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ABSTRACT 

Nitryl chloride (ClNO2) is an important source of highly reactive chlorine 

radical that may affect the atmospheric oxidative chemistry in the daytime. However, 

the abundance of ClNO2 and its roles are not fully understood under different 

environmental conditions. This thesis presents the first detailed investigation of ClNO2 

and its impact in polluted China environments based upon field measurements of 

ClNO2 and its precursor, N2O5, using chemical ionization mass spectrometry (CIMS). 

Preliminary studies of ClNO2 were conducted in Tung Chung and Hok Tsui 

(both in Hong Kong) with a thermal decomposition (TD) CIMS between 2011 and 

2012. ClNO2 shows a clear diurnal pattern with significant concentrations being 

observed during the night-time. Formation of ClNO2 was persistent throughout the 

year with the highest level of ClNO2 observed during the autumn season followed by 

spring, winter, and summer, which is consistent with the seasonal variation of NOx, 

O3, and particle chloride. The variations of the ClNO2 were found to be influenced by 

the air masses origin with elevated ClNO2 mixing ratios observed in plumes from 

Hong Kong and the Pearl River Delta region and lower concentrations in marine air. 

Calculations suggest that photolysis of ClNO2 contributed up to 0.02 pptv/s of Cl atom 

production rate in the early morning and exceeded the OH production rate via O3 

photolysis by a factor of 3. These results provide an initial understanding of ClNO2 

and its potential importance in Asian coastal regions. 

 To improve the quality of measurement, we then reconfigured and optimized 

the TD-CIMS to an unheated version of CIMS. A series of testing were performed, 

including calibrations, background zeroing and inlet transmission efficiency. The 
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optimized CIMS demonstrates high sensitivity (~1 Hz/pptv) with a low detection limit 

of 5 pptv for both N2O5 and ClNO2 measurement. The sampling line was also 

optimized and was suggested to be replaced and washed daily to reduce the artifacts 

from aerosol deposition on the inlet surface. Field verification of the in-situ CIMS 

N2O5 measurements with observations by a cavity ring-down spectroscopy (CRDS) 

showed excellent agreement (slope = 0.99; R2 = 0.93). These testing results indicate 

that the optimized CIMS is capable of accurately detecting both N2O5 and ClNO2 

under polluted China environment. 

 

In keeping the works above, the optimized CIMS was deployed to the peak of 

Tai Mo Shan (957 m above sea level) in late autumn of 2013. The measurement found 

significant levels of ClNO2 (>400 pptv) and its precursor, N2O5 (>1000 pptv) on 6 out 

of the 12 consecutive nights with full CIMS data. The highest ever reported levels of 

ClNO2 (4.7 ppbv, 1 min average) and N2O5 (7.7 ppbv, 1 min average) were observed 

in one night. High-resolution meteorological simulations revealed that this ClNO2 and 

N2O5-laden air originated from the surface of urban/industrial areas north of the site 

with enriched anthropogenic chloride as well as NOx and aerosol. We demonstrated 

that the fast production of NO3 and moderate N2O5 uptake and ClNO2 yield initiated 

the very high concentration of ClNO2, which led to a large production rate of Cl atom 

(up to 0.59 pptv/s) in the next morning. Daytime ClNO2 and N2O5 were also observed 

in this measurement. The heterogeneous uptake of daytime N2O5 on fog/cloud droplets 

was shown to be a potentially important production mechanism for soluble nitrate and 

additional source of VOC oxidants during the daytime.  
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Elevated ClNO2 mixing ratios (>350 pptv) were measured in an inland site of 

northern China during the summer CAREBEIJING 2014 campaign. The ClNO2 

mixing ratio of up to 2070 pptv (1-min average) was observed on 20-21 June 2014 and 

was characterized with a larger N2O5 heterogeneous loss rate and ClNO2 production 

rate compared to the campaign average condition. A salient feature of this observation 

is that the abundant ClNO2 concentration kept increasing even after sunrise and 

reached a peak 4 hours later. Such highly sustained ClNO2 peaks in the morning are 

discrepant from the typical diurnal pattern previously observed in other places. As 

evidenced by the meteorological and chemical analysis, the sustained ClNO2 morning 

peaks were caused by the significant ClNO2 production in the residual layer at night 

followed by downward mixing after the break-up of the nocturnal boundary layer at 

sunrise. Calculations showed that ~1.7-4.0 ppbv of ClNO2 would exist in the residual 

layer in order to sustain the observed morning ClNO2 peaks at the surface site. 

Photolysis of the ClNO2 was shown to be a dominant radical source and contributed 

up to 46%, 37%, 10%, 7% and 13% of the integrated oxidation of alkane, alkyne, 

alkene, aromatic and OVOC, respectively, throughout the morning. Overall, the 

findings of this thesis reveal that ClNO2 is ubiquitous over the polluted regions of 

China and is a crucial pollutant to be considered when assessing photochemical and 

haze pollutions in China. 
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Chapter 1 Introduction 

 

 

1.1 Background 

 

Emissions of nitrogen oxides (NOx = NO + NO2) via anthropogenic activities 

degrade the air quality and negatively affect human health (Ramanathan et al., 2001, 

Zipprich et al., 2002). During the daytime, NOx participates in a series of 

photochemical reactions to produce ozone (O3) and nitric acid (HNO3). These daytime 

NOx reactions have been extensively studied since the 1980s (Parrish et al., 1993). 

NOx involves in a different set of reactions after sunset. Oxidation of nitrogen dioxide 

(NO2) by O3 yields the nitrate radical, NO3 (R1.1), which is extremely susceptible to 

sunlight. 

NO2 + O3    NO3 + O2      (R1.1) 

Thus, NO3 only accumulates at nightfall and can further react with another NO2 to 

produce dinitrogen pentoxide (N2O5). N2O5 always co-exists in thermal equilibrium 

with NO3 and NO2. 

NO3 + NO2 + M   N2O5 + M   (R1.2) 

 

N2O5 can undergo irreversible hydrolysis (reaction with liquid water in the 

aerosol) to produce two water-soluble HNO3 (R1.3). If chloride (Cl-) is available in 

the aerosol, N2O5 undergoes chlorine activation, leading to the production of nitryl 

chloride (ClNO2) and nitrate (NO3
-) (R1.4) (Finlayson-Pitts et al., 1989).  

N2O5  + H2O (l) → 2HNO3      (R1.3) 

N2O5 + Cl- (het)    ClNO2 + NO3
-    (R1.4) 
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The ClNO2 serves as a stable reservoir of radical and NOx during the night, but it is 

subjected to photolysis at sunrise, liberating a reactive chlorine (Cl) atom and NO2 to 

the ambient atmosphere (see Figure 1.1). Cl atom is reactive towards VOCs and can 

enhance ozone production in the polluted regions (Osthoff et al., 2008; Simon et al., 

2010; Riedel et al., 2014; Sarwar et al., 2014). The presence of Cl atom also increases 

the production of secondary aerosol (Jimenez et al., 2009; Cai et al., 2008) and affects 

the lifetime of greenhouse gasses like methane (Liao et al., 2014). 

 

 

Figure 1.1. Schematic of ClNO2 heterogeneous production from N2O5 and its 

potential impact in the troposphere. Emission from the natural and anthropogenic 

sources are believed to play important roles in the formation of ClNO2.  

 

The above nocturnal chemistry is unknown in the real atmosphere until a 

decade ago. The first ambient measurement of ClNO2 took place in 2006 along the 

coast of Texas (Osthoff et al., 2008). They observed high levels of ClNO2 with mixing 

ratios >1 ppbv, indicating the importance of ClNO2 production in the coastal 
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environment. Later studies in other polluted marine regions also reported large ClNO2 

mixing ratios of up to 3.6 ppbv (Riedel et al., 2012; Wagner et al., 2012; Mielke et al., 

2013; Bannan et al., 2015a). Production of ClNO2 in the inland environment has been 

thought to be slow, but Thornton and co-workers found significant ClNO2 mixing 

ratios of up to 0.45 ppbv in Boulder (Thornton et al., 2010). They suggested that non-

marine Cl- emitting sources like coal-fired power plants, industries, biomass burning, 

road salts and soil dust may support the ClNO2 production in that region. ClNO2 

mixing ratios ranging from tenths of pptv to 1.3 ppbv were later observed at other 

inland sites (Mielke et al., 2011; Phillips et al., 2012; Riedel et al., 2013; Faxon et al., 

2015). 

 

To date, the research on heterogeneous production of ClNO2 was only 

conducted in the United States (US) (e.g. Osthoff et al., 2008; Thornton et al., 2010; 

Riedel et al., 2012; Riedel et al., 2013; Mielke et al., 2013; Faxon et al., 2015), Canada 

(Mielke et al. 2011, 2015), and a few in Europe (Phillips et al., 2012; Bannan et al., 

2015a). The lack of measurement data in other parts of the world limits our ability to 

evaluate the global impact of ClNO2 on tropospheric chemistry and air quality. 

 

China has been suffering from severe air pollution problems due to the rapid 

economic development and excessive consumption of energy. Emission of NOx was 

found to increase steadily in Asia until recently, a phenomenon that is different with 

those in North America and Europe which showed a declining trend of NOx (Russell 

et al., 2012; Hilboll et al., 2013). Satellite NO2 column data showed a maximum NO2 

emission of 127 Gg N yr-1 in 2011 and an increase of 5–10% per annum over mega-

cities of China (Mijling et al., 2013; Hilboll et al., 2013). A recent study indicated 
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decreasing (but still high) NO2 column concentrations since 2011 over China (Duncan 

et al., 2016). High levels of surface O3 were frequently reported in China. For example, 

a maximum hourly concentration of 286 ppbv was observed in a rural site downwind 

of Beijing (Wang et al., 2006). Tropospheric ozone over the last two decades has 

increased in both northern and southern China at a rate of  2.6 - 3.0 ppbv yr-1 and 0.6 

- 0.9 ppbv yr-1, respectively (Ding et al., 2008; Wang et al., 2009; Xue et al., 2014; 

Zhang et al., 2014). The abundant of NOx and O3 coupled with significant of chloride 

aerosol (e.g. Lai et al., 2007; Tan et al., 2009; Huang et al., 2014; Sun et al., 2015) 

may make the heterogeneous production of ClNO2 particularly important in China.  

 

Previous studies indicated that the nocturnal N2O5 heterogeneous processes are 

potentially important in China. Wang et al. (2013) observed significant level of NO3 

in the urban area of Shanghai by using a differential optical absorption spectroscopy 

(DOAS) and showed evidence of the efficient heterogeneous reaction of N2O5 at that 

urban site. A more recent study with a global model (incorporated with heterogeneous 

ClNO2 formation chemistry) suggested the summertime production of ClNO2 up to 

0.4 ppbv in the inland region of China, where the heterogeneous conversion of N2O5 

to ClNO2 could be enhanced by the chloride presence in biomass burning plumes 

(Sarwar et al., 2014). These studies, however, lack of direct measurements of key 

chemicals involved in the N2O5 heterogeneous uptake. Field measurements of ClNO2 

(and N2O5) are clearly needed in China to understand the production mechanisms and 

impact of ClNO2 in China’s environment.  
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1.2 Research objectives 

 

The objectives of this study are to: 

 Develop and optimize CIMS method for accurate measurements of ClNO2 and 

N2O5 under polluted condition of China. 

