environments where contributions from NO2-related sources 

are minimal, allowing for clearer insights into the photolytic processes. Table 2.1 has 

summarized the reported Ὦ  values in various environments. 

Table 2.1 Summary of reported ▒ἸἚἛ  values in various environments. 
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Study type Ὦ  (10-5 s-1) Air mass origin Reference 

Laboratory 0.62ï50 (13a) Remote, rural, urban (Ye et al., 2017) 

Laboratory 1.2ï48 (8.2)b Urban (Bao et al., 2018) 

Laboratory 0.1ï1.8 (0.32) Marine (Y. Zhu et al., 2022) 

Laboratory 1.3ï31 (17) Marine (Ye, Zhou, et al., 2016) 

Laboratory <0.7c  (Q. Shi et al., 2021) 

Model 2.0c Marine (Y. Zhu et al., 2022) 

Model 20b Marine (Ye, Zhou, et al., 2016) 

Model 0.07ï2.1c  (Romer et al., 2018) 

a Values in parentheses are the average values. b Ὦ  here is the Ὦ  leading to 

HONO production. c Calculated from EF using jHNO3 = 7 Ĭ 10
-7 s-1.  

Prior studies employing filter-based methods have noted a trend of decreasing 

Ὦ  values with increased nitrate loadings on filters (Bao et al., 2018; Sommariva et 

al., 2023; Ye et al., 2017; Y. Zhu et al., 2022). This observation has been attributed to 

the "shadow effect," a limitation inherent to using ambient aerosol filters, where 

particles layered beneath the top receive less light due to the overlaying particles (Bao 

et al., 2018; Ye et al., 2017). Conversely, a recent analysis has pointed to the "nitrate 

distribution effect," proposing that HONO production is predominantly influenced by 

the photolysis of surface-adsorbed nitrate rather than the nitrate present throughout the 

bulk of the material (Andersen et al., 2023; Kasibhatla et al., 2018; C. Zhu et al., 2008). 

It appears likely that both the filter artifact and the nitrate distribution effect play roles 

in the observed decline in photolysis rates, reflecting the complex dynamics of particle 

interactions under experimental conditions. 

2.3 Molecular Bromine 

The bromine radical (BrÅ) significantly impacts ozone levels and the oxidative 
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capacity of the troposphere (Simpson et al., 2015). Notably, BrÅ is recognized for its 

role in depleting ozone in polar regions during spring (Foster et al., 2001; Le Breton et 

al., 2017; Thompson et al., 2017; S. Wang et al., 2019). Conversely, in polluted 

environments, BrÅ can enhance ozone production by reacting with VOCs to form 

peroxy radicals (Q. Li et al., 2021). Additionally, BrÅ plays a critical role in the 

atmospheric chemistry of mercury by oxidizing elemental mercury (Hg0), which is a 

relatively inert species, into oxidized mercury (Hg ), which is more reactive and 

soluble. This transformation increases mercury's deposition to the Earth's surface, with 

consequential impacts on ecosystems and human health (Shah et al., 2021). 

Molecular bromine serves as a crucial precursor to the bromine radical (BrÅ), with 

its efficient production stemming from rapid photolysis (Hubinger & Nee, 1995). 

Historically, research on Br2 has focused predominantly on polar areas, where peak 

concentrations have been observed to reach 45 ppt in Antarctica and 46 ppt in the Arctic 

(Buys et al., 2013; Liao et al., 2012). In these locations, Br2 primarily originates from 

bromide ions (Brī) through heterogeneous reactions on snow and ice surfaces (Pratt et 

al., 2013). Beyond the polar regions, Br2 has also been detected at elevated levels over 

oceans and coastal zones, albeit at much lower concentrations (Finley & Saltzman, 

2008; Le Breton et al., 2017). The sources of Br2 in these non-polar areas have been 

less clear until a recent study identified a noontime source of Br2 at a coastal site in 

Hong Kong. This source involves the activation of otherwise inert Brī via the 

photodissociation of particulate nitrate (M. Xia et al., 2022). This discovery highlights 

that the mechanisms producing Br2 generally involve secondary reactions that activate 

Br .  

In continental regions lacking Brī ions, significantly higher concentrations of Br2 

have been recorded compared to polar or oceanic areas. Lee et al. (2018) found 

substantial levels of Br2 in the exhaust from coal-fired power plants in the northeast 
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United States and Georgia. These emissions, which exhibited a median ratio of 2.3 × 

10ī5 relative to SO2, were notably linked to the absence of wet flue gas desulfurization 

technologies. Similarly, Peng et al. (2021) observed that coal combustion during the 

winter in North China led to the release of Br2 and other reactive bromine species, such 

as BrCl. Beyond coal combustion, Womack et al. (2023) reported exceptionally high 

Br2 concentrations, reaching up to 3 ppb, in plumes from the US Magnesium plant over 

the Great Salt Lake Basin. This represents the highest ambient levels of Br2 ever 

documented and poses serious concerns for local air quality. These observations 

suggest that human activities, particularly within industrial sectors, significantly 

contribute to converting inert bromine into its reactive forms. This underscores the 

critical need for further investigation and quantification of additional sources of reactive 

bromine emissions across industrialized regions worldwide. 
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3 Methodology 

This thesis employed a comprehensive research design that integrates field 

observations, laboratory experiments, and modeling analyses to investigate the sources 

and formation mechanisms of specific active atmospheric substances. Field 

observations and particulate sampling were first conducted across diverse environments 

to obtain representative atmospheric data. Photochemical simulation experiments were 

then performed in the laboratory to reproduce relevant atmospheric chemical processes. 

Finally, box models and statistical analyses were applied to interpret and synthesize the 

results from both observations and experiments. The research methodology is 

elaborated in five sections: research design, data collection methods, instruments and 

measurement methods, data analysis methods, and experimental setup and assumptions. 

3.1 Research Design 

The research is designed to comprehensively resolve the generation mechanisms 

of target chemical species through multi-scale and multi-approach methods. In 

particular, the study comprises three main modules: 

Field Observations: Monitoring instruments were deployed in representative 

environments to directly measure target gases and related parameters. For example, this 

study carried out field observations at a coastal site in Hong Kong and an industrial 

park in Qingdao, China, to obtain concentration levels and temporal variations of trace 

gases under different air quality conditions. 

Particulate Sampling and Laboratory Analysis: Using high-volume and medium-

volume samplers to collect ambient PM2.5 filter samples for chemical analysis and as 

reactants in laboratory photochemical reactions. The collected filters were analyzed for 

chemical composition and subsequently subjected to controlled photochemical aging 

experiments to simulate atmospheric processes. 
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Modeling and Data Analysis: Inputting data from field and laboratory results into 

an atmospheric chemistry model to quantitatively assess the contribution of various 

processes to the formation of target products. Statistical analysis methods (e.g., 

correlation analysis, regression models) were also applied to examine relationships 

between observations and environmental factors, thereby extracting influencing 

mechanisms and empirical parameters. 

This research design integrates observations, experiments, and modeling in a 

complementary manner. Field observations provide real-world context and validation, 

laboratory experiments elucidate the mechanisms and quantitative parameters of 

specific processes, and model simulations synthesize the combined effects of these 

processes while testing relevant hypotheses. Through cross-verification across multiple 

approaches, the study enhances the reliability of source identification for the target 

species in the atmosphere and enables a more robust evaluation of their environmental 

impacts. 

3.2 Data Collection Methods 

3.2.1 Field Observations 

3.2.1.1 Observation Sites and Periods 

Two representative field monitoring sites were selected for this study. The first site 

was a coastal supersite at Cape DôAguilar in Hong Kong (22.21ÁN, 114.25ÁE) (Figure 

3.1), where a continuous ~2.5-month observation was conducted from mid-August to 

late October 2021. This site is adjacent to the South China Sea coastline, and during the 

observation period it experienced a transition from clean marine air masses to coastal 

polluted air masses, providing conditions to analyze the formation of HCOOH and 

related products under different air mass origins. The site was additionally influenced 

by biogenic emissions originating from local vegetation, as well as ship emissions 

predominantly transported from approximately 8 kilometers away. There were no other 
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significant anthropogenic sources in proximity. 

 

Figure 3.1 The location of the observation site, Cape DôAguilar. (a) Geographical 

overview of the location of Hong Kong in South China. (b) Detailed view of the field 

observation site in Hong Kong Island. The inset picture displays the southeastward 

perspective from the observation site. The source is from Esri, Maxar, GeoEye, 

Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS 

User Community. 

The second site was situated in a coastal area in northern Qingdao (Aoshanwei, 
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Jimo District), positioned on the eastern edge of North China. The sampling was 

conducted on the roof of a five-story building in the Blue Silicon Valley high-tech 

industrial park on the outskirts of Qingdao, China (36.35ÁN, 120.67ÁE) (Figure 3.2). It 

was approximately 1 km from the Yellow Sea and about 700 meters east of a low-traffic 

expressway, surrounded by dispersed residential districts. Minor industrial emissions 

were also present near the observation station, including contributions from eight 

pharmaceutical companies, two sanitation enterprises, two rubber and plastics factories, 

and one research laboratory. Overall, this sampling site represents a lightly polluted 

rural coastal area with local anthropogenic emissions arising from nearby residential 

activities, traffic, and industrial sources. During the observation period, the site was 

primarily influenced by a cold anticyclone originating from Mongolia. A one-month 

winter observation was carried out there in December 2022. During the early phase of 

this observation, the area was under Coronavirus disease 2019 (COVID-19) lockdown, 

and in the later phase restrictions were lifted, increasing anthropogenic activity. This 

provided an opportunity to identify industrial emission sources of reactive halogen 

compounds such as Br2.  
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Figure 3.2 The location of the observation site in Qingdao. (a) Geographical overview 

of Qingdao within China. (b) Detailed view of the field observation site in Qingdao. 

The inset picture displays the southwestward perspective from the observation site. 
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3.2.1.2 Observation Parameters and Instruments 

At the Hong Kong coastal site, in addition to the target gas HCOOH, concurrent 

measurements were made of HONO, various trace gases (e.g., NO, NO2, O3, CO, SO2), 

VOCs, oxygenated VOCs, particulate matter mass concentrations (PM1, PM2.5, PM10), 

particle size distributions, water-soluble inorganic ion composition, as well as the NO2 

photolysis rate constant (jNO2) and meteorological parameters (temperature, relative 

humidity, wind speed, wind direction). These coordinated observations provided 

background information for understanding the sources and influencing factors of 

HCOOH. At the Qingdao industrial park site, the observation focused on Br2 using the 

ToF-CIMS for real-time detection. Meanwhile, co-located instruments recorded 

conventional pollutants and meteorological parameters similar to that at the Hong Kong 

coastal site (Table 3.1). 

Table 3.1 The instruments and measured species or parameters in the field campaign. 

Species Instruments Time resolution 

HCOOH, HONO, Br2, 

Cl2, BrCl, ClNO2, N2O5  
Iodide-ToF-CIMS, Aerodyne Inc. 1 s 

O3 
O3 analyzer, model 49i, Thermo 

Scientific  
1 min 

NO, NO2 

NOx analyzer, model 42i-TL with 

photolytic converter, Thermo 

Scientific  

1 min 

CO 

CO analyzer, model T300U, Teledyne 

(Hong Kong) 

CO analyzer, model 48i, Thermo 

Scientific (Qingdao) 

1 min 
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SO2 

SO2 analyzer, model T100U, Teledyne 

(Hong Kong) 

SO2 analyzer, model 43i, Thermo 

Scientific (Qingdao) 

1 min 

jNO2 Filter Radiometer, Metcon 1 min 

VOCs 

Gas chromatography-mass 

spectrometry/flame ionization detector 

(GC-MS/FID), Chromatotec Group 

1 h 

OVOCs 

Carbonyl sampler, model 8000-2, 

ATEC 

HPLC 

3 h 

Particle number size 

distribution 

Scanning mobility particle sizer 

(SMPS), TSI 3082 
5 min 

Compositions in PM2.5 

and PM10 (including 

Na+, NH4
+, K+, Mg2+, 

Ca2+, Clī, NO3
ī, SO4

2- 

Online Monitor for AeRosols and 

Gases (MARGA)(Hong Kong), Ion 

chromatography equipped with a gas 

and aerosol collector (GAC-IC), 

WAGA-100 (Qingdao) 

1 h 

 

 

3.2.2 Filter Sampling and Processing 

To obtain information on particulate chemical composition and samples for 

laboratory simulations, two types of filter sampling were conducted: routine particulate 

sampling, and parallel sampling designed for the laboratory "shadow effect" experiment. 

3.2.2.1 Routine Particulate Sampling 

In study of HCOOH, the collection of ambient aerosols for photochemical aging 
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experiments was conducted at the Cape DôAguilar Super Site during the autumn season. 

PM2.5 samples were collected using a PUF-1000 high-volume sampler equipped with 

quartz-fiber filters measuring 8 Ĭ 10 inches. The flow rate of the sampler was set at 999 

liters per minute (Lpm). Sampling sessions were scheduled from 11:00 AM local time 

(LT) to 10:00 AM LT the following day. To ensure the purity of the samples and 

minimize organic artifacts, the filters were pre-fired at a temperature of 900 ÁC for four 

hours. After this heat treatment, the filters were immediately stored in a freezer at -

20 ÁC to preserve their integrity until analysis. For the photochemical aging 

experiments and other related analyses, fractions with a specified surface area were 

carefully extracted from randomly chosen filters, ensuring consistency and reliability 

in the experimental setup and subsequent data collection. The detailed sampling 

information is summarized in Table 3.2. 

Table 3.2 Summary of the PM2.5 sampling information at Cape DôAguilar Super Site. 

Date RH Size (cm2) Aerosol loading 

(mg) 

Dry-state surface area 

density (Õm2 mī3) 

2020.10.07 72.34 51.6 3.33 192.52 

2020.10.08 68.39 53.4 3.55 195.89 

2020.10.26 78.85 53.4 4.28 119.86 

2020.11.02 65.68 56.1 5.55 251.79 

2020.11.03 69.82 52.51 4.40 233.81 

2020.11.04 58.30 55.35 2.77 170.15 

2020.11.05 76.32 53.352 1.95 134.89 

For the study of HONO, we collected ambient PM2.5 filter samples during winter 

2017 and 2018 in seven cities across northern China. These cities are part of the ñ2+26ò 

city cluster (Y. Wang et al., 2019) in North China Plain (NCP) which experiences severe 

air pollution in winter due to unfavorable meteorological conditions and intensive 
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anthropogenic emissions (X. Huang et al., 2017; Pang et al., 2020). Sampling used 47 

mm diameter quartz filters that were pre-fired. Each sampling lasted about 23 hours 

(10:00 a.m. to 9:00 a.m. next day) using a TH-16A four-channel air sampler, 

simultaneously collecting PM2.5 at a flow rate of 16.67 L/min. Collected filters were 

immediately sealed and stored at ï20 ÁC. Subsequently, water-soluble ionic 

components in the filters were extracted with ultrapure water by ultrasonic agitation, 

and the extracts were analyzed by ion chromatography to determine major inorganic 

ion concentrations, including Na+, NH4
+, K+, Mg2+, Ca2+, Clī, NO3

ī, and SO4
2ī (Table 

3.3). These ion analysis results were used not only to evaluate the chemical 

characteristics of particulate matter in each location, but also to provide necessary 

inputs for a thermodynamic model to calculate aerosol liquid-phase acidity. 