 Characterize the abundance of ClNO2 and its formation chemistry in polluted 

regions of southern and northern China. 

 Assess the impacts of ClNO2 on the primary radical production and VOCs 

oxidation rate. 

 

1.3 Structure of the thesis 

 

The thesis is composed of eight chapters as the followings:  

 

1) Chapter 1 introduces the research background, rationale, main research 

objectives, and the outline of this study.  

2) Chapter 2 reviews the current understanding of ClNO2 including its formation 

and loss chemistry, distributions, potential impacts and measurement 

techniques.   

3) Chapter 3 describes the sampling locations, instrumentation, experimental 

procedures and model techniques. 

4) Chapter 4 reports preliminary observational data of ClNO2 at two coastal sites 

in Hong Kong. 
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5) Chapter 5 presents the testing results of CIMS optimization and method 

improvement for measurements of N2O5 and ClNO2 in polluted China 

condition.  

6) Chapter 6 assesses the production of ClNO2 (and N2O5) in the planetary 

boundary layer of southern China and their potential importance in the next 

day photochemistry.  

7) Chapter 7 investigates the abundance of ClNO2 and impacts on the primary 

radical production and VOCs oxidation in a polluted region of northern China. 

8) Chapter 8 underlines the key findings, implications of the study and future 

works. 
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Chapter 2 Literature Review 

 

 

2.1 Formation of ClNO2 

 

ClNO2 is produced from the heterogeneous reaction of N2O5 on chloride 

particles (see R1.4). The production rate of ClNO2 (P(ClNO2)) is given as a function 

of N2O5 heterogeneous loss rate coefficient (k(N2O5)het), N2O5 concentration and 

production yield of ClNO2 (ɸ), as shown in equation (2.1).  

P(ClNO2) = k(N2O5)het[N2O5]ɸ     (2.1) 

In other word, factors like the N2O5 availability, N2O5 heterogeneous uptake 

coefficient on aerosol, and yield of ClNO2 determine the concentration of ClNO2 in 

the ambient atmosphere. Each of these factors is reviewed in the following sub-

sections. 

 

2.1.1 The availability of N2O5  

 

N2O5 is a key precursor of heterogeneous ClNO2 production. It is produced 

from the gas-phase oxidation of NO2 by O3, followed by the reaction of NO2 and NO3 

(see R1.1 and 1.2). N2O5 always exists in thermal equilibrium with NO2 and NO3. If 

the reaction tends toward the right, more N2O5 is produced, while N2O5 will be 

dissociated into NO2 and NO3 if it shifts toward the left. The thermal equilibrium 

between [N2O5] and [NO2][NO3] is given by equation (2.2), where, Keq is a 

temperature-dependent equilibrium constant (e.g. Keq = 2.93 x 10-11 cm3 molecule-1 at 

298 K as recommended by the IUPAC Kinetics database). 
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[N2O5] = Keq[NO2][NO3]       (2.2) 

This equilibrium is, therefore, influenced by the temperature and NO2 concentrations 

as well as the NO3 sinks (i.e. reaction with NO, VOCs, and heterogeneous uptake of 

NO3) leading to indirect N2O5 loss (shifting the equilibrium to the left).  

 

2.1.1.1 Thermal equilibrium and NO2 concentrations 

 

Ambient temperature and [NO2] are two important parameters in determining 

the equilibrium of equation 2.2. N2O5 is thermally unstable, so the formation of N2O5 

is preferable at a lower temperature, whereas higher [NO2] in the ambient can increase 

the reaction rate of NO3 and NO2 and shift the equilibrium of R1.2 towards N2O5. 

Figure 2.1 shows the example of N2O5 to NO3 ratio as a function of temperature at 

different NO2 mixing ratios (Chang et al., 2011). It shows that at 1 ppbv of NO2 and 

295 K, the N2O5 and NO3 are roughly equal to each other (~1:1). The [N2O5] is about 

10 times of [NO3] at temperature of 278 K. The graph also shows that the [N2O5] to 

[NO3] ratio at 10 ppbv of NO2 is much larger than the ratio at 1 ppbv of NO2.  It means 

that N2O5 is normally more abundant than NO3 in NO2 rich regions.  
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Figure 2.1. The ratio of N2O5/NO3 as a function of temperature by using the Keq 

determined in the literature (from Chang et al., 2010). 

 

2.1.1.2 Indirect loss of N2O5 via reaction of NO3 with NO 

 

Reaction of NO3 with NO is an important loss of NO3 (R2.1). According to the 

IUPAC Kinetic database, the reaction rate coefficient of NO+NO3 is 2.6 x 10-11cm3 

molecule-1 s-1 at 298 K.   

NO3 + NO → 2NO2      (R2.1) 

This reaction is important during the daytime or near the anthropogenic NO sources 

during the night. For example, the lifetime of NO3 in the presence of ~0.1 ppbv at 

standard temperature and pressure (STP) is about 15 seconds. Wayne et al., (1991) 

suggested that the lifetime of NO3 with respect to R2.1 is shorter than photolysis of 

NO3 at noon-time for NO concentrations ≥0.3 ppbv. The rapid loss of NO3 would 

shifts the equilibrium of R1.2 towards NO3 + NO2, resulting in indirect loss of N2O5 

via its dissociation. Field measurements always found a sharp decrease of N2O5 
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mixing ratios to near zero level when high NO plumes were intercepted at night (e.g. 

Brown et al. 2012). Thus, the presence of NO in the air mass is a limiting factor of 

N2O5 production which in turn restricts the production of ClNO2.  

 

2.1.1.3 Indirect loss of N2O5 via reaction with VOCs  

 

The reaction of NO3 with VOCs (R2.2) can be another major indirect loss of 

N2O5.  

NO3 + VOC    Products      (R2.2) 

Reaction of NO3 + VOCs mainly proceeds by abstraction of H-atom and addition of 

NO3 to the carbon double bond, producing variable products like OVOC, 

multifunctional organic nitrates, HNO3 and NO2. NO3 can react rapidly with several 

groups of VOCs. Table 2.1 shows the lifetime of selected VOCs for NO3 of 20 pptv.  

The lifetimes of alkenes, phenols, reduced sulfur compounds (e.g. dimethyl sulfide 

(DMS)), isoprene and terpenes are short, ranging from 14 s to 55 h, while the reaction 

of NO3 with alkanes, aromatics (except styrene), ethane, and some oxygenated 

hydrocarbons are slow enough to have significant impacts in the ambient atmosphere 

(Atkinson and Arey, 2003; Brown and Stutz, 2012).  

 

The indirect loss of N2O5 through NO3 + VOCs was shown to be considerably 

important in various environments due to the different VOCs sources, especially in 

regions with low NO. A study in the polluted marine region along the Gulf of Maine 

showed that the loss of N2O5 was dominated by the NO3 + VOCs on several nights 

(Aldener et al., 2006). They illustrated an example night with fast NO3 loss rate 

coefficient up to ~3 x 10-2 s-1, and the interaction of terrestrial biogenic VOC (isoprene 
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and monoterpenes) and DMS contributed to 71% and 10% of the total NO3 sink, 

respectively. Brown et al. (2011) conducted extensive flight measurements to look into 

the NO3 and N2O5 reactivity aloft of Texas regions which have influences from 

petrochemical facilities. They summarized that the reactivity of NO3 and N2O5 was 

dominated by the reaction of NO3 with VOCs in different types of air masses. 

Anthropogenic VOCs (i.e. alkenes and aromatics) was found to contribute to 54%, 

46%, and 30% of the NO3 loss in the fresh urban emissions, petrochemical emissions, 

and rural air masses, respectively. While biogenic VOCs (i.e. isoprene) were 

determined to be the dominant loss of NO3, contributing 35-49% of the NO3 loss in 

the rural area and aged urban plumes.  

 

Table 2.1. The lifetimes of selected VOCs with NO3 predicted at a fixed NO3 mixing 

ratio of 20 ppt (from Atkinson and Arey, 2003; Brown and Stutz, 2012). 

VOC Lifetime for NO3 = 20 pptv 

Anthropogenic  

Alkanes 

Aromatics 

Ethene 

Linear alkenes 

Internal, branches alkenes 

 

 

>46 days 

>11 days 

>116 days 

22–55 h 

0.5 min–1.9 h 

Oxygenates 

Formaldehyde  

Acetaldehyde 

Higher aldehydes  

Alcohols 

Ketones 

Phenol, cresols 

 

 

39 days 

7.7 days 

18 h – 3.3 days 

11–230 days 

>38 days 

3–17 min 

Biogenic 

Isoprene 

Monoterpenes 

Sesquiterpenes 

Dimethyl sulfide 

 

0.8 h 

3–15 min 

14 s–0.8 h 

0.6 h 
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2.1.1.4 Indirect loss of N2O5 via NO3 heterogeneous reaction 

  

 Heterogeneous reaction of NO3 with aerosols is another indirect sink for the 

N2O5. Its reaction rate, k(NO3)het, can be determined by the uptake coefficient of NO3 

(γ(NO3)), molecular speed of NO3 (CNO3) and Sa, the surface area density, as shown in 

R2.3.  

NO3 
het.
→  Products ; k(NO3)het = 

1

4
CNO3γ(NO3)Sa    (R2.3) 

Heterogeneous reaction of NO3 is usually regarded to be of insignificance in the 

atmosphere (Brown and Stutz, 2012 and references therein). For example, Aldener et 

al (2006) reported that only 2% of the NO3 loss in a polluted marine region was caused 

by the NO3 heterogeneous reaction. Tang et al. (2010) conducted an assessment of the 

uptake rate of NO3 and N2O5 on mineral dust and indicated that the mineral dust is 

probably not a significant contributor to the loss of NO3 in the boundary atmosphere, 

but suggested the needs of more future works at different environment. Crowley et al. 

(2011) later also found that the NO3 loss on aerosols was insignificant in Spain for 

most of the time. 

 

2.1.2 Heterogeneous uptake coefficient of N2O5  

 

The second factor that can directly affect the ClNO2 production is the direct 

loss of N2O5 via heterogeneous uptake. Before proceeding with the description of 

N2O5 heterogeneous uptake rate, it is useful to precede with the mechanisms of N2O5 

heterogeneous uptake. The heterogeneous reactions of N2O5 on aerosol surfaces were 

demonstrated to be efficient under atmospheric conditions in late 1980s (Mozurkewich 

and Calvert, 1988). The mechanisms were proposed as in the reactions below. 
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N2O5 (g) ↔ N2O5 (aq)     (R2.4) 

N2O5 (aq) ↔ NO3
-(aq) + NO2

+(aq)     (R2.5) 

NO2
+(aq)   + H2O (l) → H+(aq) + HNO3(aq)   (R2.6) 

NO3
-(aq) + H+(aq) ↔ HNO3(aq)    (R2.7) 

It starts with the net accommodation of N2O5 onto the aqueous surface of the aerosol 

(R2.4). N2O5 will undergo solvation and ionization in the water, dissociating into NO2
+ 

and NO3
- ions, and NO3

- (R2.5) as proposed by Thornton et al., (2003). The NO2
+ ion 

will ultimately react with a water molecule (H2O) to produce HNO3/NO3
-(R2.6-2.7). 

Halides ions such as Cl- could compete with water molecules to react with NO2
+ to 

form nitryl halides like ClNO2 (see R2.8) (Finlayson-Pitts et al., 1989; George et 

al.,1994; Behnke et al, 1997; Frenzel et al., 1998). 

NO2
+ (aq) + Cl- (aq) → ClNO2 (aq)    (R2.8) 

Later, Thornton et al., (2005) proposed another mechanism similar to the above, with 

the formation of the hydrated intermediate, H2ONO2
+, instead of NO2

+, before reacting 

with another H2O or halides ions.  

 

As shown above, the ClNO2 production depends on the heterogeneous loss rate 

coefficient of N2O5 (k(N2O5)het) which is governs by the molecular speed of N2O5 

(CN2O5), particle surface area and γ(N2O5), the uptake coefficient of N2O5, defined as 

the probability of collisions of N2O5 with the aerosol surface that lead to reaction. 

k(N2O5)het = 
1

4
CN2O5γ(N2O5)Sa    (2.3) 

In other words, N2O5 uptake coefficient is an important parameter for the N2O5 

heterogeneous loss. A fixed value of γ(N2O5) = 0.1 was first proposed by Dentener 

and Crutzen (1993) for determining the tropospheric N2O5 heterogeneous loss. Later 
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studies, however, have found that the γ(N2O5) was somewhat smaller and more 

variable.  

 

Laboratory studies of the N2O5 heterogeneous uptake on sea-salts, sulfates, 

nitrates, chlorides, acids, organics, pure water, mineral dusts, and soots have reported 

γ(N2O5) ranging between 10-4 – 10-2 (e.g. Thornton et al., 2003; Bertram and Thornton, 

2009; Tang et al., 2012; Brown and Stutz, 2012 and references therein; Gaston et al., 

2014; Gaston and Thornton, 2016). The γ(N2O5) is highly affected by the changes of 

temperatures and RH. For example, Mozurkewich and Calvert (1988) found that the 

γ(N2O5) on ammonium bisulphate aerosols increased from 0.05 at the temperature of 

298 K to 0.09 at 274 K. Hu and Abbatt (1997) demonstrated a decreasing trend of 

N2O5 uptake onto ammonium sulfate aerosols towards higher RH at room temperature. 

They found γ(N2O5) = 0.04-0.05 for RH = 50-69% while decreased to 0.02 at high RH 

(83-94%). The γ(N2O5) also depends on the magnitude of chemical compositions mix 

in the aerosol. Mentel et al., (1999) showed that the γ(N2O5) on NO3
- containing 

aerosol was an order of magnitude smaller than on sodium bisulfate and sulfate 

aerosols, illustrating that the presence of high NO3
- loading effectively reverses the 

ionization process of N2O5 in the aqueous phase (see R2.5), which is known as the 

‘nitrate effect’. This effect was also confirmed by other studies that found the reaction 

rate of NO2
+ with NO3

- to be 30-40 times faster than the reaction of NO3
- with H2O 

(Bertram and Thornton, 2009; Griffiths et al., 2009). However, if Cl- is present in the 

aerosol, the ‘nitrate effect’ could be effectively negated (Bertram and Thornton, 2009).  

 

Organics coating on the aerosol could also modify its surfactant properties and 

was shown to have strong suppression of the N2O5 uptakes. Folkers et al. (2003) 



15 

 

investigated the N2O5 uptakes on aqueous NH4HSO4 particles coated with α-pinene 

products (from ozonolysis) and showed a reduction of γ(N2O5) by more than an order 

of magnitude. Thornton and Abbatt, (2005) later demonstrated that the presence of 

hexanoic acid as a monolayer of the aerosol decreases the γ(N2O5) on NaCl from 0.025 

to 0.008. Different effects of organics coating were observed in the ambient 

measurement with aerosol flow tube, where the γ(N2O5) showed a clear dependence 

on particulate organic to sulfate ratios in Seattle, whereas no dependence of γ(N2O5) 

was observed in Boulder (Bertram et al., 2009). Ryder et al., (2014) suggested the 

chemical composition and physical phase state of particulate organics likely controlled 

the γ(N2O5) in the air masses from polluted coastal regions of San Diego. A more 

recent study also pointed out that the degree of oxidation of the organic aerosol 

(indicated by the atomic O:C ratios) and molecular weight, and the particle phase, 

morphology, and RH, can explain the different effects of organic aerosol on γ(N2O5) 

(Gaston et al., 2014). 

 

In the ambient atmosphere, variable values of γ(N2O5) have been reported: 

0.001-0.0017 at high altitude in New England region (Brown et al., 2006), 0.0004-

0.006 in upper air in Texas (Brown et al., 2009),  0.001-0.029 at Los Angeles basin 

(Riedel et al., 2012), 0.002-0.1 at a downwind site of urban city in Colorado (Wagner 

et al., 2013), 0.012-0.037 in polluted and less polluted air masses in San Diego (Ryder 

et al., 2014), and 0.0076-0.03 at a high altitude in north-western Europe (Morgan et 

al., 2015). 
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2.1.3 ClNO2 production yield 

 

The final factor affecting the ClNO2 production is the influence of ClNO2 yield 

from the N2O5 heterogeneous reactions, which is defined as the branching ratio of R1.3 

and R1.4. Laboratory studies (e.g. Benhke et al., 1997; Roberts et al., 2009; Bertram 

and Thornton, 2009) have shown that the ClNO2 yield is solely dependent on the 

relative amount of chloride and water content, and can be expressed as the following 

equation. 

ɸ =  1
k2.6[H2O]
k2.8[Cl-]

 + 1
      (2.4) 

The rate coefficients of k2.6 and k2.8 are the reactions of NO2
+ with H2O (see R2.6) and 

Cl- (see R2.8), respectively. Roberts et al. (2009) reported that the coefficient rate of 

k2.8 is about 450 times faster than k2.6 and suggested that even at a small amount of Cl-

, the N2O5 uptake is more favor to undergo reaction R2.8. Figure 2.2 illustrates the 

yield of ClNO2 from N2O5 heterogeneous uptake as a function of substrate chloride 

concentration determined by several laboratory studies, which generally agreed with 

each other (Roberts et al., 2009 and references therein). It can be seen that small 

amount of Cl-, for example at 0.05 molar (M), the yield of ClNO2 is about 1/3 and 

reaches almost unity when the chloride concentration is larger than 1 M. However, 

presence of other bulk chemical composition in the aerosol can reduce the N2O5 

conversion efficiency to ClNO2. Species like bromide (Schweitzer et al., 1998) and 

organic molecules such as phenol and humic acid (Ryder et al., 2015) can efficiently 

compete with the Cl- to react with NO2
+ in R2.8. A laboratory study also suggest that 

aerosol with high acidity (low pH<2) can lead to a direct conversion of N2O5 to Cl2 

instead of producing ClNO2 (Roberts et al., 2008). 
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Figure 2.2. Plots of the efficiency of conversion of N2O5 to ClNO2 versus the substrate 

chloride concentration obtained from different studies (Roberts et al., 2009 and 

references therein). 

 

Field studies indicate that the yields of ClNO2 from the N2O5 heterogeneous 

reactions are varying between environment, ranging from 0.07 to 0.98 (Mielke et al., 

2011; Osthoff et al., 2008; Riedel et al., 2013; Thornton et al., 2010; Wagner et al., 

2013). For instance, Osthoff et al., (2008), reported ɸ of 0.1–0.65 in the polluted 

marine boundary layer of Texas while Thornton et al. (2010) predicted smaller ɸ of 

0.07–0.36 in a continental setting of Boulder, but both studies suggest the needs of a 

gas phase chloride reservoir (i.e. HCl) to justify chlorine mass balance for these 

observations. Enhanced ClNO2 yields of 0.72–0.98 were also observed in the coal-

fired power plant plumes relative to the ɸ of 0.26–0.45 in diffused urban plumes in 

Colorado (Riedel et al., 2013).  
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2.2 Sink processes of ClNO2 

 

The major removal pathway of ClNO2 in the troposphere is through photolysis. 

At sunrise, the ClNO2 undergoes photolysis at wavelengths greater than 290 nm in the 

UV/vis region (Ghosh et al., 2011). The photodissociation of ClNO2 can have several 

possible dissociation channels, but the dissociation into a Cl atom and NO2 (R2.9) was 

shown to be the dominant photodissociation pathway of ClNO2 at 350 and 308 nm 

(Plenge et al., 2001). 

ClNO2 + hv → Cl· + NO2     (R2.9)  

The lifetime of ClNO2 due to photolysis in the morning (a few hours after sunrise) is 

about 2-3 hours, while the photolysis frequency can be >3.0 x 10-4 s-1 to at noon, 

decreasing the ClNO2 lifetime to less  than 50 minutes (e.g. Phillips et al., 2012; Riedel 

et al., 2014; Bannan et al., 2015a).  

 

ClNO2 is typically unreactive in the night-time despite it may involve in 

several sink processes. The reaction of ClNO2 with gas-phase species like NO and OH 

was shown to be sufficiently slow or unimportant in the ambient condition (e.g. 

Wilkins et al., 1974; Ganske et al., 1991). Heterogeneous uptake of ClNO2 also occurs 

at a very slow rate. Behnke et al. (1997) reported the uptake of ClNO2 on neutral pure 

water or sea-salt (NaCl) with uptake coefficients of γ = 0.3 × 10-6 to 5 × 10-6, but was 

determined to have much faster uptake (γ = 6 × 10-3 to 2 × 10-3) on acidic (pH<2) 

chloride containing aerosols (Robert et al., 2008). These slow ClNO2 losses lead to the 

accumulation of ClNO2 at sunset and the nocturnal lifetime of ClNO2 could be >8 h. 
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2.3 Field observations of ClNO2 

 

Despite the importance of ClNO2, the distribution of ClNO2 in the troposphere 

is unclear. There were no direct field measurements of ClNO2 available a decade ago. 

The reported production of ClNO2 was modelled from the measured N2O5 

concentrations and its reactivity in some earlier field measurements. For instance, 

Aldener et al. (2006) calculated the ClNO2 from the measured N2O5 with the 

assumption that N2O5 would exclusively undergo hydrolysis on submicron aerosol, 

but would uptake onto the supermicron aerosol (presumed to be sea-salt) to produce 

ClNO2 with unity yield. They showed at most 50 pptv of total ClNO2 can be produced 

overnight along the United States east coast. Another field measurement in 2005 

predicted the ClNO2 production based on their observed N2O5, NO2, and O3, and found 

ClNO2 of 0.061 - 1.6 ppbv were produced over the night at the MBL of Canada 

(McLaren et al., 2010). 