Table 3.3 Chemical components of PM2.5 samples in the North China Plain. 
a 

Location Date PM2.5 Na
+ K+ NH4

+ Mg2+ Ca2+ 

Zhengzhou 2017/12/27 239.27 0.57 3.30 23.73 0.18 2.10 
 

2018/11/27 154.41 0.70 1.33 13.36 0.22 2.62 
 

2019/1/4 191.18 0.51 2.06 25.86 0.05 0.32 

Zibo 2017/12/2 163.65 0.47 1.69 14.39 0.25 2.99 
 

2017/12/27 119.41 0.24 1.07 13.27 0.13 1.53 
 

2017/12/28 217.11 0.67 2.00 23.74 0.07 0.90 

Shijiazhuang 2019/1/1 114.88 3.76 0.99 8.75 0.34 2.35 
 

2019/1/3 163.53 3.84 1.56 12.90 0.34 3.69 
 

2019/1/4 109.61 2.82 0.89 7.84 0.24 2.54 
 

2019/1/9 73.37 1.90 0.94 6.09 0.14 1.75 
 

2019/1/12 289.48 4.92 2.08 19.49 0.41 4.78 

Tianjin 2019/1/4 17.89 0.25 0.06 0.95 0.11 0.64 
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2019/1/6 58.51 0.58 0.57 4.31 0.15 0.97 
 

2019/1/7 15.61 0.23 0.12 1.00 0.09 0.58 

Dezhou 2017/12/29 211.83 0.26 1.79 29.93 ND b ND 
 

2018/11/26 214.58 0.31 2.42 32.34 0.07 0.42 
 

2019/1/2 134.48 0.60 1.92 16.69 0.09 0.39 

Jinan 2017/12/1 181.58 0.48 1.54 13.67 0.34 5.29 
 

2017/12/27 139.39 0.29 1.08 12.39 0.31 5.42 
 

2018/12/31 67.73 0.28 0.42 7.15 0.09 1.00 
 

2019/1/3 181.44 0.62 1.45 21.23 0.14 1.61 

Handan 2017/12/2 284.80 1.35 3.01 36.31 0.24 4.33 

 2017/12/27 223.13 0.88 1.96 24.68 0.06 1.19 

 2017/12/30 102.93 0.42 0.87 10.40 ND 1.00 

 2019/1/2 116.45 0.67 2.39 17.57 0.22 2.45 

 2019/1/5 40.42 0.37 0.75 5.30 0.12 1.49 

continued 

Location Date Cl NO3 SO4
2  OC EC 

Zhengzhou 2017/12/27 9.40 55.14 16.59 41.73 14.07 

2018/11/27 1.52 36.08 13.97 23.44 2.81 

2019/1/4 8.62 69.70 22.21 45.93 1.21 

Zibo 2017/12/2 4.24 39.83 15.15 17.55 6.15 

2017/12/27 3.86 28.13 10.70 14.33 5.40 

2017/12/28 7.64 43.88 24.05 20.98 15.53 

Shijiazhuang 2019/1/1 6.40 20.01 10.79 41.46 8.15 

2019/1/3 8.32 36.90 18.46 42.91 9.79 

2019/1/4 4.89 18.48 8.28 30.39 7.81 
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2019/1/9 6.67 10.90 5.93 24.11 6.02 

2019/1/12 9.14 47.45 48.11 59.59 12.08 

Tianjin 2019/1/4 0.44 1.44 1.04 3.34 0.93 

2019/1/6 4.33 9.16 2.48 13.51 4.96 

2019/1/7 0.44 1.60 0.98 5.09 1.15 

Dezhou 2017/12/29 5.47 54.69 33.50 19.29 5.34 

2018/11/26 3.40 71.33 25.76 30.35 10.83 

2019/1/2 7.30 32.55 11.84 29.34 7.86 

Jinan 2017/12/1 2.64 44.53 15.43 20.28 6.83 

2017/12/27 2.79 27.52 9.79 15.04 9.44 

2018/12/31 2.53 13.30 5.08 10.67 3.97 

2019/1/3 3.25 57.06 17.96 27.69 9.32 

Handan 2017/12/2 15.01 62.10 32.73 40.35 13.03 

2017/12/27 12.31 43.06 26.45 23.21 37.31 

2017/12/30 5.76 11.95 14.31 23.23 7.66 

2019/1/2 8.36 27.17 12.12 32.62 5.90 

2019/1/5 3.86 5.61 2.62 12.11 2.54 

a All chemical components are measured in Õg m-3. b ND: not detectable. 

Regarding the sampling at Qingdao, ambient PM2.5 samples were systematically 

collected using a Tisch Environmental high-volume sampler (TE-6070VXZ-2.5-HVS), 

which operated at a flow rate of 1130 Lpm. The 20.3 cm Ĭ 25.4 cm quartz filters used 

in the sampling were pre-fired. Sampling sessions typically commenced between 8:00 

and 8:35 AM local time and concluded the following day between 8:00 and 9:05 AM. 

This sampling regimen was executed from December 3 to 17 and from December 21 to 

28, at a location approximately 20 meters north of the ToF-CIMS inlet. To ensure the 
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integrity of the data, blank samples were also prepared using the same procedures but 

without drawing air through the filter substrate. Detailed information about the 

sampling is cataloged in Table 3.4.  

Table 3.4 Sampling information of routine PM2.5 samples at Qingdao. 

Sample 

No. 

Start time Stop time Aerosol 

loading (mg) 

Filter cut 

area (cm2) 

1 2022/12/3 8:30 2022/12/4 7:50 65.9 4.21 

2 2022/12/4 8:33 2022/12/5 7:50 25.4 10.52 

3 2022/12/5 8:05 2022/12/6 7:57 62.9 4.21 

4 2022/12/6 8:08 2022/12/7 7:58 133.2 2.10 

5 2022/12/7 8:25 2022/12/8 7:45 176.9 1.58 

6 2022/12/8 8:00 2022/12/9 8:00 205.3 1.58 

7 2022/12/9 8:25 2022/12/10 8:17 112.3 2.63 

8 2022/12/10 8:31 2022/12/11 8:14 92.8 3.16 

9 2022/12/11 8:30 2022/12/12 8:11 50.6 5.26 

10 2022/12/12 8:25 2022/12/13 8:08 114.9 2.63 

11 2022/12/13 8:17 2022/12/14 8:23 56.8 4.73 

12 2022/12/14 8:29 2022/12/15 8:12 40.5 6.31 

13 2022/12/15 8:20 2022/12/16 8:12 47.9 5.26 

14 2022/12/16 8:22 2022/12/17 8:19 34.8 7.36 

15 2022/12/17 8:24 2022/12/18 8:19 26.4 9.99 

16 2022/12/21 8:27 2022/12/22 8:11 33.9 7.89 

17 2022/12/22 8:22 2022/12/23 8:25 22.4 11.57 

18 2022/12/23 8:35 2022/12/24 9:02 26.9 9.47 

19 2022/12/24 9:10 2022/12/25 8:22 34.0 7.89 
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20 2022/12/25 8:32 2022/12/26 8:05 48.6 5.26 

21 2022/12/26 8:15 2022/12/27 8:10 93.5 3.16 

22 2022/12/27 8:20 2022/12/28 8:06 80.5 3.16 

23 2022/12/28 8:16 2022/12/29 9:05 86.9 3.16 

 

3.2.2.2 Shadow-Effect Experiment Sampling 

To investigate the ñshadow effectò in HONO production from particulate nitrate 

photolysis, we designed a special parallel filter sampling experiment. This experiment 

was conducted in winter 2022 at the Qingdao Blue Silicon Valley site (the same location 

as the Br2 observation), using two samplers to collect filter samples with identical 

composition but different loadings (particle layer thickness) during the same time 

period. Specifically, one high-volume sampler (Tisch Environmental TE-6070VXZ-

2.5-HVS) drew air at 1130 L/min through a large 20.3 Ĭ 25.4 cm2 quartz filter, while a 

medium-flow sampler (TH-150D II) drew air at 100 L/min (Test A) or 50 L/min (Test 

B) through a 150 mm diameter filter. By controlling the sampling durations (3 hours, 6 

hours, and 18 hours respectively), we obtained three sets of filter samples with different 

particulate loadings (Figure 3.3). In each set of parallel samples, the start and end times 

were the same for both samplers, ensuring that the collected particle composition was 

identical and only the particle layer thickness differed. All filters were frozen 

immediately after collection and subsequently cut to appropriate sizes as required for 

the experiments. This parallel sampling design provided the basis for the laboratory 

photolysis experiments. In subsequent irradiation tests, differences in HONO 

production rates between filters of different loadings could be used to quantify the 

attenuation of light transmission within the filter (the ñshadow effectò). 
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Figure 3.3 Sampling settings of the shadow effect experiment. AH denotes the sample 

obtained at a higher flow rate (1130 Lpm) and AL indicates a lower flow rate (100 Lpm). 

The labels ñBHò and ñBLò follow a similar nomenclature. 

3.2.3 Laboratory Photochemical Experiments 

To simulate the photochemical formation processes of aerosols in the atmosphere, 

we conducted dynamic photochemical chamber experiments in the laboratory. A 

reaction chamber made of TFE Teflon (25 cm (L) Ĭ 15 cm (W) Ĭ 4 cm (H)) was used, 

with a transparent Teflon film covering the top as a window for light. A quartz petri dish 

(35 mm diameter, 7 mm height) was placed at the center of the chamber to hold the 

aerosol sample to be tested. For the HCOOH production experiments, aerosol filter 

samples collected from the field were used. For the HONO production experiments, the 

samples consisted of NCP filter samples as well as filters with varying loadings 

collected in Qingdao. A high-pressure xenon lamp was used as the light source to 

simulate solar radiation. The xenon lampôs spectral characteristics are close to sunlight: 

its output in the 300ï326 nm range is slightly lower than the standard solar AM1.5 

spectrum, while in the 326ï420 nm range it is slightly higher (Figure 3.4). Overall, the 

xenon lamp provides a continuous spectrum covering the UVïvisible range, capable of 

inducing photochemical reactions on the particle samples. 
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Figure 3.4 Irradiation spectrum of the xenon lamp used and the absorption cross-

sections of HONO (IUPAC; http://iupac.pole-ether.fr/index.html) and aqueous nitrate 

(Chu & Anastasio, 2003). 

During the experiments, we controlled the temperature and humidity in the 

chamber to mimic the environmental conditions of the corresponding field site. For 

example, when simulating daytime coastal conditions in Hong Kong, the chamber was 

maintained at ~28ÁC with 70% relative humidity; when simulating North China winter 

conditions, the chamber temperature was lowered to 5 ÁC (by an ice bath) with ~50% 

relative humidity. Before each irradiation experiment, zero air was flushed into the 

chamber and the xenon lamp was turned on for at least 10 minutes to measure the 

baseline concentration of the target gas in the chamber. Then the filter sample to be 

tested was placed in the petri dish, the chamber sealed, and the production of the target 

product (such as HONO or HCOOH) under illumination was recorded. To better 

approximate the real atmosphere, in some experiments after a period of illumination, a 

certain concentration of ozone (e.g., 100 ppb or 40 ppb) was introduced into the 
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chamber using a dynamic gas calibrator. Ozone is an important atmospheric oxidant 

that can promote secondary reactions on particle surfaces. After introducing ozone, an 

O3 analyzer connected to the chamber outlet monitored the O3 concentration to ensure 

it remained at the target level. In addition, we used optical filters on the xenon lamp to 

selectively cut certain wavelength ranges (for example, adding an AM1.5 filter to 

remove wavelengths <360 nm, and a 300ï800 nm band-pass filter) to examine the 

wavelength dependence of the photolysis reactions. By comparing the product 

generation rates with and without these filters, we could determine which wavelength 

bands most effectively produce the target gas, thereby inferring the spectral 

characteristics of the relevant reaction. 

 

Figure 3.5 Schematic diagram of the photochemical aging experimental setup in study 

of HONO. MFC represents the mass flow controller. 

The average rate of production (ppb s-1) of HCOOH (PHCOOH) during the 1-h 

irradiation was calculated by Eq. 1: 

Eq. 1 0 ᷿ # # ÄÔ Ⱦφπ 

where Q is the carrier gas flow rate (4 L min-1); V is the reactor chamber volume (1.875 

L); and CHCOOH and CHCOOH-bkg (ppb) are the concentrations of HCOOH in the chamber 

after and before adding the sample, respectively. The photolytic loss of HCOOH was 

ignored, as the cross-section of HCOOH was beyond the spectral range of the Xe lamp 
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(Burkholder et al., 2020). 

In the HONO production experiments, we quantitatively evaluated the photolysis 

rate constant of particulate nitrate in generating HONO. By measuring the increase in 

HONO concentration inside the chamber over a fixed period and using the known 

chamber volume, carrier gas flow rate, and HONOôs self-photolysis rate, we calculated 

the average HONO production rate (PHONO), as shown in Eq. 2.  

Eq. 2 ὖ Ὦ ρπ ᷿ ὅ ὅ Äὸ 

where F is the flow rate of the carrier gas (L minī1); jHONO (0.00517 s
ī1) is the photolysis 

rate constant of HONO under the irradiation of the xenon lamp at a 15-cm height; V is 

the volume of the reactor chamber (L); Vm (22.8 L mol
ī1) is the molar volume of gas at 

5  and 1 atm; t is the duration of the irradiation, for which we used 15 min for 

consistency with previous studies (Bao et al., 2018; Ye et al., 2017); and CHONO and 

CHONO-bkg (ppb) are the mixing ratios of HONO in the chamber after and before adding 

the sample. 

By dividing PHONO by the total moles of nitrate in the particulate sample involved 

in the reaction, we obtained the apparent photolysis rate constant for particulate nitrate 

producing HONO, Ὦ ᴼ  . Because of differences between the experimental 

light source and actual sunlight intensity, we normalized the calculated rate constants 

to tropical noontime sunlight conditions (solar zenith angle ɗ = 0Á) (Eq. 3).  

Eq. 3 Ὦ ᴼ
Ȣ

 

where ὲ  (mol) is the amount of nitrate in the PM2.5 sample; and jexp (s
ī1) is the 

photolysis rate constant of aqueous nitrate, with quantum yield equal to 1, under xenon 

lamp irradiation. Here, jexp was calculated as 8.85 Ĭ 10
ī6 sī1. 

The photolysis rate constant of HONO and nitrate was calculated by Eq. 4. 
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Eq. 4 Ὦ ή᷿ʇ„ʇὍʇÄʇ 

where q(ɚ) is the quantum yield at wavelength ɚ (nm); ů(ɚ) is the cross-section at 

wavelength ɚ; I(ɚ) is the flux of xenon lamp at wavelength ɚ. The flux of the xenon 

lamp at wavelength ɚ was determined by converting the irradiation energy spectra of 

the lamp (Figure 3.4) to photon flux using Planck's equation. The values of q(ɚ) and 

ů(ɚ) of HONO was obtained from the recommended value provided by IUPAC at 278 

K (http://iupac.pole-ether.fr/index.html). The q(ɚ) and ů(ɚ) of aqueous nitrate were 

derived from Chu & Anastasio (2003). It should be noted that the spectrum of aqueous 

nitrate photolysis should be different from particulate nitrate photolysis, resulting in 

some uncertainty when extrapolating to the ambient conditions. 

To quantify the shadow effect, we introduced the parameter ñlight efficiencyò (LE), 

which describes the efficiency of lightôs penetration of the particles (Eq. 5). 

Eq. 5 ὒὉ  
Ⱦ

Ⱦ
ρππϷ

ᴼ

ᴼ
ρππϷ 

where the suffixes H and L represent filters with higher loadings and lower loadings of 

particles in each pair of comparative experiments, respectively. 

For the Ὦ ᴼ   values obtained from the different filter-loading 

experiments, we corrected for the ñshadow effectò by extrapolating to the case of single-

layer thickness. After applying this correction, the photolysis rate constants more 

accurately represent the reaction efficiency for single-layer particles and were 

subsequently used in atmospheric model simulations. 