 

The first direct ambient measurement of ClNO2 was only available in 2006 

along the coast of Houston, Texas (Osthoff et al., 2008). After that, a number of studies 

have been conducted in other places. Figure 2.3 summarizes the field measurements 

of ClNO2 around the world. It is clear that majority of the ClNO2 field studies were 

conducted in North America (U.S and Canada), while a few campaigns were in Europe 

and near Arctic regime. These limited field studies, nevertheless, provided useful 

information on the distributions of ClNO2 with mixing ratios which varied in the range 

of tenths of pptv to ppbv under different environment. The following sections review 

these field observations of ClNO2. 
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Figure 2.3. The observations of ClNO2 available around the world. The mixing ratios 

here (in red color wording) are the maximum level of ClNO2 of that campaign. 

 

2.3.1 Marine coastal environment 

 

 Chloride aerosol is abundant in the coastal environment since it can be derived 

from the acid displacement of sea-spray (Graedel and Keene, 1996; Keene et al., 

1999). As a result, efficient production of ClNO2 was frequently found in the polluted 

coastal regions, where NOx is abundant as well. The landmark field measurement of 

ClNO2 by Osthoff et al. (2008) was conducted on board of a research vessel (Ronald 

H. Brown) along the Gulf of Mexico, Houston. They found high levels of ClNO2 with 

mixing ratio > 1 ppbv in the urban outflow of Houston, confirming the efficient 

production of ClNO2 in the field. Through the estimated N2O5 heterogeneous loss rate 

and good correlation with ClNO2 concentrations, they concluded that N2O5 is the 

source of ClNO2 and suggested that substantial fraction of the heterogeneous reaction 

would take place on submicron Cl- containing aerosol, which could be continuously 

replenished by the gas-phase chloride (HCl) from acid displacement of sea spray. 
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Therefore, the strong emissions of NOx from urban/ships sources on the coast and of 

chloride aerosol from the sea sprays were presumed as the causes of the high ClNO2 

production in Houston. 

 

 ClNO2 was later measured during the California Research at the Nexus of Air 

Quality and Climate Change (CalNex) 2010 summertime campaign on the ship, 

ground-site, and airplane covering the Los Angeles basin (Ryerson et al., 2013). Reidel 

et al. (2012) observed ClNO2 mixing ratios up to 2.15 ppbv in the Los Angeles urban 

out-flow plume when sampling near the Santa Monica Bay on board of a research 

vessel. Wagner and co-workers estimated the amount of ClNO2 being produced over 

the water of Santa Monica Bay with a box model and found that the ClNO2 production 

with a unity yield (100%) cannot reproduce the observed mixing ratio of ClNO2 

(Wagner et al., 2012). Their results indicated that the ClNO2 production took place 

over the land of Los Angeles and then transported to Santa Monica Bay (the sampling 

points of the ship) by the night-time land breeze, rather than being produced over the 

water of Los Angeles. The ground-based measurement at Pasadena, about 35 km from 

the coastal of Los Angeles, observed high ClNO2 mixing ratios during the nights with 

a maximum of 3.6 ppbv (Mielke et al., 2013).  

 

Another field measurement of ClNO2 was conducted at an urban background 

site in London during the ClearfLo (Clean Air for London) campaign in the summer 

of 2012. A maximum concentration of 724 pptv of ClNO2 was detected in the marine 

influenced air masses (Bannan et al., 2015a). The higher ClNO2 to N2O5 production 

ratios during periods when Na and Cl concentrations are high indicated that the major 

source of chloride for the production of ClNO2 in London is from the marine origin. 
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They employed a box-model to show that the different concentrations of Cl- containing 

aerosol could change the ClNO2 to N2O5 production ratios in the study.  

 

Kim et al., (2014) assessed the role of the ocean surface on N2O5 deposition 

and ClNO2 production during the field measurement at La Jolla, San Diego in late 

winter of 2013. They measured the vertical fluxes and observed small concentrations 

of ClNO2 up to 30 pptv and N2O5 (up to 50 pptv) in the marine air masses with 

influence from Los Angeles emissions. The study showed the N2O5 are efficiently 

deposited into the ocean during the night. Surprisingly, no ClNO2 was produced via 

the N2O5 deposition as the observation of the vertical fluxes of ClNO2 also display net 

deposition, instead of emission from the ocean. This result led to a conclusion that the 

ClNO2 mixing ratios observed in the marine boundary layer are primarily caused by 

the reactions of chloride containing aerosol with N2O5. 

 

2.3.2 Inland environment 

 

A major breakthrough result of ClNO2 is that Thornton et al. (2010) 

surprisingly found ClNO2 mixing ratios of up to 0.45 ppbv in urban plumes of Boulder, 

Colorado, which is 1400 km away from the nearest coastal area. The study implied the 

existence of non-oceanic chloride sources from coal-fired power plants, industries, 

biomass burning, and soil-dust for which supports the widespread production of 

ClNO2 in the inland regions. The presence of significant ClNO2 within the urban 

plume in mid-continental setting was confirmed in a short field study at Calgary, 

Canada (Mielke et al., 2011). ClNO2 was observed in the three nights, with maxima 

value ranging between 80 and 250 pptv. The chloride that involves in the ClNO2 
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production was inferred to be from the anthropogenic activities within the city of 

Calgary such as the suspension of road dust (e.g. road salt used during wintertime). 

 

In keeping with the works of ClNO2 production in inland environment, Phillips 

et al., (2012) conducted a ClNO2 and N2O5 measurement at a mountain site (825 m 

above sea level, (a.s.l.)) in Hessen, southwestern Germany, which is located at ~400 

km from the nearest coastline. At this inland site, significant concentrations of ClNO2 

were always observed in the air masses originated from UK marine regions, with the 

largest mixing ratio of 800 pptv. Their measurements also showed high levels of N2O5 

with little or no ClNO2 when sampling continental air masses. Therefore, they 

suggested that the ClNO2 production at this site was attributed to the Cl- which 

originated from long-range transport of marine aerosol rather than from anthropogenic 

sources.  

 

More recent field campaigns have observed variations of ClNO2 mixing ratios 

in other polluted inland regions. For example, the Nitrogen, Aerosol Composition, and 

Halogens on a Tall Tower (NACHTT) 2011 winter campaign measured ClNO2 mixing 

ratios ranging from tenths of pptv to 1.3 ppbv at Boulder, Colorado (Brown et al., 

2013; Riedel et al., 2013). Faxon et al., (2015) reported ClNO2 mixing ratios of up to 

150 pptv at an inland site of Houston. Measurement at a remote location within the oil 

and gas basin of northeastern Utah during the Uintah BasinWinter Ozone Studies 

(UBWOS) observed ClNO2 exceeding 200 pptv (Edward et al., 2014). 
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2.3.3 Vertical distributions of ClNO2  

 

 Most of the ClNO2 field studies were made at the ground level, with only two 

field measurements of ClNO2 were conducted in the planetary boundary layer (PBL). 

In the CalNex 2010 summer campaign, ClNO2 vertical profiles were measured on a 

research aircraft (NOAA P-3) within the Los Angeles basin (Young et al., 2012). 

Average of the 21 vertical profiles showed no significant dependence on height where 

concentrations of ClNO2 were relatively constant within the nocturnal boundary layer 

(NBL) and residual layer (RL) (see Figure 2.4a). They suggested that such results 

underscore the importance of heterogeneous reaction of N2O5 on chloride aerosol as 

the key source of ClNO2 in the PBL of Los Angeles. 

 

 The NACHTT 2011 winter campaign at an inland site of Boulder provided 

another ClNO2 vertical measurement on a 300 m height tower (Brown et al., 2013; 

Riedel et al., 2013). They found that the ClNO2 vertical distributions were variable, 

with some cases in which ClNO2 enhanced  at <50 m in depth while the majority of 

cases showed enhanced-ClNO2 from tens of meters above ground level to the highest 

point of the tower, which appeared to be influenced by different type of air masses in 

the region. They focused on two examples of vertical profiles: one from a diffuse urban 

plume and the other from a local coal-fired power plant plume. As shown in Figure 

2.4b, the ClNO2 mixing ratios in the diffuse urban plume reached maximum at 60 m 

of height (up to 600 pptv) and then remained relatively constant up to 200 m above 

the ground. The ClNO2 enhancements were narrower in the plume of coal-fired power 

plant, confining to heights between 80 and 120 m (Figure 2.4c). A maximum ClNO2 

mixing ratio of 1300 pptv was observed in this plume. This observation raised the 
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possibility that coal combustion contribute to the widespread of ClNO2 production in 

polluted region of Boulder. 

 

 
Figure 2.4. a) Vertical distributions of ClNO2 in the nocturnal PBL for average of 21 

profiles from flight measurements within Los Angeles basin (Young et al., 2010). 

Vertical profiles of ClNO2 in b) urban diffused plume and c) coal-fired power plant 

plume measured on a tower in Boulder (Riedel et al., 2013). 

 

2.3.4 Daytime ClNO2 and N2O5 

 

According to their chemistry, ClNO2 and its precursor, N2O5, occur primarily 

during the night-time due to the fast photolysis of NO3/N2O5 and ClNO2, but they can 

present at non-zero levels during the daytime. A few previous studies have reported 

the presence of daytime NO3 and N2O5 peak of several pptv at surface sites (Geyer et 

al., 2003), coast (Osthoff et al., 2006) as well as from aircraft measurements (Brown 
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et al., 2005) in the US. These studies indicated that the presence of daytime NO3 and 

N2O5 could increase the daytime heterogeneous production rate of HNO3 and/or 

initiate the oxidation of biogenic VOCs.   

 

As for the ClNO2, it is unusual to measure at daytime but under certain 

conditions like during the time when the sun-light intensity is relatively low, small 

ClNO2 concentrations may persist during the daytime. For instance, during heavy 

cloud and aerosol cover or fog, a median ClNO2 mixing ratios of 100 pptv was 

observed at Pasadena even 4 hours after sunrise (Mielke et al., 2013). Recently, 

measurements at surface sites at London and Texas found an increase of ClNO2 soon 

after sunrise on several occasions with concentration of 40-150 pptv. They suggested 

that this could be due to transport of ClNO2 from region with higher ClNO2 

concentrations (Bannan et al., 2015a; Faxon et al., 2015). 

 

2.4 Potential impacts of ClNO2 in the troposphere 

 

Daytime photolysis of ClNO2 is a source of Cl radical and NOx (see R2.9). 

Hence, the efficient ClNO2 production in polluted regions has potential impact on the 

radical chemistry, VOCs oxidative capacity and O3 production, and the NOx nocturnal 

lifetime.  

 

2.4.1 Impacts on radical chemistry 

 

Figure 2.5 depicts the role of ClNO2 in tropospheric radical chemistry. 

Hydroxyl radical is long known as the ‘conventional’ radical in the troposphere. It 
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plays a critical role in the removal of trace gasses through the ROx (OH+HO2+RO2) 

cycle, leading to the formation of O3 and secondary aerosols (e.g. Rohrer et al., 2014). 

Sources of OH in the troposphere include the photolysis of O3 and HONO, reaction of 

VOCs with O3, and recycling processes involving the odd hydrogen radicals (HOx = 

OH + HO2), oxygenated-VOCs and NOx.  