3.3 Instruments and Measurement Methods 

3.3.1 Trace Gas Detection 

The concentrations of target gases observed in the field and produced in the 

laboratory were measured using an iodide ion chemical ionization time-of-flight mass 
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spectrometer (I-ToF-CIMS, Aerodyne Research). This instrument utilizes chemical 

ionization and offers high sensitivity for trace acidic gases. It uses I  as the reagent 

species, generated by introducing CH3I into a N2 carrier gas that passes through an 

ionizer containing either a 210Po radioactive source or a vacuum UV lamp. This process 

produces iodide anions and iodide-water cluster ions. These iodide ions undergo 

association reactions with the target molecules in the ionization region, forming 

characteristic adduct ions. For example, HCOOH combines with I  to produce 

I(HCOOH), which appears as a mass/charge (m/z) 172.910 signal peak in the mass 

spectrum. HONO is detected as the I(HONO) adduct, corresponding to m/z 173.905 

(Figure 3.6). For halogen molecules Br2 and Cl2, iodide adduct ions are also formed and 

can be identified based on their distinctive isotope patterns (Figure 3.7).  

 

Figure 3.6 An example of CIMS average mass spectrum of gases emitted from a filter 

sample under illumination (Dezhou 2019.01.02). 
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Figure 3.7 Isotopic abundance ratios of dihalogen species observed on December 28, 

2022, provided as a representative example for the entire campaign. 

To ensure measurement accuracy, we carried out rigorous calibration and 

background correction of the mass spectrometer. Zero air was periodically introduced 

to determine the baseline noise level, while standard gases of known concentrations 

were employed to calibrate the instrument sensitivity. For HCOOH, calibration was 

performed using a permeation tube standard gas (KIN-TEK, permeation rate 90.87 

ng/min), with multiple calibration runs conducted both in the field and in the laboratory 

to ensure stable sensitivity. The results showed that the instrumentôs sensitivity to 

HCOOH varies with humidity (water vapor competes with iodide ions, affecting 

detection sensitivity) (Figure 3.8a), but at a fixed humidity the response to HCOOH 

was stable, with sensitivity drifting less than 5% over the entire field observation period. 

For HONO, we used a commercial HONO generator (QUMA, Model QS-03) to 

produce a stable concentration of HONO via the reaction of aqueous NaNO2 with 

sulfuric acid in a temperature-controlled reactor. The output, with purity >98% and 

accuracy better than Ñ10%, was split into two streams sent to the ToF-CIMS and a Long 

Path Absorption Photometer (LOPAP) simultaneously. The pre-calibrated LOPAP 

provided accurate HONO concentrations, which were then used to back-calculate the 
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sensitivity of the ToF-CIMS. The calibration results showed that at relative humidity 

21.4%ï48.1%, the ToF-CIMS sensitivity to HONO ranged from 3.07 to 1.42 counts per 

second (cps)/ppt, and decreased with increasing humidity (Figure 3.8b). The instrument 

background for the HONO channel was about 48.6 ppt. In the Qingdao bromine 

observation, due to strict regulations in mainland China on radioactive sources, we 

replaced the ion source of the mass spectrometer with a vacuum UV (Kr) lamp instead 

of the 210Po source, while keeping the rest of the ionization setup the same as in our 

previous studies. Through high-resolution mass peak fitting and comparison with 

natural isotope ratios, we confirmed the correct identification of the halogen ion signals 

in the mass spectra (Figure 3.9). The sensitivity of Br2, Cl2 are 9.38, 7.53 cps/ppt, 

respectively. Although sensitivity can vary with humidity at low water vapor pressures 

in the ion-molecule reaction chamber (PH2O,IMR), previous studies have shown that it 

stabilizes when PH2O,IMR exceeds 0.4 mbar. During the field campaign, PH2O,IMR was 

generally maintained above 0.4 mbar by humidifying the nitrogen flow through the Po 

source. Therefore, the sensitivity of Br2 and Cl2 were minimally influenced by RH 

under our experimental conditions. All sensitivities reported in this thesis have been 

normalized to a total ion count (TIC) of 1,000,000 cps. 

The ToF-CIMS was positioned within an air-conditioned shelter, maintaining an 

indoor temperature of 25ï28ÁC. A 0.5-meter long perfluoroalkoxy (PFA) Teflon tube 

with an outer diameter of 1/2 inch was used as the sampling tube. The inlet of this tube 

was located on the shelter's sidewall, about 1.5 meters above ground level. To ensure 

laminar flow within the sampling tube, a flow rate of 25 Lpm was maintained, resulting 

in a residence time of approximately 0.1 seconds in the tube. The ToF-CIMS drew about 

2 Lpm of sample air, with the excess airflow being vented. The IMR pressure of the 

ToF-CIMS was maintained at 100 mbar during operation. To minimize potential inlet 

artifacts, the sampling tube was routinely replaced every two days. A specific 
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investigation into possible inlet artifacts was conducted by introducing known 

concentrations of target trace gas into a previously used sampling inlet. The 

concentrations were all corrected by the loss percentage caused by inlet artifacts. 

 

Figure 3.8 The sensitivity of ToF-CIMS to (a) HCOOH and (b) HONO measurements 

as a function of absolute humidity (AH). Black dots are the sensitivities directly 

measured. Red dots are the calculated sensitivities by the fitted equation. The red line 

is the fitted curve. 

 

Figure 3.9 Example of the average CIMS spectrum at a nominal mass of 287 from 1:30 
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a.m. to 3:30 a.m. local time on December 28, 2022. 

3.3.2 Particulate Chemical Composition Analysis 

For the collected particulate filter samples, we applied a combination of ion 

chromatography (IC) and ultra-high-performance liquid chromatographyïOrbitrap 

high-resolution mass spectrometry (UHPLCïOrbitrap MS) to quantify inorganic and 

organic components. 

3.3.2.1 Inorganic Components Analysis 

A portion of each filter sample was ultrasonically extracted in deionized water to 

dissolve water-soluble inorganic ions. The extract was filtered through a 0.45 Õm 

membrane and then analyzed by IC to measure cation and anion concentrations. The 

main inorganic ions of interest in this study include cations (Na , NH4, K , MgĮ , CaĮ ) 

and anions (Cl , NO3, SO4Į ). Nitrate (NO3) concentration is used to calculate the 

photolysis rate constant for HONO production; ions like NH4 and SO4Į  together 

determine the ionic balance of the aerosol liquid phase and are critical for subsequent 

pH calculations. All IC analyses were calibrated with multi-point standard curves, and 

blank filter extracts were used to subtract background, to ensure data reliability. 

3.3.2.2 Organic Components Analysis 

For the PM2.5 filters from the Qingdao site, we further employed Orbitrap high-

resolution MS to analyze the organic compounds present. First, about 600 Õg of 

particulate matter (filter area 1.58ï11.57 cmĮ) from each filter was extracted in 3 mL of 

methanol in an ultrasonic bath for 30 minutes, repeated three times to maximize 

recovery of organics. The extracts were combined, filtered through a 0.2 Õm PTFE 

membrane to remove insoluble particles, then evaporated to dryness under a stream of 

nitrogen, and finally re-dissolved in 500 ÕL of methanol. The extract was separated 

using an UHPLC system (Dionex UltiMate 3000, ThermoFisher Scientific) and then 
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introduced into a high-resolution mass spectrometer (Orbitrap IQ-X, ThermoFisher 

Scientific) for detection. Chromatographic separation was conducted on an ACQUITY 

UHPLC BEH C18 analytical column (2.1 Ĭ 100 mm, 1.7-Õm particle size, Waters 

Corporation, Milford, MA). A binary gradient elution was applied at a flow rate of 0.3 

mL min-1, with mobile phase A of 0.1% HCOOH in water and mobile phase B of 0.1% 

HCOOH in acetonitrile. A gradient elution was performed as follows: 0ï3 min, 30%ï

60% mobile phase B; 3ï8 min, 60%ï99% mobile phase B; 8ï12 min, held at 99% 

mobile phase B; 12ï12.1 min, 98%ï30% mobile phase B; and held at 30% mobile 

phase B for 3 min. The total runtime was 15 min. The injection volume was 3 ɛL. The 

Orbitrap IQ-X mass spectrometer was equipped with an electrospray ionization (ESI) 

source. Mass spectra of all samples were acquired in both ESI (-) and ESI (+) modes in 

the mass range between m/z 40 and 1200 with a resolving power of 120,000 for MS 

and a resolving power of 30,000 for data-dependent MS/MS mode. 

The chemical formulas of the ions were assigned with the molecular formula 

calculator in Compounds Discoverer software v3.3 using a mass tolerance of Ñ 5 ppm. 

A threshold intensity value of 1 Ĭ 105 arbitrary was applied to all measurements. The 

molecular formulas were presented as CcHhOoNnSsClxBry, where c,h,o,n,s,x,y was the 

number of carbon, hydrogen, oxygen, nitrogen, sulfur, chloride and bromine atoms, 

respectively. The formulas were calculated with c Ò. 50, h Ò 200, o Ò 50, n Ò 7, s Ò 4, x 

Ò 4 and y Ò 4. In ESI+ mode, 0-1 of Na atom was considered in the formula assignment. 

To eliminate the chemically unreasonable formulas, the identified formulas were 

constrained by setting 0.3 Ò H/C Ò 3.0, 0.0 Ò O/C Ò 3.0, 0.0 Ò N/C Ò 1.3, 0.0 Ò S/C Ò 

0.8, 0.0 Ò Cl/C Ò 0.8 and 0.0 Ò Br/C Ò 0.8. The resulting neutral formulas with a non-

integer or negative double bond equivalent (DBE) or elemental composition which 

disobey the nitrogen rule for even electron ions were also removed. The DBE value was 

calculated as (2c + 2 ï h ï x ï y + n)/2. The compounds in samples were compared to 



69 

 

those in blanks, and only compounds with a sample-to-blank abundance ratio Ó10 were 

retained for further data analysis. Subsequently, the abundance of the retained 

compounds in blanks was subtracted from their abundance in samples. The collected 

MS and MS/MS spectra were submitted to the Compound Discoverer software (v3.3, 

ThermoFisher Scientific) for further comparison with online databases, including 

mzCloud, ChemSpider, MassBank, and NIST, to infer potential chemical structures. 

The resulting list of organic compounds and their abundances was then used to perform 

statistical correlation analysis with Br2 concentrations, in order to screen for signature 

compounds that might be associated with bromine emission sources.  

3.4 Data Analysis Methods 

3.4.1 Air Mass Back-Trajectories and Classification 

In the field observation study, we analyzed the origins of air masses during the 

sampling period using the Hybrid Single-Particle Lagrangian Integrated Trajectory 

(HYSPLIT) model. Utilizing the NOAA HYSPLIT back-trajectory model, 24-hour air 

mass backward trajectories arriving at the observation site were calculated every hour. 

The model was driven by the Global Data Assimilation System (GDAS) 1ÁĬ1Á 

reanalysis data, with the site coordinates set to 22.21ÁN, 114.25ÁE for Hong Kong and 

an ending height of 60 m. Based on the underlying surface type and source regions 

traversed by the trajectories, we broadly categorized the air masses during the 

observation into two types: ñmarine air massesò and ñcoastal air massesò. The clean 

marine air masses originating from the South China Sea were characterized by long-

range transport over the ocean, whereas the coastal air masses came from eastern China 

and carried higher levels of continental pollutants. By comparing the observed pollutant 

concentrations under these two air mass categories, we could preliminarily assess the 

influence of regional pollution transport versus local emissions on the levels of the 
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target species. In addition, we identified a special ñhaze periodò scenario by combining 

the air mass analysis with meteorological observations (e.g., low wind, stagnant 

conditions). During this period, the site experienced a transition from marine to coastal 

air mass under poor dispersion conditions, representing a case of extreme pollution 

buildup (Figure 3.10). This scenario-based categorization provided a clear basis for 

subsequent results analysis. 

 

Figure 3.10 The 24-h backward trajectories of different kinds of air masses during the 



71 

 

field campaign including (a) the marine air masses occurred during 16ï26 August and 

11ï23 September except 12, 15, and 16 September, (b) the haze period occurred from 

24 September to 2 October and (c) the coastal air masses occurred during 4ï31 October. 

The color of the line deepens over time. 

3.4.2 Aerosol Liquid-Phase Acidity Calculation 

To evaluate the liquid water content and acidity of particulate matter, we used the 

Extended Aerosol Inorganics Model IV (E-AIM IV) to perform thermodynamic 

calculations on the observed inorganic ion data. E-AIM is a well-established 

thermodynamic equilibrium model for atmospheric aerosols. In this study, we utilized 

its online batch mode by inputting the hourly observed molar concentrations of major 

PM2.5 inorganic components (NH4, Na , K , MgĮ , CaĮ , Cl , NO3, SO4Į ), along with 

gas-phase ammonia (NH3) concentration, ambient temperature, and relative humidity. 

The model assumes no significant cations/anions other than those measured, and it 

accounts for water dissociation and phase equilibrium. In the model runs, we forced all 

ammonium, nitrate, sulfate, and chloride to remain in the particle phase (setting model 

parameters p, q, r, s = 3), not allowing them to volatilize into corresponding gases. This 

ensured that the modeled particle-phase composition remained consistent with the 

observation inputs. The model outputs included the aerosol water content (AWC) and 

pH. Here, pH is determined by the activity of hydrogen ions in the liquid phase, 

calculated as the negative logarithm of the molar concentration of H  in solution. This 

result helped us assess the influence of particle acidity on the target reactions. For 

example, in the HONO production study, pH is one of the key factors determining the 

photolysis efficiency of particulate nitrate, and the E-AIM model provided a 

quantitative estimate of pH under the observed conditions. 

3.4.3 Photochemical Box Model Simulations 
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Based on the observations and experimental results, a zero-dimensional 

atmospheric photochemical box model was constructed and applied to evaluate the 

contributions of different chemical processes. The model is based on the open-source 

Framework for 0-D Atmospheric Modeling (F0AM) platform, combined with the 

complete Master Chemical Mechanism (MCM v3.3.1) for atmospheric chemistry. We 

extended and configured the model according to our specific research objectives. 

3.4.3.1 Formic Acid Formation Simulation 

In the Hong Kong coastal site study, the model focused on assessing the 

contribution of aerosol photochemical aging to the production of atmospheric HCOOH. 

In addition to the default gas-phase chemistry of MCM, we incorporated potential 

secondary sources of HCOOH based on literature. These included: (1) increasing the 

yield of HCOOH from alkene ozonolysis, and (2) adding other potential HCOOH 

formation pathways (such as the oxidation of vinyl alcohol, photochemical 

isomerization of vinyl alcohol, and reactions of formaldehyde with radicals). These 

modifications were made based on the scheme of Yuan et al. (2015) and more recent 

findings. The primary local sources of HCOOH at this site were identified as ship and 

biogenic emissions. However, the box model utilized in this study did not include the 

contribution of ship emissions. This omission was due to the prevailing continental 

outflows during the modeling period, which are unfavorable for transporting HCOOH 

from ship emissions to the site, as indicated by the relatively low concentrations of NOx 

observed at this time. To estimate the biogenic emissions, the algorithm from the Model 

of Emissions of Gases and Aerosols from Nature version 2.1 (MEGAN v2.1) (A. B. 

Guenther et al., 2012) was employed, with the assumption of instantaneous dilution 

throughout the entire box. It is important to note that this method may introduce certain 

uncertainties in accurately estimating biogenic emissions at a specific location. The 

model employed in this study did not account for the downward transport of HCOOH 
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produced in clouds through a newly proposed multiphase pathway (Franco et al., 2021). 

This limitation stemmed from the model's inability to assess contributions from vertical 

mixing and aqueous phase chemistry, essential factors for accurately modeling the 

transport and transformation of HCOOH in the atmosphere. 