 

 

Figure 2.5. Schematic diagram of radical chemistry, illustrating the key chemical 

pathways in the troposphere. The radical chemistry is initiated by primary radical 

production from the ‘conventional’ sources (in light blue) and ‘new’ radical source of 

Cl atom (in purple). Radical chain reactions cause cycling between OH, HO2, and RO2, 

leading to the formation of O3 and SOA. 

 

The ClNO2 could be a ‘new’ source of radical in the polluted regions of the 

troposphere. Photolysis of ClNO2 was shown to produce reactive chlorine atom 

rapidly, with the maximum production rate in the range of 2.0 x 105 to 3.4 x 106 

molecule cm-3 s-1 (Osthoff et al., 2008; Riedel et al., 2012; Young et al., 2012; Phillips 

et al., 2012; Riedel et al., 2014; Faxon et al., 2015; Mielke et al., 2015). Riedel et al., 

(2012) showed that ClNO2 was the predominant source of Cl atom as the production 
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of Cl atom via photolysis of ClNO2 in the morning was faster than the reaction through 

HCl + OH by a factor of 5 in Los Angeles.  They later determined that photolysis of 

ClNO2 could contribute up to 56% of daily Cl atom production (Riedel et al., 2014).  

 

Although OH is generally the dominant oxidant in the atmosphere, Phillips et 

al. (2012) reported that the Cl atom production rate exceeded the production of 

hydroxyl radical via photolysis of O3 by up to a factor of 10 for several hours after 

sunrise. Likewise, integrating the morning time production of radicals within the 

boundary and residual layers in Los Angeles revealed that the production of Cl atom 

via ClNO2 surpassed the production rate of OH through HONO by nine times (Young 

et al., 2012). Mielke et al. (2015) also reported that the production rate of Cl atom via 

ClNO2 is more important during the morning hours of the winter season in Canada. 

Hence, photolysis of ClNO2 is a crucial radical source in the atmosphere, and it could 

contribute up to 9-13% of the total daily primary radical production (Edwards et al., 

2013, Young et al., 2014). 

 

The impacts of Cl atom could be further enhanced by its efficient recycling 

process during the daytime. Self-reaction of Cl atom and reaction of Cl atom with OH 

produce Cl2 and HOCl, respectively (R2.10 and 2.11). The Cl2 and HOCl can undergo 

photolysis or heterogeneous reaction to regenerate Cl atoms (Simpson et al., 2015).  

Cl + Cl → Cl2        (R2.10) 

Cl + OH → HOCl      (R2.11) 

The dominant reaction of Cl atom during the mid-day is with O3 (Riedel et al., 2014), 

forming a ClO (R2.12). Subsequent reactions of ClO with NO and HO2 (R2.13-2.14) 

can produce Cl atom directly or via heterogeneous reaction of HOCl.  
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Cl + O3 → ClO + O2      (R2.12) 

ClO + HO2 → HOCl + O2     (R2.13) 

ClO + NO → Cl + NO2     (R2.14) 

In a VOCs rich environment, the Cl atom can attack the VOCs, leading to the 

formation of HCl (R2.15) which later reacts with OH to give a Cl atom back to the 

atmosphere.  

Cl + RH → R· + HCl      (R2.15) 

Young et al., (2014) showed that the recycling of Cl atom, especially via R2.12, was 

more efficient in initiating the radical propagation chains compared to OH since ~70% 

of the primary OH  lost to a chain termination reaction with NO2 (but not for the case 

of Cl atom). 

 

There is also an important interplay between the reactive chlorine atom and 

HOx as the reaction of Cl atom with VOCs can produce RO2 and recycled HOx by 

reacting with NO. Constraining ClNO2 into a chemical box model increased the OH 

by 1.9 times and up to 2.2 times for HO2 and RO2 in Los Angeles (Riedel et al., 2014). 

Bannan et al., (2015b) demonstrated that the ClNO2 resulted in a maximum of 9% 

increase of ROx during the morning in the UK. On a global scale, the ClNO2 chemistry 

could increase the averaged OH concentration over the entire Northern Hemisphere 

by 3.5% and 0.3% during winter and summer, respectively (Sarwar et al., 2014). 

 

2.4.2 Impacts on VOCs oxidation and ozone production 

 

 Cl atom is highly reactive towards many classes of VOCs and has reaction rate 

constant of one to two orders of magnitude faster than the OH-driven reactions 
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(Atkinson et al., 1999). Chemical box model analysis showed the reactivity of Cl atom 

with VOCs was dominated by alkane which is relatively unreactive with OH (Riedel 

et al., 2014; Young et al., 2014). About 25% of the daily alkane oxidations in Los 

Angeles basin was found to be caused by the Cl atom via photolysis of ClNO2 (Riedel 

et al., 2012). Bannan and colleagues later estimated the impacts of ClNO2 on the 

oxidation rates of alkane, alkene, and alkyne in London and showed that on average, 

4% of alkane, 1% of alkene and 8% of alkyne removal were driven by reactions with 

Cl atom. In their highest ClNO2 case, the removal of alkane, alkene and alkyne by Cl 

atom reached 15%, 3% and 26%, respectively (Bannan et al., 2015a).  

 

 Subsequent reaction of Cl atom and VOC produces RO2, leading to the 

formation of ozone via a similar gas-phase mechanism as that for OH (see Figure 2.5). 

Chemical box models and chemical transport models studies indicated that the ClNO2 

chemistry initiated notable enhancement of ozone. Osthoff et al. (2008) constrained 

0.65 and 1.5 ppbv of ClNO2 into a box model and reported additional 6 to 9 ppbv of 

ozone production in the polluted air from Houston. Later, an emission-driven chemical 

transport model demonstrated only a modest increases in ozone concentrations up to 

1.0 - 1.5 ppbv in Texas (Simon et al., 2009). However, more recent model studies 

revealed slightly larger impact of ClNO2 on the O3 photochemistry. Sarwar and co-

workers examined the air quality impacts due to ClNO2 across the Northern 

Hemisphere. Up to 2 ppbv increase on 8 hour ozone was found on the U.S. east coast 

(Sarwar et al., 2012) and up to 7 ppbv of daily 8-hour average ozone increment was 

predicted in polluted inland of China and Western Europe (Sarwar et al., 2014). 

Another box model study with inclusion of 1.5 ppbv of ClNO2 as the input indicated 
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an increase of ~12 ppbv of ozone production in Los Angeles if neglecting the 

contribution of HONO (Riedel et al., 2014). 

  

2.4.3 Impacts on NOx loss 

 

Another impact of the ClNO2 is the effect on the NOx lifetime. Traditionally, 

the night-time loss of NOx was assumed only to proceed via N2O5 hydrolysis, forming 

two moieties of HNO3 (Morris and Niki 1973) which can permanently lose through 

depositions. Later, heterogeneous uptake of N2O5 onto chloride containing aerosol was 

shown to produce ClNO2 (Finlayson-Pitts et al., 1989) and also recycled an NOx into 

the ambient air at sunrise. This process revealed that non-negligible fractions of NOx 

could recycle through ClNO2 as the night ends. Thornton et al. (2010) demonstrated 

that 8–22% of the emitted NOx in the US was recycled through ClNO2 production. 

The effects of ClNO2 on NOx lifetime was also reported during the CalNex study, 

where the total nocturnal NO2 loss rates decreased by 0.13 ppbv h-1 on the night with 

high ClNO2 production (Tsai et al., 2014). The inclusion of ClNO2 chemistry in a 

global model decreased the total nitrates up to 25% during the winter and 7% during 

the summer (Sarwar et al., 2014). However, a recent study in the marine boundary 

layer of California reported a different result of the impact of ClNO2. Kim and co-

workers found that the air-sea exchange processes could serve to decrease ClNO2 by 

over 20% at sunrise. Thus, it limited the NOx recycling rates and caused up to 15% of 

the nocturnal NOx removal. 
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2.5 Measurement techniques for ClNO2 

 

Measurement of trace gasses like ClNO2 and its precursors (N2O5) has always 

been challenging, due to their trace concentrations in the atmosphere (e.g. Kercher et 

al., 2009; Aufmhoff et al., 2012). Therefore, specific techniques with fast response, 

good selectivity and sensitivity, and high precision are required. Several techniques 

have been reported to have the capability to measure real-time N2O5 and ClNO2. Table 

2.2 summarizes the currently available techniques for N2O5 and ClNO2 measurement. 

Some techniques have been applied to measure N2O5 directly in the ambient air, 

namely the Broadband Cavity-Enhanced Absorption Spectroscopy (BB-CEAS), 

Laser-Induced Fluorescence (LIF), Differential Optical Absorption Spectroscopy 

(DOAS), Cavity Ring-Down Spectroscopy (CRDS), and Chemical Ionization Mass 

Spectrometry (CIMS). With the recent improvement on the instrumentation, ClNO2 

can be measured by both CIMS and CRDS techniques. The reader is directed to the 

review papers by Chang et al. (2010) and Brown and Stutz (2012) for the in-depth 

descriptions of these N2O5 measurement approaches. The following sections only 

focus on the techniques for ClNO2 measurement.  

 

Table 2.2. Currently available measurement techniques for ambient N2O5 and ClNO2 

in the literature. 

Target 

species 

Techniques e.g. References 

 

N2O5 Broadband Cavity-Enhanced Absorption 

Spectroscopy  

Langridge et al., 2008 

Kennedy et al., 2011 

 Laser-Induced Fluorescence  Wood et al., 2003 

Matsumoto et al., 2005 

 Differential Optical Absorption 

Spectroscopy  

Stutz et al., 2004 

Platt et al., 2009 
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 Cavity Ring-Down Spectroscopy  Dube et al., 2006 

Wagner et al., 2011 

 Chemical Ionization Mass Spectrometry  Slusher et al., 2004 

Kercher et al., 2009 

   

ClNO2 Cavity Ring-Down Spectroscopy  Thaler et al., 2011 

 Chemical Ionization Mass Spectrometry  Kercher et al., 2009 

Mielke et al., 2011 

 

2.5.1 Chemical ionization mass spectrometry technique 

 

Chemical ionization mass spectrometry is a state-of-the-art technique that 

combines ion–molecule chemistry and mass spectrometry detection. The principle of 

this technique is based on soft ionization by using a reagent ion to selectively ionize 

the target compounds in the matrix of ambient air, forming an ion-molecule which is 

later guided into a vacuum chamber for detection by a mass spectrometer. Its major 

advantage is high sensitivity and selectivity, since the soft ionization produces 

relatively little fragmentation, while the selected choice of reagent ion determines the 

specific compounds being detected. This method has been shown to be capable of 

measuring several other atmospheric trace species in the field, for examples, HNO3, 

pernitric acid (HO2NO2), peroxyacyl nitrates (PANs) and N2O5 (Huey, 2007). 