Two main types of model simulation were conducted: one that computed an 

average diurnal cycle over the entire observation period (for comparison with observed 

mean diurnal patterns), and another that simulated day-by-day conditions over a two-

week focus period in late September to early October (to evaluate daytime HCOOH 

accumulation under specific weather conditions). In each simulation, the model was 

run through multiple consecutive day-night cycles to allow intermediate products to 

reach steady state, and then the results from the final day were output for analysis. For 

physical processes, the dilution due to boundary layer mixing was simplified as a first-

order loss with a rate of 1/86400 s1 (equivalent to a one-day timescale). Dry deposition 

was calculated based on species-specific deposition velocities and boundary layer 

height; for HCOOH, a deposition velocity of 1 cm s1 was used. No rainfall occurred 

during the observation period, so wet deposition was not considered. 

For model inputs, we constrained the model with all observed concentrations of 

relevant species and meteorological parameters. Trace gas data (including O3, NO, NO2, 

CO and SO2) along with measurements from ToF-CIMS (including HONO and N2O5) 

were consolidated into one-hour averages. Linear interpolation was utilized to address 

missing values in VOC species. Missing JNO2 data was supplemented with values 

derived from the Tropospheric Ultraviolet and Visible (TUV) Radiation Model 

(https://www2.acom.ucar.edu/modeling/tropospheric-ultraviolet-and-visible-tuv-

radiation-model) and adjusted to align with observed JNO2 levels. During most of the 

model period, OVOCs data were unavailable; thus, the model operated on observed 

VOC concentrations across three iterations to ensure stability of the generated 

https://www2.acom.ucar.edu/modeling/tropospheric-ultraviolet-and-visible-tuv-radiation-model
https://www2.acom.ucar.edu/modeling/tropospheric-ultraviolet-and-visible-tuv-radiation-model
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intermediate species, assuming that the resulting OVOC concentrations mirrored 

ambient levels. We evaluated the modeled versus measured HCOOH concentrations on 

September 28, when ambient OVOC data were accessible (Figure 3.11), and 

determined that the discrepancies from using modeled OVOC values were minimal. 

Methane levels were held constant at 2000 ppb, as noted by Peng et al., (2022), due to 

the absence of direct measurements. Settings in the model were adjusted such that 

"ModelOptions.EndPointsOnly" was set to "1" to capture only the final data point of 

each computational step, and "ModelOptions.LinkSteps" was set to "1" to ensure 

continuity of unbounded species between steps. The integration time for each step was 

defined as 3600 seconds under "ModelOptions.IntTime". Conservation across chemical 

families was not employed in this modeling effort. For further details, refer to the 

foundational F0AM framework described in Wolfe et al. (2016). 

 

Figure 3.11 Comparison of simulated HCOOH concentration on 28 September using 

measured and simulated OVOCs values. 

  The biogenic emissions of HCOOH were calculated using Eq. 6.  
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Eq. 6 Ὁ ‐,!)‎‎ 

where E is the biogenic emission of HCOOH (Õg m-2 h-1); Ů is the emission factor under 

standard environmental conditions (30 Õg m-2 h-1, Paulot et al. 2011); LAI is the leaf 

area index (3.65 m2 m-2, Myneni et al., 2021); ɾ and ɾ are the emission activity 

factors accounting for variability in light and temperature. In particular, ɾ  was 

calculated using the PCEEA algorithm described by Guenther et al. (2006) and ɾ was 

calculated following Paulot et al. (2011). 

3.4.3.2 Reactive Bromine Impact Simulation 

In the Qingdao bromine observation study, the model was used to evaluate the 

impact of the observed Br2 emissions. Considering the special chemistry of bromine, 

we added a halogen chemistry reaction set (developed in our previous research) to the 

MCM (M. Xia et al., 2022). The model simulation selected December 23 (a day with 

persistently high Br2) as a representative case. In this simulation, the observed 

concentrations of halogen species (Br2, Cl2, etc.) and related trace gases were input with 

a 10-minute time resolution. The model was run for three consecutive daily cycles, to 

ensure that halogen radicals and other intermediates reached steady state, before 

extracting the final results for analysis. By comparing model predictions with and 

without Br2 input, we quantitatively assessed the contribution of this Br2 emission 

pathway to early-morning O3, radical levels and oxidation of VOCs. 

Model simulations provided strong support for interpreting the observations. For 

example, in the HCOOH study, by designing different scenarios (such as with or 

without the aerosol photochemical source), we quantified the contribution of each 

source to HCOOH, thereby improving our understanding of the origins of HCOOH. In 

the halogen study, the model results helped determine the potential extent to which 

nighttime Br2 emissions could enhance morning oxidant formation. It should be noted 
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that a 0-D box model assumes the study region is a well-mixed box with no vertical 

transport, which to some extent limits the description of processes that strongly depend 

on boundary layer dynamics. Nevertheless, by integrating the model with field 

observations, we were able to test the reasonableness of the assumptions and discuss 

processes not included in the model. 

3.5 Summary of Chapter 3 

In summary, this chapter has detailed the diverse methods employed in this 

research, including field observation plans, filter sampling strategies, laboratory 

simulation setups, analytical instruments, as well as modeling and statistical analysis 

tools. Through a rigorous research design and justified assumptions, these methods 

complement each other and provide a solid foundation for the discussions in subsequent 

chapters regarding the sources and formation mechanisms of atmospheric HCOOH, 

HONO, and Br2.  
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4 HCOOH Production from 

Photochemical Aging of Aerosols  

4.1 Field Measurements of HCOOH Concentrations 

The field observations revealed distinct patterns in HCOOH associated with 

different air mass origins. During the campaign, two dominant air mass types were 

encountered: an initial period of marine air masses followed by coastal air masses 

influenced by continental outflows. Marine air was characterized by high humidity and 

temperature (T = 29.4 , RH = 86%) with low ozone (O3 ~15 ppb) and elevated NOx 

(~6 ppb) due to nearby shipping emissions, whereas the later coastal air brought lower 

humidity/temperature (T = 25.7 , RH = 77%) with much higher O3 (~54 ppb) and 

depleted NOx (~2 ppb) reflecting aged, polluted continental influence. A transitional 

haze episode (24 Sep ï 2 Oct) marked the shift from marine to stagnant coastal 

conditions, during which O3 built up over several days and peaked on 29 September. 

These differing regimes had a pronounced impact on HCOOH levels, so data were 

stratified into three periods (marine, coastal, and haze) for analysis. 

Ambient HCOOH concentrations varied significantly across these periods (Figure 

4.1). In marine air, HCOOH averaged 191 ± 167 ppt, higher than remote open-ocean 

background values but much lower than typical urban levels (Table 4.1). By contrast, 

coastal air masses contained substantially more HCOOH, averaging 996 ± 433 ppt, 

comparable to observations at rural/urban background sites in other regions. During the 

stagnant haze period, HCOOH accumulated to even greater levels (daytime maxima 

rising from ~0.67 ppb up to 2.79 ppb as the haze progressed) in step with the increasing 

O3 concentrations. These values are in line with the upper range of HCOOH reported 

in polluted atmospheres worldwide.  
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Figure 4.1 Times series of temperature (T); relative humidity (RH); nitrogen dioxide 

photolysis frequency (jNO2); concentrations of ozone (O3), nitrogen oxides (NOx), and 

formic acid (HCOOH); and surface area density (SA) during the field campaign. No 

data were collected from August 29 to September 10 due to the persistently clean 

weather conditions, which were similar to those during the initial stage of the campaign. 

The gap in data collection from October 8 to October 17 was due to a rainstorm. Any 

other short gaps were caused by instrument maintenance. 

Table 4.1 Summary of worldwide field-observed formic acid (HCOOH) concentrations 

Location Type Time HCOOH (ppb) Reference 

Pasadena, USA urban 2010.06-07 2.0 ± 1.0  (Yuan et al., 2015) 

Kensington, 

London 

urban 

background 

2012.01-02 

2012.07-08 

0.63 (winter) 

1.33 (summer) 

(Bannan et al., 2017) 

Shanghai, China suburban 2017.06.18-12.23 2.08 ± 1.89 (Xu et al., 2020) 

Yorkville, USA rural 2016.08.15-10.13 1.17 ± 0.85 (Nah et al., 2018) 

North Pacific marine 2008.07.29-08.19 30 ± 39.8 ppt (Miyazaki et al., 2014) 

Pacific and 

Atlantic 

marine  2017.09-10 

2018.04-05 

< 0.1 (Chen et al., 2021) 

Colorado, USA forest 2016.02.01-03.01 55 ± 57 ppt (winter) (Fulgham et al., 2019) 
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2016.04.15-05.15 

2016.07.15-08.15 

2016.10.01-11.01 

30 ± 24 ppt (spring) 

1.2 ± 0.91 (summer) 

0.81 ± 0.48 (autumn) 

Alabama, USA deciduous 

forest 

2013.06-07 2.5 (peak average 

daytime) 

(Millet et al., 2015) 

Hong Kong, 

China 

coastal 2021.08.13-10.31 0.58 ± 0.53 This study 

A pronounced diurnal cycle in HCOOH was evident throughout the campaign, 

consistent with HCOOH being a photochemical product. As shown in Figure 4.2, 

HCOOH concentrations increased sharply after sunrise each day, peaked in the early 

afternoon (~13:00 local time), then declined to a minimum at night. This pattern was 

observed in all air mass periods, though peak magnitudes differed (greatest during the 

polluted haze). The daytime build-up coincided with peak solar radiation and 

photochemistry (indicated jNO2), while the afternoon decay is attributable to reduced 

photochemical production coupled with a contracting boundary layer and depositional 

loss in the evening. Such diurnal behavior has been widely reported; for example, 

studies in in the southeastern U.S. (Millet et al., 2015) and eastern China (Yuan et al., 

2015) also found midday HCOOH maxima driven by photochemistry. The similarity 

the diurnal profile suggests a common daytime source regime for HCOOH across 

diverse locations. 
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Figure 4.2 Diurnal variation in the concentrations of formic acid (HCOOH) in different 

periods. (a) Diurnal cycle of HCOOH concentrations and frequency of nitrogen dioxide 

photolysis (jNO2) for the whole campaign; (b) and (c) diurnal cycle of HCOOH 

concentrations in marine and coastal air masses, respectively. The shading represents 

the standard deviations of the measurements. 

4.2 Correlation Analysis 

To elucidate HCOOH formation pathways, we examined correlations between 

HCOOH and co-measured species and parameters. Table 4.2 summarizes Pearson 

correlation coefficients (r) between HCOOH and select variables for the marine, coastal, 

and haze periods. A strong positive correlation emerged between HCOOH and HNO3 

in all periods, indicating that HCOOH and HNO3 were generated in tandem by 

photochemistry. HNO3 is a well-known secondary product of OH + NO2 reactions. Its 

close coupling with HCOOH thus implicates secondary photochemical production as 

the dominant HCOOH source at this site. Likewise, HCOOH showed a positive linear 

relationship with O3 concentrations, especially during the polluted phases, further 

supporting a secondary origin tied to photochemical oxidant formation. The co-

occurrence of elevated HCOOH and O3 during the daytime haze episode is 
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characteristic of oxidant-driven secondary formation. These correlation patterns mirror 

findings in other locations; for instance, in London, HCOOH exhibited higher levels in 

summer under high-O3 conditions (Bannan et al., 2017), and in the southeastern U.S., 

HCOOH correlated with photochemical age indicators (Millet et al., 2015). 

Table 4.2 Pearson correlation coefficient (r) matrix between the concentration of formic 

acid and other air pollutants, and related meteorological parameters, during three 

distinct periods. 

Parameter Coastal Haze Marine Parameter Coastal Haze Marine 

jNO2 0.41 0.58 0.65 Sa 0.73 0.68 -0.03 

T -0.27 0.70 0.72 Sa × NO3
ï 0.85 0.56 0.15 

RH -0.56 -0.51 -0.65 Sa × O3 0.83 0.74 0.31 

PM1 0.79 0.66 0.05 HNO3 0.75 0.59 0.69 

PM2.5 0.69 0.63 0.19 Clï -0.41 -0.44 0.09 

PM10 0.68 0.55 0.26 NO3
ï 0.67 -0.10 0.57 

HONO -0.03 0.26 -0.34 SO4
2ï 0.66 0.65 0.10 

CH3COOH 0.89 0.88 -0.27 Na+ -0.28 -0.50 0.37 

NO -0.12 0.44 0.13 NH4
+ 0.72 0.64 0.24 

NO2 -0.24 0.36 -0.39 K+ 0.53 0.32 0.15 

NOx -0.22 0.40 -0.27 Mg2+ -0.30 -0.38 0.47 

O3 0.69 0.65 0.68 Ca2+ -0.11 0.09 0.04 

SO2 0.64 0.66 0.41 HCl 0.18 0.51 0.55 

CO 0.63 0.51 0.13 isoprene 0.03 0.61 0.63 

NH3 0.37 0.46 0.16 benzene 0.63 0.55 0.05 

Notably, we found a robust relationship between HCOOH and particulate matter 

during polluted periods. In the coastal air mass and haze data, HCOOH correlated 
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strongly with fine particle metrics, particularly submicron particulate matter (PM1) and 

particle surface area (Sa). This was evidenced by high r values between HCOOH and 

PM1 concentration (as well as HCOOH vs. Sa density), suggesting that the presence of 

aerosol surfaces enhanced HCOOH production. Such a link had been hinted in previous 

studies. For example, Paulot et al. (2011) observed a notable HCOOHïaerosol 

correlation in aircraft data and posited that heterogeneous processes could form 

HCOOH. Our observations provide ambient confirmation of that hypothesis, showing 

that on days with heavier particulate loadings, considerably more HCOOH accumulated. 

In clean marine air, by contrast, HCOOH showed little correlation with aerosol metrics 

(owing to the very low particle concentrations), reinforcing that the aerosol-related 

source was negligible under those conditions. In addition, appreciable correlations were 

also found with PM2.5 and PM10 mass concentrations, indicating that bulk multiphase 

processes linked to particle volume or condensed organics may also contribute to 

HCOOH formation. 

To probe the role of heterogeneous chemistry, we performed a multiple correlation 

analysis combining oxidant and aerosol parameters. We found that the correlation of 

HCOOH with the product of Sa and O3 was higher than with O3 or Sa alone, and 

increased further when NO3
ï was included in the product term (Sa × O3 × NO3

ï). 

Specifically, in coastal air, the triply combined parameter yielded the strongest 

correlation with HCOOH (higher r than any single factor), as illustrated in Figure 4.3, 

whereas HCOOH had only moderate correlation with gas-phase O3 or particulate nitrate 

alone. This synergistic correlation implies that HCOOH formation was linked to 

interactions between oxidants (like O3 and likely OH from nitrate photolysis) and 

aerosol surfaces. In other words, HCOOH production was not simply due to gas-phase 

oxidation of VOCs by O3, but rather was driven by processes occurring on or within 

aerosol particles in the presence of both O3 and particulate nitrate. This finding provides 
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field-based evidence that heterogeneous/condensed-phase reactions on aerosols 

substantially contribute to HCOOH formation. The conceptual picture is that oxidants 

interact with organic material in the particle phase, producing HCOOH that then 

volatilizes. Overall, the correlation analysis strongly indicates that photochemical aging 

of aerosols was a key HCOOH source in the polluted air masses. 

 

Figure 4.3 Scatter plot of the concentration of formic acid (HCOOH) and (a) the 

concentration of ozone (O3); (b) the mass concentration of nitrate ions (NO3
ï) in PM2.5; 

(c) the surface area density (Sa) of PM1 (ɛm
2 cm-3); (d) the product of Sa and the 

concentration of O3; (e) the product of Sa and the concentration of NO3
ï; and (f) the 

product of Sa, the concentration of O3, and the concentration of NO3
ï in coastal air 

masses. 

4.3 Laboratory Experiments 

To directly verify the aerosol-induced production of HCOOH, we conducted 

controlled laboratory photochemical experiments using ambient particle samples. Filter 
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samples of PM2.5 collected from the site were irradiated in a chamber to simulate 

photochemical aging of aerosols under various conditions (see Chapter 3.2.3). Figure 

4.4a shows a representative time series of HCOOH concentration during a filter 

irradiation experiment. Upon turning on the UV lights, HCOOH was rapidly released 

from the sample, reaching a sharp first peak of ~11 ppb within ~3 minutes. This 

instantaneous appearance of high HCOOH confirms that real ambient aerosols, when 

exposed to actinic radiation, can produce HCOOH very efficiently. When the lights 

were turned off, HCOOH levels promptly dropped back to near-zero, indicating the 

HCOOH was produced via photochemical reactions. The HCOOH concentration 

showed a decay after the initial peak, suggesting lower HCOOH production rate over 

time. This may be attributed to the consumption of oxidants (e.g. OH) in the particle 

matrix or evaporation loss due to increased temperature of aerosol surfaces under light 

irradiation. 

 

Figure 4.4 Results of the irradiation experiments. (a) Typical variation in formic acid 
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(HCOOH) concentrations during irradiation (in aerosols collected on 2 November 

2020). AM 1.5 and 300ï800 nm filters were added after the addition of 100-ppb ozone. 

(b) The correlation between PHCOOH-nml and 2.5-Õm particulate matter (PM2.5) 

concentration (cPM) Ĭ surface area (Sa) Ĭ nitrogen dioxide photolytic frequency (jNO2). 

(c) Variations in the concentrations of HCOOH and nitrous acid (HONO) as a function 

of time after illumination of an aqueous solution of formaldehyde and sodium nitrite at 

pH = 2.7. The vertical black line indicates the time at which HONO stabilized. (d) 

Comparison of the irradiation spectrum of the xenon lamp used in this study and 

standard air mass 1.5 solar irradiation (AM 1.5). 

We further experimented with optical filters to identify the wavelength 

dependence of HCOOH production. Using a band-pass filter transmitting 300ï800 nm 

led to only a ~13% reduction in HCOOH yield. In contrast, most of the HCOOH was 

suppressed when applying AM 1.5 filter which blocked wavelengths below ~360 nm. 

This wavelength sensitivity aligns closely with the absorption spectrum of nitrate. 

Particulate nitrate has strong UV absorption between 290ï350 nm, producing OH 

radicals upon photolysis. The fact that HCOOH formation in our experiments was 

driven by UV300-360 nm suggests that nitrate photolysis was a major source of 

oxidants (·OH) within the aerosol phase, which then oxidized particle organics to form 

HCOOH. This inference is reinforced by our field correlation finding that HCOOH 

correlated strongly with the product Sa·[NO3
ï] (Figure 4.3), implicating nitrate-derived 

OH in ambient HCOOH production as well. We also tested the influence of ozone by 

introducing 100 ppb of O3 into the chamber (to mimic heterogeneous ozonolysis). 

HCOOH production increased by ~64.7%, which confirms that ozone reactions with 

particle organics (e.g. generating peroxy radicals or Criegee intermediates that yield 
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HCOOH) are an additional pathway, though less dominant than nitrate photolysis-

driven chemistry. 

From a quantitative perspective, the laboratory results demonstrated a substantial 

HCOOH source from real aerosol samples. To translate the chamber findings to 

atmospheric conditions, we normalized the HCOOH production rates to typical ambient 

parameters (light intensity, particle loading, etc.) as described in Chapter 3.2.3. The 

peak production rate in the chamber under full UV (no filters) corresponded to an 

ambient-normalized HCOOH production of 0.106 ppb hī1 around noontime. When 

accounting for additional ozone (100 ppb), the effective production rate increased by 

0.079 ppb hī1, yielding 0.185 ppb hī1 as an upper-limit HCOOH production rate under 

typical polluted midday conditions (Table 4.3). We derived an empirical relationship 

(Eq. 7) linking the normalized HCOOH production rate to three controlling factors: 

particulate matter concentration (representing organic reactant abundance), aerosol 

surface area, and actinic flux (approximated by jNO2). We note that organic matter 

concentration would in principle be a more accurate choice, but such measurements 

were not available in this study. The production rate scaled linearly with the product of 

(PM2.5 mass) × (Sa) × (jNO2), consistent with a first-order dependence on each factor 

in the low-conversion regime. This empirical parameterization (with an intercept forced 

through zero) encapsulates the aerosol-phase source of HCOOH revealed by the 

experiments and was later implemented in a photochemical box model (see next 

section). 

Eq. 7 0 πȢππωρὼ πȢπρ/ πȢππφτὼ,  x = cPM Ĭ Sa Ĭ jNO2 

Table 4.3 Summary of formic acid (HCOOH) concentrations and production rates 

observed in chamber experiments and normalized HCOOH production rates in ambient 

air under light and light + ozone (O3) conditions, respectively. HCOOH(O3) denotes the 
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increased concentration of HCOOH after the addition of 100 ppb O3. 

Date 
HCOOH(light) 

(ppt) 

HCOOH(O3) 

(ppt) 

PHCOOH(light) 

(ppt s-1) 

PHCOOH(O3) 

(ppt s-1) 

PHCOOH-

nml (light) 

(ppb h-1) 

PHCOOH-

nml (O3) 

(ppb h-1) 

2020.10.07 8420.2 4670.0 299.4 166.0 1.70E-01 1.33E-01 

2020.10.08 6787.7 2899.0 241.3 103.1 1.31E-01 7.89E-02 

2020.10.26 4660.9 3077.5 165.7 109.4 6.01E-02 5.57E-02 

2020.11.02 6656.3 3507.6 236.7 124.7 1.55E-01 1.15E-01 

2020.11.03 4490.8 2266.7 159.7 80.6 1.06E-01 7.55E-02 

2020.11.04 4943.1 2191.5 175.8 77.9 7.67E-02 4.77E-02 

2020.11.05 3088.0 2368.6 109.8 84.2 4.37E-02 4.71E-02 

Average 5578.1 2997.3 198.3 106.6 1.06E-01 7.89E-02 

 

To investigate the role of nitrate photolysis in HCOOH production, additional 

solution-phase experiments were performed. A sample solution was prepared by 

combining formaldehyde (HCHO, 37 wt% in water, Sigma-Aldrich) with sodium 

nitrate (NaNO3, 99.5% purity, Honeywell). The resulting mixture had a composition of 

0.15 wt% HCHO and 0.2 M NaNO3, and its pH was adjusted to 2.7 using sulfuric acid 

(H2SO4, 98% purity, Sigma-Aldrich). This pH adjustment was based on the prediction 

of the average aerosol acidity throughout the campaign from the E-AIM model. The 

experiment hypothesized that OH radicals, produced from NO3
ī photolysis, were the 

rate-limiting species due to their significantly lower abundance compared to organics. 

In this context, HCHO was selected as a representative precursor for potential HCOOH 

formation. However, it's crucial to acknowledge that the production rate of HCOOH 

from the oxidation of organics in this experimental setup might be overestimated. This 
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potential discrepancy arises because OH radicals generated from nitrate photolysis 

could also react with other oxidizable species present in the ambient atmosphere.  

In this setup, HCOOH was produced steadily and did not plateau over a 90-minute 

illumination, in contrast to the aerosol filter experiments. HCOOH accumulated 

roughly linearly with time, likely because the continuous photolysis of NO3
ī kept 

generating OH and the only major OH sink was HCHO which was in excess and 

concentrated as water gradually evaporated under heating. We monitored HONO as a 

proxy for nitrate photolysis. HONO production leveled off after ~1 h, indicating a 

steady-state OH production rate was reached by that time (Figure 4.4c). We therefore 

take the 1-hour point as representative of sustained conditions and derived an HCOOH 

production rate of ~21.9 ppt sī1 in the chamber at that moment.  

The observation of simultaneous increases in HONO and HCOOH during the 

photochemical aging process led to a hypothesis that HCOOH might be produced from 

heterogeneous reactions between gas-phase OH radicals and particles. To investigate 

this possibility, the following experiment was conducted. Air containing HONO (7.2 

ppb), balanced with zero air, at a flow rate of 4 liters per minute and 78% relative 

humidity, was injected into a chamber. The experimental setup included a solution with 

0.15 wt.% HCHO but no NaNO3, and the pH was adjusted to 2.7 using sulfuric acid. 

Initially, the background concentration of HCOOH in the chamber, measured under 

illumination but without the solution, was 308.9 ppt. Upon introducing the solution, the 

HCOOH concentration increased to 428.8 ppt (Figure 4.5). When normalizing the 

HONO concentration in this experiment to match that in previous experiments 

involving NaNO3 solutions (0.77 ppb HONO and 0.62 ppb HCOOH), the resultant 

increase in HCOOH concentration was found to be 12.8 ppt, which is considered 

negligible. This finding is consistent when compared with the data from filter 
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irradiation experiments, where the HONO and HCOOH concentrations were 4.1 ppb 

and 5.6 ppb, respectively. 

 

Figure 4.5 Additional laboratory experiments show that HCOOH was produced by 

nitrate rather than HONO. 

To extend the laboratory findings to ambient air conditions, similar to the 

methodology used in aerosol filter experiments, several adjustments were made, 

including the normalization of Sa and light intensity. To accurately represent ambient 

conditions, concentrations of HCHO and NO3
ī were also normalized. On 28 September, 

the average concentration of gas-phase HCHO (HCHO(g)) was measured at 2.35 µg 

cmī3. Utilizing a ratio of 0.03 between the concentrations of HCHO in the particle phase 

(HCHO(p)) and the gas phase, as reported by Toda et al. (2014), the concentration of 

HCHO(p) was calculated to be 0.07 µg cm cmī3. This concentration aligns with those 

reported in earlier studies (Klippel & Warneck, 1980; Toda et al., 2014). Using the 

aqueous volume of aerosol calculated by the E-AIM model (0.02 µl mī3), the mass 

concentration of HCHO in the aqueous phase was determined to be 3.5 g Lī1. 
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Additionally, the surface concentration of NO3
ī on the aerosol was found to be 0.98 

mol Lī1. With these concentrations, the potential HCOOH production via aqueous OH 

oxidation of particle-phase HCHO was estimated at 0.41 ppb hī1. This value is about 

3× higher than the aerosol filter-derived HCOOH production rate discussed above, 

suggesting that if formaldehyde were the sole reactant, nitrate-driven OH could 

generate even more HCOOH. However, in real atmospheric particles, OH will react 

with a multitude of organic species (not just HCHO), so the effective yield of HCOOH 

is lower. The solution experiment thus demonstrates the upper bound of HCOOH 

production from nitrate photolysis and highlights its critical role. Even in our ambient 

aerosol experiments, the presence of nitrate was pivotal for sustaining OH and HCOOH 

formation. In summary, the laboratory studies confirm that photochemical aging of 

ambient aerosols can rapidly generate HCOOH, especially via nitrate photolysis and 

heterogeneous ozone reactions. The insights from these experiments provide a 

mechanistic basis to include this condensed-phase source in atmospheric models. 

4.4 Photochemical Modeling 

We incorporated the above-identified HCOOH formation pathway into a zero-

dimensional photochemical box model. The model was used to quantify HCOOH 

sources and sinks under the observed conditions. Four scenarios were simulated: S1 ï 

a base case using the default MCMv3.3.1 chemistry, S2 ï a modified gas-phase scheme 

(with enhanced HCOOH yields from alkene ozonolysis and additional minor pathways), 

S3 ï adding the new particle-phase HCOOH source parameterization (from our 

experiments), and S4 ï including S3 plus an estimate of direct biogenic HCOOH 

emissions in the area (from MEGAN model) (Table 4.4). By comparing these scenarios 

against observations, we assess the contribution of aerosol photochemical aging relative 

to traditional sources (Figure 4.6). 
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Table 4.4 The mechanisms included in different model scenarios. 

scenario 
Default 

MCM 

Modified 

MCM 

Particle-phase 

pathway 

Biogenic 

emissions 

1 ã    

2  ã   

3  ã ã  

4  ã ã ã 

 

In the base-case simulation (S1, no aerosol source), the model grossly under-

predicted daytime HCOOH production. The peak net production rate of HCOOH 

(PHCOOH-net) in S1 was only 0.018 ppb hī1, occurring near noon. This is an order of 

magnitude lower than the observed HCOOH rise rate from morning to midday (0.095 

ppb hī1). Consequently, the modeled diurnal concentration of HCOOH in S1 was far 

below measurements, confirming that known gas-phase chemistry alone cannot explain 

the ambient HCOOH levels, which is consistent with many previous modeling studies 

that found a large HCOOH source gap. In the S1 simulation, the dominant source of 

HCOOH was the reaction of the CH2OO Criegee intermediate with water vapor, 

contributing ~68% of the total HCOOH production from all included mechanisms. This 

aligns with expected chemistry in current mechanisms. Criegee intermediates 

(especially CH2OO from isoprene ozonolysis) are a major gas-phase route to HCOOH 

in the MCM. Although the peak PHCOOH-net was raised to 0.031 ppb hī1 after augmenting 

the gas-phase scheme with extra yield adjustments and minor pathways in S2, the model 

still fell far short of the observed production rate. This underprediction corroborates the 

notion that a significant HCOOH source is missing from standard models. 
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Figure 4.6 Model-calculated profiles of sources and sinks of formic acid (HCOOH) on 

averaged diurnal profile during the whole campaign in four scenarios described in Table 

4. Upper right inset: the contribution from various sources to HCOOH concentrations. 

Bottom right inset: the contribution from different sinks to HCOOH concentrations. 

CH2OO = formaldehyde oxide, a Criegee intermediate (biradical); VINOH = vinyl 

alcohol. 

In Scenario S3, we introduced the particle-phase HCOOH source term derived 

from our experiments. This had a dramatic impact on the simulated budget. The 

campaign-averaged midday HCOOH net production more than doubled, with peak 

PHCOOH-net rising to 0.073 ppb hī1. The inclusion of aerosol photochemical aging 

substantially improved the modelôs ability to reproduce the observed daytime increase 

of HCOOH (now ~77% of the observed rate, versus only ~19% in S1). Among all 

secondary production processes in S3, the particle-phase pathway became the single 

largest contributor, accounting for 52.1% of secondary HCOOH production, surpassing 
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the gas-phase CH2OO route and other known sources. This confirms that 

heterogeneous/aerosol chemistry was indeed a dominant source of HCOOH under the 

study conditions. Finally, in Scenario S4 we added estimated biogenic emissions of 

HCOOH (from local vegetation) on top of S3. This provided a modest additional source, 

contributing 34.4% of total HCOOH production. With all known sources included (gas-

phase, particle-phase, and direct emissions), the modelôs net production rate (0.094 ppb 

hī1) essentially matched the observed HCOOH increase (0.095 ppb hī1). The diurnal 

concentration profile simulated in S4 showed much closer agreement with observations 

than any previous scenario. Figure 4.7 illustrates that adding the aerosol source in 

particular yielded a step-change improvement in reproducing the daytime HCOOH 

levels. Despite this, a residual underestimation of the absolute HCOOH concentration 

remained even in S4, especially in the early morning and late afternoon. This pointed 

to possible shortcomings in representing physical processes. 

 

Figure 4.7 Comparison of measured and modelled diurnal profiles of HCOOH during 

the whole campaign. 
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Due to the high water solubility of HCOOH, deposition is a critical factor in 

modeling HCOOH dynamics. We performed a sensitivity analysis on HCOOH 

production in response to varying deposition velocities (Vd) as part of Scenario 4 

(Figure 4.8). The analysis indicated that lower Vd values correlate with increased 

modeled concentrations of HCOOH. Specifically, reducing Vd from 1.00 to 0.50 cm s
ī1 

elevated daytime peak concentrations by approximately 20%. According to Müller et 

al. (2018), the field-measured range of Vd for HCOOH spans 0.43 cm sī1 to 1.10 cm 

sī1. Given the high humidity at our research site, an observed Vd of 0.5 cm s
ī1 is likely 

near the lower boundary of this range. Despite these adjustments, the model still 

inaccurately represented the timing of daily concentration fluctuations, including the 

initial increase, peak, and sharp decrease. This misalignment highlights potential 

limitations of 0-D models in capturing complex atmospheric behaviors such as vertical 

mixing and dilution within the boundary layer, where constant loss rates do not suffice. 