 

2.5.1.1 Iodide CIMS for ClNO2 measurement 

 

One of the commonly used reagent ions for CIMS measurements is the iodide 

(I-). It was found to react fast and selectively with N2O5 and halogen species (e.g. Huey 

et al., 1995). The iodide-based CIMS method with heated-inlet has been demonstrated 

in a field study by Osthoff and co-workers for the first ClNO2 measurement (Osthoff 
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et al. 2008), followed by the later field studies in Canada and Los Angeles (Mielke et 

al., 2011 and 2013). Their heated-inlet (TD-CIMS) instruments setup is an identical 

apparatus that has also been previously reported to detect the PANs and N2O5 (e.g. 

Slusher et al., 2004). Figure 2.6 displays an example of the schematic of the TD-CIMS 

instrument used in Mielke et al., (2011) study. The sampling inlet was heated at 150-

190°C which was suggested to be too low for dissociating the ambient ClNO2. The 

iodide ions were generated by passing a mixture of methyl iodide (CH3I) in N2 through 

a 210Po radioactive source. The soft ionization process took place in the reaction 

chamber (flow tube) maintained at ~20 Torr. The reaction of iodide ions with ClNO2 

can dissociate into I(Cl-) or form cluster of I(ClNO2)
- (R2.16-2.17). Since the former 

may subject to potential interferences from other chlorine species, they have chosen 

the latter ion cluster, which has less possibility of interference, for the ClNO2 

measurements.  

I- + ClNO2 → I(Cl)-      (R2.16) 

I- + ClNO2 → I(ClNO2)
-     (R2.17) 

Their CIMS instruments also equipped with a collisional dissociation chamber (CDC) 

and octopole ion guide which consists of an electric field to break up weakly bound 

clusters (e.g. water molecules in the hydrated clusters) to obtain more simple and clean 

mass spectra. This setup showed low detection limits of 5 pptv (25s data) for ClNO2 

(Mielke et al., 2011). 
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Figure 2.6. An example of the schematic design of an iodide TD-CIMS instrument 

used by University of Calgary for ClNO2 measurement (figure adapted from Mielke 

et al., 2011). 

 

In the work of Kercher et al. (2009), they modified their CIMS by removing 

the heater in the inlet, aiming to detect iodide-containing clusters of N2O5 and ClNO2, 

which have less possible interferences. Formation of these ion clusters is optimized in 

the unheated CIMS by tuning the flow-tube pressures to about 60 Torr and adjusting 

the CDC voltages to create an electric field <70 V/cm. They also correlated the raw 

signal of I (35ClNO2)
- and its isotope I(37ClNO2)

- signal and found slope similar to the 

theoretical isotopic value, 0.3199, suggesting the absence of interference in the ClNO2 

signal. This instrument was deployed on a research vessel during the International 

Chemistry in the Arctic Lower Troposphere (ICEALOT) campaign for ClNO2 

measurement and demonstrated a detection limit of 3 ± 2 pptv (1 min average). Similar 

applications of unheated iodide CIMS method have been reported in both field (e.g. 

Betram et al., 2009; Thornton et al., 2010) and laboratory studies (e.g. Betram and 

Thornton et al., 2009; Gaston et al., 2014). 
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2.5.1.2 Disadvantages of iodide CIMS for ClNO2 measurement 

 

A major drawback of the iodide CIMS technique for ClNO2 measurement is 

that the ClNO2 detection is water dependable. During the chemical ionization process, 

iodide ions could form hydrated-clusters with one or more H2O molecules. This 

I(H2O)- cluster likely becomes an important additional reagent ion for the formation 

of both ClNO2 and N2O5 ion clusters (Kercher et al., 2009). They also showed that the 

signals at both the I(ClNO2)
- and I(N2O5)

- increase promptly with water vapor up to 

~0.3 torr of water vapor pressure in the flow tube and become constant after that 

concentration. Mielke et al., (2011) reported similar responses of I(ClNO2)
- with water 

vapor in their CIMS setup and found a 27% lower in the response factor if the CIMS 

was calibrated with dry zero gasses. In other word, measurements of ClNO2 (and/or 

N2O5) with iodide CIMS technique in regions with high or low ambient humidity 

would be challenging. 

 

Another disadvantage of the CIMS technique application is the needs of 

external calibration of the ClNO2 (and N2O5) from time to time. There is no 

commercial calibration source of ClNO2 (and N2O5) available in the market. 

Therefore, generation of a well-quantified ClNO2 standard which is suitable for field 

measurement is a major challenge. The production of ClNO2 standard gas from its 

condensed phase (commonly used in laboratory studies, e.g. Hoffman et al., 2003) is 

inconvenient to be applied during the field since it needs to be cooled at dry ice 

temperature. This ClNO2 source is also hygroscopic and readily hydrolyzes, making 

the quantification of the concentration difficult. A more direct method to synthesis 

ClNO2 gas standard for field calibration is by passing N2O5 over a bed of wet sodium 
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(NaCl) (e.g. Kercher et al. 2009). This method, however, requires the accurate 

measurement of N2O5 concentrations. An alternative approach for generating ClNO2 

is by passing Cl2 over an aqueous slurries mixture of NaCl and sodium nitrite (NaNO2) 

but was found to produce impurities gasses like NO2 and HONO (Thaler et al., 2011, 

Mielke et al., 2013).  

 

2.5.2 Cavity ring-down spectroscopy technique 

 

Cavity ring-down spectroscopy (CRDS) is a direct absorption technique which 

is based on the quantification of the time constant for single exponential decay of light 

intensity from an optical cavity (O'Keefe and Deacon, 1988). This method is highly 

sensitive and does not require external calibration like the CIMS method. It has been 

widely used for measuring NO3 and N2O5 in the field (e.g. Brown et al., 2001; Dubé 

et al., 2006, Wagner et al., 2011). More recently, Thaler and co-workers applied a 

thermal dissociation (TD)-CRDS to quantify ClNO2 in the laboratory (Thaler et al. 

2011). As illustrated in Figure 2.7, the TD-CRDS consists of two sample cells, where 

a cell was equipped with a quartz tube heated at 450 °C, aiming to dissociate ClNO2 

to NO2, while another cell acted as the reference cell that quantified the background 

NO2 concentrations at room temperature. The instrument used a pulsed blue diode 

laser and the NO2 from dissociation of ClNO2 was detected by optical absorption at 

405 nm. The difference of NO2 concentration between the two cells was used to 

determine the ClNO2 mixing ratios. Despite its capability in measuring ClNO2,  this 

instrument has yet to be deployed in field campaigns since it has high detection limits 

of 120 pptv (3σ, 10s data) and may be potentially interfered by the NOx-containing 

species (e.g. alkyl nitrates, PANs) or aerosol in the ambient atmosphere.  
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Figure 2.7. The schematic drawing of TD-CRDS applied for ClNO2 measurement 

(figure adapted from Thaler et al., 2011). 
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Chapter 3 Methodology 

 

 

3.1 Study locations 

 

From 2011 to 2014, field measurements of ClNO2 had been carried out at Tung 

Chung, Hok Tsui and Tai Mo Shan in Hong Kong followed by Wangdu in northern 

China. Below are the detail descriptions of each sampling sites. 

 

3.1.1 Tung Chung 

 

Tung Chung (22.29° N, 113.94° E), a newly developed suburban residential 

area, is located in the northern part of Lantau Island, Hong Kong. The measurements 

were conducted at an air-quality monitoring station operated by the Hong Kong 

Environmental Protection Department (Figure 3.1a). The CIMS was placed on the 

roof-top of an eight-storey primary school building which is about 200 m away from 

the main monitoring station. 

 

The sampling site is close to the Hong Kong International Airport (Chek Lap 

Kok)  which is situated at ~3 km on the north. Another nearby major emission source 

is the Tung Chung Expressway (~80 m away). This highway usually has a high volume 

of vehicles as it is the major link between Lantau Island (and the airport) to other parts 

of Hong Kong (Xu et al., 2015). Other than the local emissions, transportation of 

pollutants from the urban areas of Kowloon or Hong Kong (in the east direction) and 

the Pearl River Delta (PRD) region (in the northwest direction) can affect the air 
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quality of Tung Chung (e.g. Wang et al., 2003). The Lantau Mountain (peak = 700-

950 m a.s.l.) is lying on the south, and several high-rise commercial/residential 

buildings of ~100 m height are situated in the northeast and southwest of the site. 

 

3.1.2 Hok Tsui 

 

Figure 3.1b shows the location of Hok Tsui atmospheric research station at the 

south-eastern tip of Hong Kong Island (22.22° N, 114.25° E). The site is located on a 

60 m a.s.l. high cliff, facing the South China Sea from northeast to the west (~270° 

view). There are no strong emission sources within the surrounding area since it is 

approximately 15 km away from the nearest Hong Kong’s urban center. For most of 

the time, Hok Tsui is in the upwind of the urban cores of Hong Kong and PRD. 

Therefore, measurements at Hok Tsui station are expected to have background 

characteristics. Nevertheless, the site may occasionally impact by the ship emissions 

from the international shipping lane (~6 km south of the site) and pollutants 

transported from the continental of mainland China. The combination of these 

geographical and meteorological features makes Hok Tsui a suitable place to study the 

impact of the long-range transportation of pollutants on Hong Kong air quality. 

Indeed, this site has been used for the long term study of photochemical pollution in 

this region (e.g. Wang et al., 2009). 

 

3.1.3 Tai Mo Shan 

 

Tai Mo Shan (TMS; 22.41° N, 114.13° E) is the highest point of Hong Kong 

with a peak of 957 m a.s.l.. The measurement site is situated on the peak of the 
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mountain and lies within a natural reserve with restricted access to vehicles. Figure 

3.1c shows that the site is located in the southeast part of the PRD region which is 

surrounded by the dense urban areas of Hong Kong (nearest is Tsuen Wan), Shenzhen 

and other cities of the Guangdong Province in the north. According to Yang et al. 

(2013), the average daytime mixing layer height in Hong Kong during the autumn and 

winter is 1.2 km and 1.0 km, respectively. Therefore, during the TMS campaign study 

period (November–December), the site would lie near the top of the mixing layer in 

the daytime and within the residual layer during the night. 
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Figure 3.1. Google map shows the locations of the measurement site at a) Tung Chung, b) Hok Tsui, and c) Tai Mo Shan in relation to the 

surrounding of Hong Kong and Pearl River Delta of China.
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3.1.4 Wangdu 

 

The campaign in the northern China took place at a semi-rural site (38.67° N, 

115.20° E) at Wangdu County of Hebei province. Wangdu is situated within the North 

China Plain (NCP). Figure 3.2 shows the location of the study site in relation to the 

topography and emission sources in the NCP.  

 

The national capital, Beijing (pop. > 21 million) is located ~170 km in the 

northeast, and another megacity, Tianjin (pop. >15 million), is situated about 180 km 

to the east, while Shijiazhuang which is the capital and largest city of Hebei province 

(pop. >12 million) is 90 km in the southwest. In addition, two prefecture-level cities 

are located within a radius of 120 km including megacity of Baoding (pop. ~11 

million), which is 33 km in the northeast, and Hengshui city (pop. ~4 million) which 

is 110 km in the south. There are some county-level cities in the surrounding areas 

which can be the additional sources of pollutants.   
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Figure 3.2. a) Location of northern China (blue dash-box) and Wangdu site (red box); 

b) an expanded view of NCP with the topography, major cities and the locations of 

major coal-fired power plants (yellow circles); c) nearby environment of Wangdu site. 