 

Figure 4.8 The sensitivity test of deposition velocity on averaged diurnal profile during 

the whole campaign in Scenario 4. 
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To resolve this, we implemented a time-varying dilution rate (approximating 

boundary-layer growth and collapse) following Yuan et al. (2015). Specifically, we 

used a bimodal physical loss: a faster first-order dilution during daytime (lifetime ~6 h) 

representing boundary layer venting, and a much slower rate at night (lifetime ~2 days) 

to mimic nighttime stability. Incorporating this diurnally varying mixing improved the 

model-measurement agreement in the shape of the HCOOH profile. The model now 

captured the delayed morning build-up, the midday peak, and the sustained high values 

into late afternoon much better. Moreover, when this scheme was applied to a 

continuous multi-day simulation, the model was able to reproduce the day-to-day trends 

of HCOOH over two weeks reasonably well (Figure 4.9), except for certain outlier days. 

Notably, on 30 Sep and 1 Oct the model overestimated HCOOH compared to 

observations. These were days with unusually low particulate nitrate fractions (only 

13.5% of PM, vs 22.2% on average), implying our parameterization (which used total 

PM as a proxy) may have over-predicted HCOOH when nitrate was scarce. This 

highlights that while the PM-based source term works on average, its accuracy could 

be improved by explicitly including the nitrate (and possibly organic) content of aerosol 

in the future. 

 

Figure 4.9 The model results of the simulation of two weeks using bimodal physical 
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loss rates. 

To further explore the relevance of aerosol-driven HCOOH production across 

different environmental settings, we engaged in an analysis of data from the 

Atmospheric Tomography Mission (ATom) aircraft campaign, which targeted the 

remote marine troposphere. We selected sampling data within the Pacific Ocean, at 

altitudes below 5 kilometers. The mean values for mass concentration of PM1, Sa 

density of PM1, JNO2 and mixing ratio of O3 were 1 µg cm-3, 26 µm2 cm-3, 0.01 s-1 and 

24.2 ppb, respectively. From these parameters, the mean rate of HCOOH production 

from aerosols (PHCOOH-a) was calculated to be 6.6 ppt h-1. Given the composition of PM1 

in this remote setting, where the nitrate proportion was only 3%, which is substantially 

lower than the 24.3% observed at our terrestrial sampling site, it is expected that the 

actual PHCOOH-a might be even lower than what was initially calculated. This relatively 

minor contribution of PHCOOH-a in the remote marine atmosphere aligns with the 

observed low concentrations of HCOOH over the Pacific, which averaged at 10.5 ppt 

and peaked at 85.6 ppt (X. Chen et al., 2021). 

We also assessed HCOOH production when the remote marine boundary layer is 

affected by fire plumes. We specifically analyzed data from altitudes below 5 km where 

HCOOH concentrations exceeded 1 ppb. In these conditions, the average values for the 

mass concentration of PM1, Sa density of PM1, JNO2 and mixing ratio of O3 were 

observed to be significantly higher: 4.9 µg cmī3, 92.6 µm2 cmī3, 0.011 sī1 and 45.5 ppb, 

respectively. The resulting PHCOOH-a was calculated to be 84.5 ppt hī1, which is notably 

higher compared to the typical remote marine atmosphere. Taking into account the 

relatively low proportion of nitrate in PM1 (5.1%), we adjusted the PHCOOH-a to 17.7 ppt 

hī1, assuming a positive linear correlation between PHCOOH-a and nitrate concentration. 

This adjustment corresponds to a rate of 2390% per year that organic aerosol (OA) mass 

(3 µg cmī3) is photochemically converted to HCOOH, which equates to a carbon-based 
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HCOOH yield of approximately 3.8ī38% over 1ī10 days of aging. These calculations 

closely match those required to account for the ATom observations (16ī37%) in aged 

fire air masses (Chen et al., 2021).  

In scenarios influenced by biomass burning, such as those involving fire plumes, 

the contribution of aerosol aging appears substantial and can account for a significant 

fraction of the observed HCOOH. This observation parallels findings from coastal 

polluted environments, underscoring the variable significance of aerosol-phase 

HCOOH sources. While minor in clean, aerosol-poor regions, this source becomes 

predominant in areas affected by pollution or biomass burning, where both particulate 

organics and nitrate are prevalent. 

Thus, incorporating the photochemical aging of aerosols as a source of HCOOH 

into atmospheric models is crucial for accurately reflecting HCOOH dynamics across 

diverse tropospheric environments, potentially resolving discrepancies between 

modeled and observed concentrations of HCOOH. This inclusion is particularly vital 

for understanding and predicting HCOOH behavior in polluted or biomass-impacted 

regions. 

4.5 Broader Implications 

The enhanced production of HCOOH via aerosol photochemical aging has several 

broad implications for atmospheric chemistry and climate. First, increased HCOOH 

influences atmospheric acidity. Formic acid is a major contributor to tropospheric 

acidity ï accounting for over half of free acidity in remote rainwater and about one-

third in polluted rain. If aerosol processes substantially boost HCOOH concentrations, 

they could raise the baseline organic acid levels in the atmosphere, thereby affecting 

the pH of cloud droplets and aerosol liquid water. A more acidic aerosol/cloud 

environment can alter reaction pathways and rates. Moreover, HCOOH itself serves as 
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a sink for OH in cloud water and can titrate alkaline species. Our findings suggest that 

regions with high particulate nitrate and organics (e.g. downwind of 

agricultural/industrial areas or biomass burning plumes) might experience greater 

organic acidity production than previously thought.  

The aerosol-phase formation of HCOOH represents a coupling between SOA 

formation and volatile organic acids. The process effectively converts some fraction of 

condensed organic matter into low-molecular-weight acids that volatilize. Our 

experiments showed that not only HCOOH but also acetic acid (CH3COOH) and 

potentially other short-chain acids are produced during aerosol photolysis. This means 

condensed-phase photochemistry can cleave larger organics into smaller fragments. 

Those products can evaporate out of the particle, which in turn may reduce the 

particulate mass or alter its growth. In essence, aerosol photochemical aging can be a 

mass loss process for SOA, as organic carbon is converted to formic/acetic acid and 

repartitions to gas. This process competes with the traditional view of SOA growth 

where VOC oxidation products condense into particles. By releasing formic and acetic 

acid, aerosol photochemistry could prolong the lifetime of certain organic radicals 

within particles or change the balance of functional groups, ultimately affecting particle 

volatility distribution. Our results highlight a specific pathway for SOA chemical aging 

that tends to produce volatile acids, potentially leading to mass reduction or enhanced 

evaporation of particulate organics. 

Another implication is for atmospheric modeling improvements. The current 

generation of chemistry-transport models do not include condensed-phase organic acid 

production. Our work demonstrates that adding a parameterized particle-phase source 

of HCOOH (and by extension, other organic acids) can significantly improve model 

performance. This suggests that incorporation of condensed-phase chemistry is 

necessary for accurate simulations of organic acids. Regional models may need to treat 



99 

 

processes such as particulate nitrate photolysis to reproduce observed HCOOH, 

especially in polluted areas. Implementing our parameterization (with appropriate 

region-specific tuning for nitrate and organic content) could reduce the bias in modeled 

formic and acetic acid, which is important for predicting rainwater acidity and 

evaluating the role of organic acids in climate feedback. Our study provides a 

framework to represent one such multiphase process. Future studies should refine this 

by including speciation of organics and considering interactions with other 

photochemical processes (for example, halogen activation by nitrate photolysis as noted 

by Peng et al., 2022, which might co-occur with HCOOH formation). 

4.6 Summary of Chapter 4 

In summary, this work demonstrates that photochemical aging of aerosols is a 

significant source of atmospheric HCOOH. Field measurements showed HCOOH 

peaks driven by daytime chemistry and correlated with aerosol loadings, laboratory 

experiments uncovered a fast particle-phase production mechanism (dominated by 

nitrate photolysis and heterogeneous oxidant generation), and photochemical modeling 

confirmed that including this mechanism closes the gap between observed and 

predicted HCOOH. These findings have broad ramifications for atmospheric acidity, 

secondary organic aerosol evolution, and the development of next-generation 

atmospheric chemistry models. It highlights the need to integrate condensed-phase 

photochemistry into our conceptual models of the troposphere to fully understand the 

life cycle of organic compounds in the atmosphere. 
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5 HONO Production From Nitrate 

Photolysis 

5.1 Results of Irradiation Experiments of NCP Filters 

The temporal evolution of HONO concentrations during aerosol filter irradiation 

experiments exhibited a distinct pattern characterized by an abrupt increase 

immediately following illumination, succeeded by an exponential decay phase (Figure 

5.1a). This kinetic profile is consistent with prior filter-based studies (Bao et al., 2018; 

Ye et al., 2017), wherein rapid HONO generation is attributed to the photolysis of 

surface-adsorbed nitrate under UV irradiation. To elucidate the spectral dependence of 

this process, controlled experiments employing optical filters were conducted. The 

introduction of an AM1.5 filter (mimicking solar spectrum attenuation) resulted in a 

pronounced reduction in HONO concentration (~63% within 5 minutes), whereas a 

300ï800 nm filter induced only a marginal decrease (17%). These findings underscore 

the dominance of shorter wavelengths (<360 nm) in driving nitrate photolysis, 

corroborating previous reports that identify peak HONO production at ~350 nm (Y. 

Wang et al., 2023). Such observations may also reflect a redshift in the absorption 

spectrum of particulate nitrate relative to bulk aqueous nitrate, likely due to interactions 

with aerosol matrices or surface effects (Du & Zhu, 2011; C. Zhu et al., 2008). We also 

investigated the relationship between HONO production and O3, a key atmospheric 

oxidant. The findings demonstrated that HONO production appears to be independent 

of the presence of O3. This conclusion is supported by the consistent decay rates of 

HONO observed after introducing varying concentrations of O3 (ranging from 40-200 

ppb) at different times throughout the experiments (Figure 5.2). 
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Figure 5.1 Results of laboratory experiments. (a) Typical pattern of HONO 

concentrations during irradiation (aerosols collected in Jinan on 3 Jan 2019). AM1.5 

and 300ï800 nm filters were added before and after adding 40 ppb O3. (b) Light 

efficiency as a function of PM2.5 loading difference. The red dashed line is the 

regression curve fitted using eq. 8. The data point in the red circle is an outlier. (c) 

Normalized Ὦ ᴼ  values (red) and corrected values (blue) of NCP (circles) and 

Qingdao (stars) shown as a function of nitrate concentration. Normalized Ὦ ᴼ  

values are experimental values adjusted to tropical noontime conditions on the ground 

(solar zenith angle ɗ = 0Á). The corrected values are obtained by further adjusting the 

normalized values to account for the shadow effect. 
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Figure 5.2 The time series of HONO concentrations under various experimental 
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conditions to assess the effect of ozone (O3). The experiments included: (a) 

incrementally adding O3 at 40 ppb intervals from 0 to 200 ppb, (b) introducing 40 ppb 

O3 20 minutes after turning on the light, and (c) introducing 40 ppb O3 before turning 

on the light. 

Spatial analysis of HONO production rates (PHONO) across the North China Plain 

(NCP) revealed substantial heterogeneity, with the highest PHONO (18 Ĭ 10
ī9 mol hī1) 

recorded in Dezhou (Table 5.1 & Figure 5.3). Intriguingly, while Dezhouôs nitrate 

concentration exceeded Tianjinôs by a factor of 13, its PHONO was less than threefold 

higher. This nonlinear relationship highlights the critical influence of other factors 

modulating nitrate photolytic efficiency. Notably, the "shadow effect", arising from 

multi-layered particle accumulation on filters, likely attenuated light penetration and 

surface reactivity, thereby decoupling PHONO from bulk nitrate concentrations. These 

findings underscore the necessity of incorporating particle-loading dynamics into 

photolysis rate calculations, particularly in heavily polluted environments. 
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Figure 5.3 Spatial layout of the research area and average nitrate concentration (Õg 

cmī3), average HONO production rate (mol hī1), and percentages of major PM2.5 

components in seven cities in the NCP. The upper left image presents the average NO2 

tropospheric column density from December 2018 to January 2019 across China, as 

derived from TROPOMI data.33 The upper right image describes the process of 

photolysis of particulate nitrate producing HONO. The background photo was taken by 

the authors during a pollution episode at a rural site in the NCP. OM and EC represent 

organic matter and elemental carbon in PM2.5, respectively. Geographic data sourced 

from the China National Fundamental Geographic Information System, National 

Geomatics Center of China, accessed in June, 2021.  
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Table 5.1 Summary of sample information and results of NCP filter experiments 

Location 
Sampling 

date 

PM2.5 

loading 

(Õg cmī2) 

Nitrate 

loading 

(Õmol cmī2) 

Ὦ ᴼ  

normalized  

(10ī6 sī1)  

Zhengzhou 2017/12/27 346.11 1.55 2.28 

2018/11/27 223.36 1.01 1.96 

2019/1/4 276.55 1.96 1.47 

Zibo 2017/12/2 236.73 1.12 2.98 

2017/12/27 172.73 0.79 2.58 

2017/12/28 314.06 1.23 3.13 

Shijiazhuang 2019/1/1 166.18 0.56 4.86 

2019/1/3 236.55 1.04 2.35 

2019/1/4 158.56 0.52 4.80 

2019/1/9 106.13 0.31 9.67 

2019/1/12 418.75 1.33 2.37 

Tianjin 2019/1/4 25.88 0.04 31.19 

2019/1/6 84.63 0.26 9.27 

2019/1/7 22.58 0.05 29.20 

Dezhou 2017/12/29 306.42 1.54 1.68 

2018/11/26 310.40 2.00 2.32 

2019/1/2 194.53 0.91 4.27 

Jinan 2017/12/1 262.66 1.25 2.12 

2017/12/27 201.64 0.77 2.32 

2018/12/31 97.97 0.37 7.25 

2019/1/3 262.46 1.60 1.63 
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Handan 2017/12/2 284.80 1.74 0.72 

2017/12/27 223.13 1.21 1.15 

2017/12/30 102.93 0.34 7.49 

2019/1/2 116.45 0.76 3.02 

2019/1/5 40.42 0.16 11.16 

Mean value  199.72 0.94 5.89 

continued 

Location Sampling date pH 
Light efficiency 

(%) 

Ὦ ᴼ  corrected  

(10ī6 sī1)  

Zhengzhou 2017/12/27 3.81 11.12 20.51 

2018/11/27 3.56 20.46 9.59 

2019/1/4 3.78 15.45 9.54 

Zibo 2017/12/2 3.50 18.78 15.86 

2017/12/27 3.60 26.00 9.93 

2017/12/28 3.88 13.03 24.01 

Shijiazhuang 2019/1/1 3.40 26.90 18.07 

2019/1/3 3.37 18.80 12.49 

2019/1/4 3.37 28.00 17.14 

2019/1/9 3.22 41.56 23.28 

2019/1/12 3.33 8.55 27.66 

Tianjin 2019/1/4 2.42 85.52 36.46 

2019/1/6 3.04 47.39 19.56 

2019/1/7 2.44 87.00 33.56 

Dezhou 2017/12/29 3.99 13.48 12.46 

2018/11/26 4.00 13.24 17.56 
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2019/1/2 3.73 23.36 18.28 

Jinan 2017/12/1 3.38 16.51 12.86 

2017/12/27 3.58 22.59 10.26 

2018/12/31 3.36 43.61 16.62 

2019/1/3 3.75 16.52 9.86 

Handan 2017/12/2 4.08 8.78 8.21 

2017/12/27 3.86 12.55 9.15 

2017/12/30 3.80 30.73 24.38 

2019/1/2 3.74 27.27 11.07 

2019/1/5 3.16 60.98 18.29 

Mean value  3.51 28.39 17.18 

 

5.2 Results of the Shadow Effect Experiments  

A total of six sets of comparative experiments were carried out, with the detailed 

outcomes summarized in Table 5.2 and illustrated in Figure 5.1b. Within each 

comparative pair, the sole influential parameter affecting LE was the difference in 

particle loading (Dd), as chemical compositions remained identical. Generally, an 

increase in Dd led to a reduction in LE. This observed reduction is likely due to particle 

accumulation, which hinders light penetration through the aerosol layers collected on 

the filters. In these experiments, LE values dropped significantly, reaching a minimum 

of 51.33%. Consequently, the real Ὦ ᴼ  was approximately twice the initially 

estimated value. 