The photos on the right corner are the trailers at the sampling site and surrounding 

view of the site. 

 

Dozens of coal-fired power stations are situated within the radius of 200 km. 

Among the nearest are Datang power plant (capacity 650 MW) which is 27 km away 

in the northeast and Dingzhou power station (capacity 2520 MW) which is 35 km 

away in the southwest. Emissions from the agriculture activities also have impacts on 

the site. The time of the study was the harvesting season of winter wheat (Sun et al., 

2007) and burning activities were frequently observed in the region, as displayed by 

the active fire hotspots obtained from FIRMS (MODIS C5, data available at 
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https://earthdata.nasa.gov/firms) (see Figure 3.3). The less developed area of Taihang 

Mountains ranges (peak = 2882 m a.s.l) is located at 50-100 km in the northern to the 

western sector of the site. The nearest coastline of Bohai Sea is ~200 km in the eastern 

sector. 

 

The immediate surrounding area (i.e. within 5 km) of the sampling site is 

mostly covered by agricultural lands and some villages. The closest large local 

emission sources include a national highway and a provincial road (~1 km away). The 

major town area of Wangdu County is located ~5 km to the northwest while many 

small villages are sporadically spread around the area (see Figure 1c). 

 

 

Figure 3.3. Active fire hotspots (red dots) in the region covering the study period of 

20 June – 9 July 2014 (data from FIRMS, https://earthdata.nasa.gov/firms). 
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3.2 Instrumentation 

3.2.1 Chemical ionization mass spectrometer 

  

 The ClNO2 and N2O5 were quantified by a chemical ionization mass 

spectrometer (CIMS). It was acquired from THS Instrument (Atlanta, USA). The 

default setup is a thermal desorption (TD)-CIMS similar to Slusher et al., (2004) and 

it was used for measurements in both Tung Chung and Hok Tsui campaign. This setup 

was shown to cause substantial interferences (up to 50%) in the N2O5 signal measured 

at 62 a.m.u. when sampling under high NOx condition. Due to the interferences in TD-

CIMS, the instrument was modified by removing the thermal desorption (heating) inlet 

and operated according to the recommendations from Kercher et al., (2009). This 

unheated setup of CIMS was deployed for the later field measurements at Tai Mo Shan 

and Wangdu. Only the setup of the unheated version of CIMS is described here while 

the details on the TD-CIMS setup, detections, and potential interferences can be found 

in our previous publications (X.Wang et al., 2014; Tham et al., 2014). 

 

Figure 3.4 shows the schematic diagram of the unheated iodide CIMS setup. 

The instrument consists of four separate main components include: the reaction 

chamber (flow-tube), collisional dissociation chamber (CDC), octopole ion guide, 

quadrupole mass filter, and detector. In order to maintain the system under low-

pressure conditions, the chamber of octopole and quadrupole were each pumped by a 

turbo-molecular pump (model V81, Agilent Technologies). The CDC was directly 

pumped by a drag pump (Adixen MDP 5011, Alcatel Vacuum Technology Ltd.), 

which also serves as the backup to the two turbo-molecular pumps. The reaction 
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chamber was connected to a vacuum pump (Model TriScroll 300, Agilent 

Technologies). It backed both the drag and turbo-molecular pumps at the same time. 

 

 

Figure 3.4. Schematic diagram of the unheated iodide-CIMS (not to scale). 

 

About 1.8 standard liters per minute (SLPM) of ambient air were drawn 

through an orifice (pin-hole diameter = 0.45 mm) into the reaction chamber. The 

reaction chamber is made of a stainless steel flow tube and was maintained at ~11 

Torr. The reaction chamber is the place where the sampled neutral molecules in the 

air (i.e. the N2O5 and ClNO2) were ionized by an excess of primary reagent ions, iodide 

(I-). The iodide was generated by passing a mixture of 1.0 SLPM of ultra-high purity 

N2 (99.998%) with methyl iodide, CH3I (0.03% in N2, Arkonic, USA) through a 

commercial 210Po alpha ion source (10 mCi, NRD, P-2031-2000). The ionization 

schemes for N2O5 and ClNO2 in this chamber are as below: 

I- + H2O + M → I(H2O)- + M      (R3.1) 

N2O5 + I(H2O)- → I(N2O5)
- + H2O         (R3.2) 

ClNO2 + I(H2O)- → I(ClNO2)
- + H2O   (R3.3) 
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The I- initially reacts with a water molecule (H2O) and a third body (M) to form iodide-

water cluster ion (R3.1). Then, the iodide-water cluster, I(H2O)-, ionizes the N2O5 and 

ClNO2 to produce cluster ions of I(N2O5)
- and I(ClNO2)

- (R3.2-R3.3).  

 

A fraction of the ion-molecule reaction mixture was sampled via an aperture 

(hole diameter = 0.635 mm) which was biased to  -11 V (relative to the ground) for 

allowing the transmission of the ions into a lower pressure region of CDC (maintained 

at ~0.5 Torr). The CDC is comprised of eight stainless steel rods (octopole), serving 

as a site for dissociating weakly bound cluster ions through energetic collisions. The 

CDC were optimized to remove water molecules of the hydrated clusters but were 

weak enough to avoid significant fragmentation of I(ClNO2)
- and I(N2O5)

- ion clusters. 

 

The ions were focused in a narrow beam at a vacuum chamber (maintained at 

~1 x 10-3 Torr) and were transmitted through an octopole ion guide into the next high 

vacuum chamber that housed a quadrupole mass filter (held at 2 x 10-5 Torr). The ions 

were mass selected by the quadrupole mass filter (Extrel Inc., mass range: 0 - 300 

a.m.u.) and then detected by a detector. In the case of ClNO2 and N2O5, both species 

were detected at the mass of 208 a.m.u. (I(ClNO2)
-) and 235 a.m.u. (I(N2O5)

-), 

respectively. 

 

3.2.2 Inlet setup in the field 

 

The inlet setup in field measurement was as the following: 

 

1) Tung Chung:  
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Ambient air was sampled through a 3 m length of perfluoroalkoxy (PFA) tube (with 

½” outer diameter (O.D.)). It was set at the roof top of the primary school building and 

was about 16 m above the ground. A7.7 SLPM of bypass flow was added to the 

sampling line to reduce the sampling residence time. Prior to the inlet of the CIMS 

instrument, the last 14.8 cm of the inlet was heated to 180 °C.  

 

2) Hok Tsui: 

The sampling inlet was set on the roof of the trailer and was 4 m above ground level. 

Ambient air was drawn down through a 3-m PFA tubing (1/2” O.D.) at a total sampling 

flow of 6 SLPM, resulting in sampling residence time of less than 1 second. 

Immediately before entering CIMS instrument, 14.8 cm of the inlet was heated with a 

heater set at 180 ºC. The temperature of the air on the axis of the heated inlet was 

estimated to be ~117 °C, and this temperature is sufficient to thermal-dissociate the 

N2O5 but unable to thermal-dissociate the ClNO2 (Slusher et al., 2004, Thaler et al., 

2011). 

 

3) Tai Mo Shan:  

Ambient air was drawn through a 6-m long fluorinated ethylene propylene (FEP) 

tubing (¼” O.D.) at a total flow rate of 10 SLPM. The aim of using a smaller tubing 

diameter in this campaign was to reduce the residence time in the inlet. The sampling 

inlet was affixed to a scaffold which was 2 m above the trailer roof and was about 6 m 

above the ground level. A standard addition port (a ¼” PFA union tee) was added at 

the front of the inlet for adding N2O5 standard during the measurement. The sampling 

line was maintained and replaced daily to reduce the possibility of inlet conversion of 

N2O5 to ClNO2. 
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4) Wangdu:  

The sampling line used in this campaign was a 7.5-m long PFA tubing (¼” O.D.). The 

inlet was set at ~2 m above the roof and ~10 m from ground level with a total sampling 

flow rate of 10 ~11SLPM. The inlet configuration was similar to a virtual impactor 

which intends to remove large particles (e.g. Kercher et al., 2009; Kulkarni et al., 

2011). Only ~4 SLPM from the total flow was diverted to the CIMS, ozone, and NOx 

analyzer, while the rest was dumped as exhaust. A port (a ¼” PFA union tee) was 

fixed at the front of the inlet for the standard addition of N2O5 during the measurement.  

The sampling line and the orifice of the CIMS were replaced and washed daily to 

reduce the formation of artifacts in the inlet.  

 

3.3 Preparation of calibration standards for CIMS 

3.3.1 Synthesis of N2O5  

 

N2O5 standard was produced in-situ by reacting O3 in excess of NO2 at room 

temperature (Bertram et al., 2009). Ozone was generated via photolysis of O2 (from 

the compressed zero gas supplied by Linde) with a mercury lamp equipped inside an 

ozone generator of a commercial calibrator (Model 4010, Sabio Instrument Inc.). 

About 100 standard cubic centimetres per minute (sccm) of the produced O3 was 

mixed with 49 sccm of NO2 (10 ppmv balanced in N2; Arkonic, USA). The mixture 

was then allowed to react in a Teflon reaction chamber (volume = 68 cm3) for about 

28 s prior to dilution by a stream of 5.0 SLPM zero air. Under excess NO2 condition, 

the system is expected to shift the equilibrium in R1.2 towards N2O5. Prior to the 

generation of N2O5, the calibration system was purged with dry zero gas for at least 
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~2 h to make sure that the water content is at a minimal level (to prevent hydrolysis of 

the N2O5). 

 

Concentrations of the synthesized N2O5 were calculated by the observed 

changes in NO2 (before and after addition of O3). This system was shown to be capable 

of producing N2O5 concentrations up to 5.0 ppbv (after dilution). Testing results from 

measuring the total reactive nitrogen (NOy) of the N2O5 generated by this source with 

and without a Nylon filter (pore size = 2 μm; Pall) did not indicate production of HNO3 

from N2O5. The N2O5 concentrations were also quantified and confirmed by a CRDS 

(Dubé et al., 2006; Wagner et al., 2011). Figure 3.5 shows that the two quantification 

approaches (calculation from the changes of NO2 and the measured N2O5 by CRDS) 

gave similar N2O5 concentrations with an average difference of ±3%. 