To better conceptualize particle accumulation on filters, we developed a schematic 

representation as depicted in Figure 5.5a. The model assumes an even distribution of 

particles deposited in multiple layers on the filter, analogous to layers of a cake. Particle 
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deposition begins on a new layer only after the underlying layer is completely covered, 

initiating the shadowing effect. For instance, the LE measured in the first comparative 

experiment (samples AH1 and AL1) reached 93.53%, closely approximating complete 

penetration (100%). This suggests AL1 predominantly consists of a single layer of 

particles. The corresponding PM2.5 loading value of AL1 thus defines the loading 

threshold necessary to initiate shadowing, termed Ds (12.82 Õg cm
ī2). This 

experimentally determined Ds closely aligns with theoretical predictions (11.75 Õg 

cmī2), derived by dividing the filter area by the single-particle cross-sectional area. We 

assumed that all particles are spherical and were distributed uniformly and compactly. 

Based on the particle size distribution of Qingdao samples (Figure 5.4), we determined 

the dominant particle diameter as 110.14 nm. Therefore, Ds can be calculated using the 

Eq. 8 assuming all particles are the same with the dominant particle size. The calculated 

Ds is 11.75 Õg cm
-2, which is close to the value determined by the shadow effect 

experiments, 12.8 Õg cm-2, indicating that determination of Ds is reasonable. 

Eq. 8 Ὀ  

where Sf is the area of the cut filters (25 cm
2); Sp is the area of the cross section of a 

single particle (cm2); Vp is the volume of a single particle (cm
3); ɟp is the density of 

particles, here is assumed as 1.6 g cm-3.   
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Figure 5.4 The normalized particle size distribution of Qingdao samples. dN denotes 

particle number concentrations in individual channels; dlogDp means the difference in 

the logarithm of the channel width. 

Notably, Figure 5.1b includes an outlier circled in red, derived from the 

comparative experiment BH1/BL1. Here, BL1 exhibited a particle loading of 7.77 Õg 

cmī2 (Table 5.2), significantly lower than Ds. Consequently, particle loading on BL1 

was insufficient to form a complete monolayer, thereby precluding the occurrence of 

the shadow effect. This specific data point was thus excluded from the curve fitting 

used to characterize LE. 

Table 5.2 Summary of sample information and results of the shadow effect experimenta 

Sample 

No. 

PM2.5 

loading 

(Õg cmī2) 

Nitrate 

loading 

(nmol cmī2) 

PHONO 

(nmol hī1) 

Light 

efficiency 

(%) 

Ὦ ᴼ  

corrected  

(10ī6 sī1)  

AH1 17.92 25.21 3.48 93.53 15.59 



110 

 

AL1 12.82 18.04 2.68 

AH2 42.86 85.32 8.19 
88.01 14.30 

AL2 30.67 61.05 6.70 

AH3 130.31 242.14 25.48 
68.10 33.94 

AL3 93.25 173.27 26.91 

BH1 21.72 78.29 5.13 
70.71 8.76 

BL1 7.77 28.01 2.68 

BH2 43.88 211.22 9.44 
75.22 6.63 

BL2 15.70 75.57 4.51 

BH3 177.87 477.02 28.62 
51.33 22.89 

BL3 63.64 170.67 20.06 

a Set A was sampled at a flow rate of 1130 Lpm and 100 Lpm, while Set B was sampled 

at 1130 Lpm and 50 Lpm. Sampling durations were 3 h, 6 h, and 18 h, with samples 

labeled as follows: AH1-3 (high-volume, Set A), AL1-3 (low-volume, Set A), BH1-3 

(high-volume, Set B), and BL1-3 (low-volume, Set B). 

The aerosol filter samples collected across the NCP can be effectively viewed as 

multi-layered structures, given their PM2.5 loadings significantly exceeded the 

determined threshold (Ds). Consequently, the initial calculation of Ὦ ᴼ  

underestimated the actual photolysis rate constants for these multilayered samples. To 

correct this underestimation, an adjusted calculation approach was necessary. 

First, we introduced an adjusted model accounting for multi-layered accumulation, 

depicted in Figure 5.5a. Assuming each particle layer is evenly distributed, the loading 

difference (Dx) can be expressed as multiples of Ds (Dx = n × Ds, where n varies between 

2 and 39 in this study). Under this assumption, the LE for the NCP samples can be 

recalculated using Eq. 9. To establish the relationship between the HONO production 

rate (PHONO-x) and Dx, we assumed a constant ratio of PHONO between consecutive layers, 



111 

 

described by Eq. 10. The total PHONO-x across all layers is then obtained by summing 

the individual layer contributions (PHONO-xi), expressed mathematically in Eq. 11. By 

combining these assumptions, a general expression for LE, including three constant 

parameters, is presented as Eq. 12, which simplifies to Eq. 13 considering the boundary 

condition when Dx approaches zero. 

 

Figure 5.5 Principle of quantifying the influence of shadow effect and parameterization 

of corrected ▒ἸἚἛ ἒOἛἚἛ . (a) Schematic diagram of our model representing the 

accumulation of particles on filters, and (b) dichotomy method of stepwise 

approximation of the true ▒ἸἚἛ ἒOἛἚἛ . (c) Correlation between the corrected 

▒ἸἚἛ ἒOἛἚἛ and the product of pH and the proportion of NO3
ī in PM2.5. The error bars 

are the errors propagated from the LE fitting curve. (d) Dependence of ▒ἸἚἛ ἒOἛἚἛ on 

temperature. The vertical axis shows the ratio of ▒ἸἚἛ ἒOἛἚἛ at different temperatures 

to that at 5 . The data points were taken from Bao et al. (2018) using WebPlotDigitizer 

(Version 4.6).  
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The fitting of experimental data using Eq. 13 resulted in a high-quality regression 

curve (parameters obtained: a = 1.407, b = 0.996, c = 0.010), clearly capturing the 

inverse proportional relationship of LE as particle loading (Dd) increases. This 

empirical curve aligns closely with the expected theoretical inverse proportional decay 

of LE as Dd becomes infinitely large.  

Eq. 9 ὒὉ   

where ὲ , PHONO-s, and js represent the nitrate abundance, HONO production rate, 

and the nitrate photolysis rate constant of the first layer, respectively. The same 

nomenclature is applied to the remaining part, represented as x. 

Eq. 10 ὖ ɾ ὖ Ƞὖ ɾ ὖ ȠȣȠὖ

ɾ ὖ  

Eq. 11 ὖ  В ὖ  ὖ  

Eq. 12 ὒὉ , ɔ and Ds are 

constants 

Eq. 13 ὒὉ   

The revised Ὦ ᴼ  derived using this fitted equation still underestimated 

the values for high PM2.5 loadings. This discrepancy arises because the filter with lower 

particle loading in each comparative set might already have experienced partial 

shadowing, thus requiring further correction toward a genuine single-layer equivalent. 

Since direct correction to a single layer was impractical, we adopted an iterative 
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dichotomous correction approach for refining the estimation of Ὦ ᴼ  for multi-

layered NCP filters. This iterative procedure incrementally approached the actual value, 

as depicted in Figure 5.5b. 

Specifically, the correction process began by calculating LE at half of the initial 

PM2.5 loading using Eq. 13. This halving procedure continued iteratively until the 

remaining PM2.5 loading was between Ds and twice Ds, representing a scenario close to 

a single-layer state. Consequently, the effective LE was obtained as the product of the 

sequentially calculated LEs, detailed in Table 5.1. The Ὦ ᴼ  values were then 

recalculated by dividing the initial estimate by this corrected cumulative LE. 

Application of this refined method to the shadow effect experiments yielded 

significantly improved outcomes: the adjusted Ὦ ᴼ   values for high aerosol 

loadings were elevated and more consistent with the values from experiments with low 

aerosol loadings, as demonstrated in Figure 5.1c and Figure 5.6. 

 

Figure 5.6 The comparison between the raw and corrected ratios of ▒ἸἚἛ ἒOἛἚἛ 
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under conditions of high and low aerosol loadings in each pair of parallel shadow effect 

experiments. The black horizontal line denotes a ratio value of 1. A1 refers to the 

comparative experiment involving AL1 and AH1, with A2 and others following the 

same nomenclature. 

Subsequently, we utilized the LE equation derived from Qingdao samples to 

correct the Ὦ ᴼ  for aerosol samples from other cities within the NCP region. 

It is important to acknowledge potential uncertainties arising from extrapolation, as 

samples from Qingdao and other NCP cities were collected in different years (2017 vs 

2022), even though their PM2.5 ionic compositions were generally similar (e.g., nitrate 

fraction Ὑ   of 16.9% in Qingdao compared to 20.8% in the broader NCP). 

Following correction, the Ὦ ᴼ  values for the NCP samples ranged from 8.21 

Ĭ 10ī6 sī1 to 3.65 Ĭ 10ī5 sī1, with an average of 1.72 Ĭ 10ī5 sī1. These corrected values 

were substantially higher than the original uncorrected mean of 5.89 Ĭ 10ī6 sī1. 

Additionally, the disparity between corrected and uncorrected Ὦ ᴼ   values 

increased alongside aerosol loading (Figure 5.7), reinforcing that the shadow effect 

significantly contributes to the observed decline in uncorrected Ὦ ᴼ   with 

elevated nitrate loadings. 
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Figure 5.7 The correction factor of Ὦ ᴼ   as a function of ambient PM2.5 

concentration. The correction factor was calculated by dividing the corrected 

▒ἸἚἛ ἒOἛἚἛ value by the original value. 

5.3 Parameterization of ▒ἸἚἛ ἒOἛἚἛ  

    We further analyzed correlations between corrected Ὦ ᴼ   and water-

soluble ions in PM2.5, as summarized in Table 5.3. Aerosol acidity was estimated using 

the E-AIM IV. A significant negative correlation was observed between corrected 

Ὦ ᴼ  and the nitrate fraction (Ὑ ). One possible explanation for this is the 

saturation effect at high particle loading, where surface-adsorbed nitrate, exhibiting a 

higher photolysis rate constant, approaches saturation. Consequently, additional 

increases in Ὑ   lead to a relatively lower proportion of surface-bound nitrate, 

resulting in decreased Ὦ ᴼ  values when total nitrate is considered. However, 

the precise mechanism for this decline warrants further investigation.  

    Aerosol acidity also notably influenced Ὦ ᴼ . In this study, over 90% of 
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NCP samples had pH values between 3 and 4, aligning with pH values reported in prior 

regional studies. In contrast, Qingdao samples showed lower acidity with an average 

pH of 4.64. A clear negative correlation between corrected Ὦ ᴼ  and aerosol 

pH underscored the critical role of acidity in HONO formation. While the current 

dataset covers a relatively narrow pH range constrained by field conditions, future 

studies incorporating a broader range of pH values, including laboratory-controlled 

conditions, would help validate this relationship under diverse environmental regimes. 

    To integrate these key variables, we developed a parameterization by multiplying 

Ὑ  and pH, yielding a fitting equation (Eq. 14) with an R2 value of 0.55, as illustrated 

in Figure 4c. 

Eq. 14 Ὦ ᴼ ρȢςωρπ Ð( Ὑ Ȣ  

where Ὑ  is the ratio of mass concentration of nitrate to PM2.5. 

Table 5.3 Pearson correlation coefficients (R) between Ὦ ᴼ  and other factors. 

Factor (Concentration) R Factor (Proportion in PM2.5) R 

[NO3
ï] -0.357 NO3 -0.671 

[SO4
2ï] -0.095 SO4

2 -0.113 

[Clï] -0.037 Cl 0.2 

[Na+] 0.109 Na+ 0.283 

[NH4
+] -0.300 NH4

+ -0.562 

[K+] -0.234 K+ -0.253 

[Mg2+] -0.113 Mg2+ 0.669 

[Ca2+] -0.234 Ca2+ 0.361 

[H+] 0.629   

    To align our results with prior research, we considered the effect of temperature 

on Ὦ ᴼ , since our experiments were conducted at 5 , unlike typical room 
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temperature conditions used in previous studies. Bao et al. studied the influence of 

temperature on cumulative HONO production over irradiation times, covering 

temperatures from 5  to 60 . Figure 5.5d illustrates the relative ratio of HONO 

production at various temperatures compared to that at 5  (RT), based on data from 

Bao et al. To remain consistent with our HONO production calculation method, we 

selected data at 15 min irradiation and excluded measurements at 60 , beyond typical 

tropospheric conditions. RT generally showed an exponential increase from 5  to 

40 , as described by Eq. 15. While RT values were relatively constant below 15 , 

the RT at 40  surpassed 40, highlighting the strong temperature dependency of 

Ὦ ᴼ . This is likely because higher temperatures accelerate reaction kinetics and 

also promote the partitioning of volatile HONO into the gas phase, both of which 

contribute to the apparent increase in observed HONO. Adjusting our results to a 

normalized temperature of 20  increased the mean Ὦ ᴼ  from 1.72 Ĭ 10ī5 

sī1 to 8.90 Ĭ 10ī5 sī1, aligning closely with previously reported values from Ye et al. in 

clean environments (1.3 Ĭ 10ī4 sī1) and comparable to Bao et al.'s measurements from 

polluted urban Beijing (8.24 Ĭ 10ī5 sī1), which may have been slightly underestimated 

due to shadowing effects.  

Eq. 15 Ὑ ÅØÐπȢρπχὝ υ  

where RT is ratio of HONO production at temperature T to that at 5 ; T is the 

irradiation experiment temperature in . 

Based on the established relationship between Ὦ ᴼ  and three key factors 

(i.e., aerosol pH, nitrate content Ὦ ᴼ  , and temperature), we derived a 

parameterization equation to describe Ὦ ᴼ   (Eq. 16). The parameterization 

results show significant variations in Ὦ ᴼ   under different seasonal 

(temperature effects) and aerosol composition conditions (especially nitrate content). 
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Previous studies have indicated that lower aerosol pH generally corresponds to higher 

Ὦ ᴼ  (Bao et al., 2018; Scharko et al., 2014), a phenomenon also confirmed by 

our research. The fundamental reason behind this observation is that protons play a 

crucial role in the HONO formation reaction. 

Moreover, relative humidity (RH) also influences Ὦ ᴼ . Bao et al. found 

that under dry conditions (~3% RH), Ὦ ᴼ values are relatively low but increase 

as humidity rises, remaining relatively stable within a moderate humidity range (15%ï

75%). However, Sommariva et al. reported that Ὦ ᴼ  at higher humidity levels 

(75%ï85%) was significantly greater compared to conditions at 24% RH, indicating a 

complex interaction between RH and nitrate photolysis. Given these inconsistent 

findings, the current parameterization equation does not include relative humidity as a 

factor. Therefore, further research is needed to fully elucidate the effects of humidity 

on nitrate photolysis. 

Eq. 16 Ὦ ᴼ ρȢςωρπ Ð( Ὑ Ȣ ÅØÐπȢρπχὝ υ  

5.4 Atmospheric Implications 

Our results indicate that under high aerosol loading conditions, the shadow effect 

inherent in filter-based measurements significantly underestimates Ὦ ᴼ . After 

correcting for this shadow effect, the average Ὦ ᴼ   for wintertime samples 

from the NCP was determined to be 1.72 Ĭ 105 s1. Additionally, we found that the 

magnitude of Ὦ ᴼ   depends primarily on the nitrate fraction (Ὑ  ), rather 

than solely on the nitrate concentration. Our findings help improve the modeling of 

HONO formation processes in the NCP and other regions with similar chemical 

conditions. 

In current air quality models, the value of Ὦ  under midday tropical conditions 

is generally treated as a constant (see Table 5.4, which summarizes the Ὦ  values 
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used in twelve studies from China and the U.S.). Some of these studies have adopted 

the maximum value (2.1 Ĭ 105 s1) proposed by Romer et al. based on nitrate budget 

assessments, whereas others used either the median value (8.3 Ĭ 105 s1) or the mean 

value (1.3 Ĭ 104 s1) reported by Ye et al., derived from aerosol filter measurements 

under various environmental conditions. However, there is currently no clear, unified 

standard guiding the selection of Ὦ  values in models. The significant discrepancy 

among studies in choosing Ὦ  values undoubtedly affects the accurate evaluation 

of HONO formation rates from nitrate photolysis. The parameterization method 

proposed in this study considers variations in aerosol pH, nitrate fraction (Ὑ ), and 

temperature, effectively reducing uncertainty in predicting Ὦ ᴼ  , thus 

improving the accuracy in estimating HONO budgets and its influence on secondary 

pollutant formation. 

Table 5.4 Summary of the ▒ἸἚἛ applied in different modeling studies. 

Location Date  Ὦ  (s-1) Sources Reference 

Beijing, 

China 

Dec 7ï22, 2015 2.1Ĭ10-5 Max value, field 

combined with model 

(Romer et al., 2018) 

(S. Zhang et al., 

2021) 

Wangdu, 

China 

Dec 3ï24, 2017 2.1Ĭ10-5 (Xue et al., 2020) 

Fort Worth, 

Texas, US 

May 30ïJul 1, 

2011 

2.2Ĭ10-5 Mean value, Pyrex 

surface, chamber 

(Zhou et al., 2003) 

(Gall et al., 2016) 

Pasadena, 

CA, US 

MayïJun, 2010 3.4Ĭ10-5 Median value, 

various surface, 

chamber (Ye, Gao, et 

al., 2016) 

(Tuite et al., 2021) 
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Pearl River 

Delta, China 

Jan 4ï8, 2017 8.3Ĭ10-5 Median value, 

ambient particle, 

chamber (Ye et al., 

2017) 

(Fu et al., 2019) 

Changzhou, 

China 

Apr 3ï24, 2017 8.3Ĭ10-5 (X. Shi et al., 2020) 

Beijing, 

China 

May 7ï30, 2017 

Jan 15ï30, 2018 

8.3Ĭ10-5 (Gu et al., 2022) 

Beijing, 

China 

Apr 24ïMay 4, 

2018 

8.3Ĭ10-5 (W. Zhang et al., 

2020) 

Beijing, 

China 

May 25ïJul 15, 

2018 

Nov 26, 2018ï

15 Jan, 2019 

8.3Ĭ10-5 (J. Liu et al., 2021) 

Wangdu, 

China 

Jun 8ïJul 5, 

2014 

1.3Ĭ10-4 Mean value, ambient 

particle, chamber (Ye 

et al., 2017) 

(Y. Liu et al., 2019) 

Beijing, 

China 

Aug 23ïSep 17, 

2018 

1.3Ĭ10-4 (Jia et al., 2020) 

Southeastern 

US 

JunïJul, 2013 2Ĭ10-4 Median value, field 

observations (Ye, 

Zhou, et al., 2016) 

(Ye et al., 2018) 

We acknowledge that the parameterization scheme proposed in this study does not 

yet incorporate all factors potentially influencing HONO production from nitrate 

photolysis, as reflected by the considerable scattering of data points around the 

parameterization fitting line (Figure 5.5c). Besides the RH effect discussed earlier, co-

existing chemical components also affect Ὦ ᴼ . For instance, certain inorganic 

species (e.g., cations and halides) have been shown to enhance nitrate photolysis, 

whereas the effects of organics are more complex. Some organics, such as oxalate and 
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succinate, inhibit nitrate photolysis, while others like photosensitizers, organic acids, 

and aromatic compounds can promote the process (Gen et al., 2022; Sommariva et al., 

2023). Therefore, caution is necessary when directly applying our parameterization 

scheme to other environmental conditions. Future studies should collect samples 

globally to further validate and refine the shadow-effect correction method and to adjust 

the current parameterization scheme, making it suitable for a broader range of 

environmental conditions. 

5.5 Summary of Chapter 5 

This chapter addresses the challenges in accurately quantifying Ὦ ᴼ  , 

essential for understanding HONO formation in the troposphere. The primary focus is 

on the shadow effect that skews measurements due to light extinction within aerosol 

layers. A novel correction method was developed using filters with varying aerosol 

loadings but identical chemical compositions. This approach was applied over the 

North China Plain during the winter haze period, revealing a significant increase in the 

normalized average rate constant from 5.89 Ĭ 10ī6 sī1 to 1.72 Ĭ 10ī5 sī1 after correction. 

Further, the study found that Ὦ ᴼ   decreases with increasing pH and the 

proportion of nitrate in PM2.5, and shows no correlation with absolute nitrate 

concentrations. The findings support the development of a parameterization for 

Ὦ ᴼ   to enhance simulations of atmospheric HONO production in similar 

environments. 
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6 Industrial Emissions of Br2 

6.1 Field Measurements of Br2 Concentrations 

The observed Br2 concentrations exhibited two distinctly different patterns of 

variation, as illustrated by the typical cases shown in Figure 6.1a. The first pattern, 

exemplified by December 13, is characterized by emission episodes, with Br2 

concentrations rapidly increasing around midnight and then gradually decreasing until 

sunrise. The second pattern, represented by December 23, shows sustained emissions, 

with Br2 concentrations remaining elevated throughout the night and only declining 

after sunrise due to rapid photolysis. These two contrasting patterns, together with the 

intermittent nature of Br2 emission signals (Figure 6.2), collectively suggest that Br2 

sources are unstable and episodic in character. 

In the initial stage of observations, strict lockdown measures were implemented at 

the study site due to the COVID-19 pandemic, and were gradually lifted around mid-

December, as confirmed by on-site personnel. This transition is further supported by 

the Oxford COVID-19 Government Response Tracker (OxCGRT) index (Figure 6.3) 

(Hale et al., 2021). Specifically, the Government Stringency Index, a metric quantifying 

the strictness of lockdown policies, remained consistently high during the early 

observational period, indicating rigorous control measures. Starting from mid-

December, this index gradually decreased, aligning with on-site observations of a 

phased reopening. After the lifting of restrictions, the average Br2 concentration was 

notably higher compared to the lockdown period, characterized by higher peak 

concentrations and more frequent emission events (Figure 6.1b and Figure 6.2). These 

observational findings collectively suggest that Br2 emissions are significantly 

influenced by human activities. 
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Figure 6.1 Diurnal variation of Br2 concentrations at a High-Tech Industrial Park in 

Qingdao, China. (a) Two distinct emission patterns of Br2 observed: a transient peak 

emission on 13 December, and a sustained emission on 23 December. (b) Average 

diurnal Br2 concentrations during the lockdown (red) and after reopening (black) 
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periods. The shaded areas represent the standard deviations of the measurements. 

 

Figure 6.2 Times series of temperature (T); relative humidity (RH); mixing ratios of 

ozone (O3), sulfur dioxide (SO2), nitrogen oxides (NOx), PM2.5, PM10, N2O5, ClNO2, 

Br2 and Cl2 during the field campaign. 

 

Figure 6.3 Temporal trends in COVID-19 response indices from November 30 to 

December 30, 2020, as monitored by the Oxford COVID-19 Government Response 
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Tracker (OxCGRT). The figure presents three indices: the Stringency Index (black 

squares), reflecting the severity of lockdown-style policies; the Government Response 

Index (red circles), summarizing the scope of governmental actions across various 

domains; and the Containment and Health Index (blue triangles), highlighting measures 

specifically related to containment and health. 

We conducted a correlation analysis between Br2 concentrations and other 

measured pollutants (Table 6.1). The results revealed varying degrees of correlation 

between Br2 and these pollutants. Although previous studies commonly considered SO2 

as an important tracer for coal combustion emissions (Peng et al., 2021), our 

observations indicated a weak or even negative correlation between Br2 and SO2 

concentrations (R = ī0.15). This suggests that Br2 emissions at our observation site 

were not predominantly derived from coal combustion. Consequently, this finding 

implies the presence of unidentified Br2 emission sources. 

Table 6.1 Pearson correlation coefficients (R) between ambient Br2 and other factors. 

Factor (Concentration) R Factor  R 

N2O5 0.10 [NO3
ï] -0.03 

ClNO2 0.03 [SO4
2ï] 0.37 

Cl2 0.58 [Clï] 0.07 

jNO2 -0.13 [Na+] 0.32 

SO2 -0.15 [NH4
+] 0.05 

NO2 -0.16 [K+] 0.33 

NO -0.16 [Mg2+] -0.09 

CO -0.17 [Ca2+] -0.09 

O3 -0.10 Temperature -0.39 

HONO 0.26 Relative humidity 0.04 
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PM2.5 -0.04 PM10 -0.19 

 

During the observation period, the predominant northwesterly wind direction 

meant that using a traditional pollution rose plot could obscure the identification of 

emission sources (Figure 6.4). To address this issue, we normalized data within each 

wind-direction sector separately, ensuring that the sum of wind frequencies for each 

sector equaled 1. This eliminated biases caused by the dominance of a particular wind 

direction. As shown in Figure 6.5, high Br2 concentrations exceeding 2.4 ppt (the top 

10% of observed values) were almost entirely from the northwest, indicating that the 

primary Br2 emission source was located west to northwest (270Áï330Á) of the 

observation site. In contrast, the distribution of ClNO2, primarily produced through 

nighttime secondary processes (Z. Wang et al., 2017; M. Xia et al., 2020), exhibited a 

non-directional pattern, with high-concentration signals coming from multiple 

directions. Although Cl2 also appeared at higher concentrations in the northwest, it 

exhibited dispersion toward other directions because it serves as a by-product during 

ClNO2 formation (M. Xia et al., 2020). Additionally, the distinctly different spatial 

distributions of Br2 and SO2 further rule out coal combustion activities as the source of 

Br2 emissions. 
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Figure 6.4 Wind rose diagram showing the distribution of wind direction and speed 

during the observation period. The radial axis represents the frequency of wind 

occurrence in percentage, while the colors indicate different wind speed ranges (m sī1): 

0ï2 (purple), 2ï4 (green), 4ï6 (orange), and 6ï9.7 (red). 
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Figure 6.5 Normalized wind rose plots of (a) Br2, (b) Cl2, (c) ClNO2 and (d) SO2. Each 

sector has been individually normalized to ensure that the wind frequency within each 

sector sum to 1. Concentration ranges are based on the following percentiles: 0, 0.5, 0.7, 

0.9, and 1. 

Based on field investigations and data obtained from Qichacha 

(https://www.qichacha.com), a comprehensive platform for corporate information in 

China, we compiled operational data on enterprises surrounding the observation station 

during the study period (as shown in Figure 6.6). A total of ten pharmaceutical 

companies were identified in the vicinity of the station, five of which are located to the 

northwest, aligning with the observed Br2 emission source. Notably, two of these 

companies are situated within 50 meters of the observation station. Additionally, two 

rubber and plastic manufacturing companies, which may use bromine as a flame 

retardant, and two disinfection product manufacturers, which may produce bromine-

containing disinfectants, were also identified. However, further investigation and 

analysis are required to confirm the exact sources of Br2 emissions. 

https://www.qichacha.com/
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Figure 6.6 Geographic distribution of industrial facilities surrounding the observation 

site in Qingdao, China. The map highlights the locations of disinfection industry 

(yellow markers), pharmaceutical industry (green markers), and rubber and plastic 

industry (red markers) in relation to the observation site (blue marker). Smaller icons 

on the map represent companies of smaller scale. 

6.2 Composition Analysis of PM2.5 in Correlation with 

Br2 

In the Orbitrap analysis conducted in negative mode, a total of 2,639 compounds 

were detected. A subsequent correlation analysis revealed that 23 of these compounds 

had a correlation coefficient exceeding 0.6 with Br2, as detailed in Table 6.2. These 

compounds were categorized into two distinct groups based on their chemical structures 

and functional groups inferred from the MS2 spectra: brominated aromatics, and alkyl 

sulfates and sulfonates, depicted in Figure 6.7a. The compound exhibiting the highest 
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correlation coefficient and relative abundance was identified as C6H4BrNO3. The MS
1 

spectrum, illustrated in Figure 6.7b, shows a primary molecular ion peak at m/z 

215.9303, accompanied by an isotopic peak at m/z 217.9282, the intensity ratio of 

which aligns with bromine's natural isotopic distribution. The MS2 spectrum further 

supports the presence of bromine, displaying characteristic fragment ions at m/z 

78.9188. 

Table 6.2 Compounds detected in the negative mode of Orbitrap analysis with Pearson 

correlation coefficients (R) exceeding 0.6 in relation to ambient Br2. 

Formulas R Factor  R 

C2H4Br2S 0.74 C7H6BrNO3 0.82 

C2H6O4S 0.79 C7H6BrNO4 0.76 

C6H12O5S 0.60 C8H16O4S 0.62 

C6H14O4S 0.66 C8H8BrNO4 0.77 

C6H4BrNO3 0.86 C9H19NO7S 0.80 

C6H4Br2O2 0.60 C9H4O12 0.63 

C6H5BrClNO2S 0.67 C10H20O4S 0.61 

C6H5Br2NO2S 0.88 C10H22O3S 0.68 

C6H6Br2S 0.79 C10H6BrNO3 0.80 

C6H6N2O2 0.71 C11H22O4S 0.66 

C7H16O4S 0.65 C14H30O3S 0.61 

C7H5BrO3 0.71   

The software designed for compound identification suggests that C6H4BrNO3 is 4-

Bromo-2-nitrophenol, a chemical mainly used as a precursor or intermediate in the 

production of inhibitors or antibiotics (Guo et al., 2024; W. Huang et al., 2008; Naret et 

al., 2018). Brominated derivatives serve as essential precursors in key chemical 

reactions such as cross-coupling and substitutions, which are fundamental in creating 
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various pharmaceuticals, agrichemicals, and specialty compounds (Yoffe et al., 2013). 

In the realm of pharmaceuticals, the addition of bromine enhances therapeutic efficacy, 

optimizes drug metabolism, and extends the drug's action duration (Potapskyi et al., 

2024). Traditionally, Br2 is utilized as an oxidizing agent in direct bromination 

processes, and it may also appear as a byproduct in the production of brominated 

substances (Khatun et al., 2018). Nonetheless, without adequate emission controls, 

there is a risk that unreacted or surplus Br2 could escape into the environment, thus 

posing potential health and ecological dangers. 

Alongside brominated compounds, a significant correlation between Br2 

concentrations and alkyl sulfates/sulfonates was observed. Notably, C2H6SO4 exhibited 

the highest correlation coefficient and was tentatively identified as dimethyl sulfate by 

compound discovery software, utilizing both MS1 and MS2 spectra. Dimethyl sulfate is 

widely used in organic synthesis as a methylating agent (Y. Chen, 2019; Mouselmani 

et al., 2015; Selva & Perosa, 2008). In a similar vein, C6H14SO4, tentatively identified 

as diisopropyl sulfate, is a structural homolog of dimethyl sulfate. These findings imply 

that pharmaceutical synthesis processes, which typically employ these reagents, might 

be a notable source of atmospheric bromine emissions. 

 

Figure 6.7 The results of chemical composition analysis of PM2.5. (a) Correlation 

coefficients (orange) of selected chemical compounds (correlation coefficient > 0.6) 
































































