 

 

Figure 3.5. Comparison of the calculated and measured concentrations of the 

produced N2O5 after dilutions (in 5.0 SLPM). The shaded area (in gray) show the 

standard deviation (1σ) of the calculation. The error bar represents the standard 

deviation (1σ) of measured N2O5. 
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3.3.2 Production of ClNO2 standard 

 

ClNO2 was produced by passing 150 sccm of known concentration of N2O5 

through a 25 cm length and ½” O.D. PFA reactor which has been quarter-filled with 

sodium chloride (NaCl) slurry. The NaCl slurry was prepared by adding ~3 mL of 

ultrapure deionized water into 1 g of solid NaCl (Sigma-Aldrich, ≥99.8%) producing 

saturated mixtures. The concentration of the ClNO2 was determined via the amount of 

N2O5 loss through the NaCl-filled reactor compared to an empty reactor (see Figure 

3.6) with the assumption of 100% conversion efficiency. The conversion efficiency of 

N2O5 to ClNO2 on the deliquesced NaCl slurry was shown to be in unity (Finlayson-

Pitts et al., 1989; Roberts et al., 2009). The loss of the produced ClNO2 in the system 

are negligible since its uptake on the water or neutral NaCl slurry (pH = 7, measured 

by litmus paper) was inefficient (Rossi, 2003; Roberts et al., 2008). An in-line Teflon 

filter (diameter 47 mm; pore size 2 μm; Pall) was connected at the rear of the reactor 

to avoid NaCl particles from entering/contaminating the CIMS. Testing showed that 

the differences of ClNO2 and N2O5 signals for with and without the filter were less 

than 3%.  

 
Figure 3.6. Schematic diagram of the N2O5 exposure to slurry NaCl to produce 

ClNO2.   
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3.4 Background zeroing system 

 

A background zeroing system for N2O5 and ClNO2 was constructed as shown 

in Figure 3.7. The instrument background zeroing was performed by scrubbing the 

sampled ambient air through a 25 cm length of ½” OD stainless steel tubing packed 

with stainless steel wool. The packed-tubing was heated and maintained at 200 ± 5°C, 

creating a large hot surface area for breaking down the N2O5 and ClNO2 to NO3 and 

Cl atom, which were  efficiently scrubbed by the hot stainless steel wool (Behnke et 

al., 1997; Kercher et al., 2009; Phillips et al., 2012). The zeroing system is connected 

in series with a 40 cm length of ½” OD PFA tubing reaching the CIMS inlet. Therefore 

the air was expected to cool back to ambient temperature before entering the CIMS. 

Laboratory study showed that this zeroing system has a removal efficiency of more 

than 98% for 5 ppbv of N2O5 and ClNO2. 

 

 

Figure 3.7. The design of the background zeroing system for ClNO2 and N2O5. 
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3.5 Auxiliary measurements 

 

Auxiliary measurements of trace gasses, aerosols, and meteorological 

parameters were conducted in the field to support the data analysis. Table 3.1 shows 

the instruments used for the supporting measurements in Hong Kong, including the 

field measurement at Tung Chung, Hok Tsui, and Tai Mo Shan. NO, and NO2 were 

measured by a chemiluminescence NOx analyzer (Thermo, Model 42i) equipped with 

a blue light photolytic converter (BLC), and total reactive nitrogen (NOy) was 

determined by another chemiluminescence NOx analyzer (Thermo, Model 42i) with 

an externally attached molybdenum oxide (MoO) catalytic converter (Xu et al., 2013). 

Ozone was measured by a UV photometric analyzer (Thermo, Model 49i). Carbon 

monoxide (CO) was measured with a nondispersive analyzer (API, model 300) while 

sulfur dioxide (SO2) was quantified by UV fluorescence (Thermo, Model 43A). VOCs 

were collected hourly on selected days with evacuated electro-polished stainless steel 

canisters. The canisters were later shipped to the University of California, Irvine (UCI) 

laboratory for chemical analysis of methane and non-methane hydrocarbons (Blake et 

al., 1994; Simpson et al., 2010). 

 

As for aerosol measurement, an ambient ion monitor (AIM, Model URG-

9000B, USA) was used to measure the concentrations of water-soluble inorganic ions, 

including SO4
2-, NO3

-, Cl-, NH4
+, Na+, K+, Mg2+ and Ca2+ (Gao et al., 2012). The mass 

concentration of PM2.5 was measured using a tapered element oscillating microbalance 

(TEOM 1405-DF, Thermo Scientific) with a Filter Dynamic Measurement System 

(FDMS). Particle size distribution and numbers were also measured in real-time by an 

Ultrafine Particle Monitor (TSI Model 3031). It was measured at a 10 min interval the 
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count of particles in six size bins (i.e., 20–30, 30–50, 50–70, 70–100, 100–200, and 

200–1000 nm) with RH ≤ 50% controlled by a nafion dryer. The aerosol surface areas 

were calculated based on the particle number and geometric mean diameter in each 

size bin. For the largest size bin of 200–1000 nm, the geometric mean diameter (GMD) 

of 447 nm may lead to an overestimation in surface area. Our previous measurement 

of the particle size distribution with more size bins at a suburban site in Hong Kong 

(Guo et al., 2014; Xu et al., 2015) showed that the surface area-weighted mean 

diameter for 200–1000 nm particles was around 290 nm and the surface area 

contributed by particles larger than 400 nm accounted for less than 15% of the total 

surface area for majority of the time. Therefore, a mean diameter of 282 nm (GMD for 

200–400 nm) was used to determine the aerosol surface area of 200–1000 nm particles 

for the data analysis in Tai Mo Shan. Furthermore, the particle diameters were 

corrected for particle hygroscopicity by growth factors under high relative humidity 

condition (RH>50%). The wet diameters of particles were calculated with kappa-

Köhler function, with mean kappa values of 0.3 adopted from ambient measurement 

at a suburban coastal site in Hong Kong (Yeung et al., 2014). 

 

Ambient temperature, relative humidity (RH), wind speed and direction were 

monitored using an RH/temperature probe and a wind monitor (Gill, UK). Photolysis 

frequency of NO2 (jNO2) was obtained using a filter radiometer (Meteorologie consult 

gmbh). 
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Table 3.1. Measurement techniques and time resolution of the supporting data used in 

Tung Chung, Hok Tsui, and Tai Mo Shan.  

 
Parameter Technique 

Time 

resolution 

Gas NO, and NO2 blue light photolytic 

converter and 

chemiluminescence 

1 min 

NOy MoO and 

chemiluminescence 

1 min 

O3 UV photometric 1 min 

CO IR absorption 1 min 

SO2 Pulsed UV fluorescence 1 min 

VOCs Canisters; GC-MS Specific 

time 

Aerosol PM2.5 TEOM 1 min 

PM2.5 ionic  

composition 

Ambient Ion Monitor 1 h 

Particle size 

distribution and 

number 

Ultrafine Particle Monitor 10min 

Meteorological Wind Wind monitor 1 min 

RH and Temperature Probe 1 min 

JNO2 Filter radiometer 1 min 

 

 

As the field study at Wangdu is an international collaborative campaign, 

another set of instruments/techniques was used to measure the gasses and aerosol 

species.  Table 3.2 summarizes the techniques used for the supporting measurements 

at Wangdu. During the study, many of the trace gasses were simultaneously measured 

by different instruments/techniques. The agreement between these instruments or 

techniques and the justification on the data set selections have been discussed 

elsewhere (refer to Tan et al., 2016). Briefly, NO and NO2 were measured by the 

chemiluminescence/photolytical conversion techniques, while NOy was determined 

by the chemiluminescence method with a molybdenum oxide (MoO) catalytic 
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converter. O3 was quantified by a UV absorption analyzer. Sulfur dioxide (SO2) was 

measured by a pulsed UV fluorescence analyzer and carbon monoxide (CO) with an 

infrared photometer. C2-C10 hydrocarbons (NMHCs), formaldehyde (HCHO), and 

other oxygenated hydrocarbons (OVOCs) were measured with an online gas 

chromatograph (GC) equipped with a mass spectrometer and a flame ionization 

detector (FID), a Hantzsch fluorimetric monitor, and proton-transfer-reaction mass 

spectrometer (PTR-MS), respectively (Yuan et al., 2010, 2012; M. Wang et al., 2014). 

Methane was measured by cavity ring down spectroscopy technique (CRDs). 

Measurement of nitrous acid (HONO) was performed by a long-path absorption 

photometer (LOPAP) instrument (Li et al., 2014; Liu et al., 2016). Hydroxyl (OH) and 

hydroperoxyl (HO2) radical were measured in parallel by using a compact laser-

induced fluorescence (LIF) system (Hofzumahaus et al., 2009; Lu et al., 2012). 

 

Particle mass concentrations (PM2.5) were measured using a TEOM. The ionic 

compositions of PM2.5 were determined by a gas aerosol collector (GAC) -ion 

chromatography system (Dong et al., 2012). The dry-state particle number size 

distribution was determined by combining the data (Pfeifer et al., 2014) from a 

Mobility Particle Size Spectrometer (Dual TROPOS-type SMPS; Birmili et al., 1999; 

Wiedensohler et al., 2012) and an Aerodynamic Particle Size Spectrometer (TSI-type 

APS model 3321; Pfeifer et al., 2016) covering the size ranges from 4-800 nm 

(mobility particle diameter) and 0.8-10 µm (aerodynamic particle diameter), 

respectively. The ambient particle number size distributions as a function of the 

relative humidity were calculated from a size-resolved kappa-Köhler function 

determined from real time measurement of a High Humidity Tandem Differential 

Mobility Analyzer (HHTDMA) (Hennig et al., 2005; Liu et al., 2014). Ambient 
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particle surface area concentrations (Sa) were calculated based on the ambient particle 

number size distribution assuming spherical particles. 

 

Meteorological parameters including wind direction, wind speed, relative 

humidity (RH), pressure and temperature were measured with an ultrasonic 

anemometer and a weather station on a 20-m height tower which was situated 30 m 

from the trailers. Photolysis frequency of NO2, O3 (jO3) and HONO (jHONO) and ClNO2 

(jClNO2) was determined from actinic flux densities measured by a spectroradiometer 

(Meteorologie Consult) (Bohn et al., 2008). 

 

Table 3.2. Measurement method for trace gasses and aerosols at Wangdu. 

 Species Measurement Techniques Time 

resolution 

Gas O3 UV photometry 1 min 

NO Chemiluminescence 3 min 

NO2 Photolytical converter & 

Chemiluminescence 

1 min 

NOy MoO catalytic converter & 

Chemiluminescence 

1 min 

CH4 CRDs 1 min 

SO2 Pulsed-UV fluorescence 1 min 

CO IR photometry 1 min 

HONO LOPAP 30 s 

OH, HO2 LIF 30 s 

HCl GAC-IC 30 min 

Methane cavity ring down 1 min 

VOCs GC-FID/MS 1 h 

OVOCs PTR-MS 5 min 
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Formaldehyde Hantzsch (wet chemical 

fluorimetric) 

1 min 

Aerosol PM2.5 TEOM 1 min 

Aerosol ionic 

compositions 

GAC-IC 30 min 

Particle surface area Mobility Particle Size 

Spectrometer + HHTDMA 

30 min 

Meteorological RH and Temperature weather station 1 min 

photolysis frequency spectrum radiometer 20 s 

 

3.6 Estimation of the unmeasured photolysis frequencies  

 

Direct observation of photolysis frequency constants (j) for NO2 was available 

in all the field measurements, but not for other species such as ClNO2, O3, HONO, 

NO3, formaldehyde and other chlorine containing species, which were the critical 

parameters used in the data analysis or calculations. These photolysis rates were 

predicted from the Tropospheric Ultraviolet and Visible model (TUV) version 5.2, 

(the model is available for download at https://www2.acom.ucar.edu/modeling/tuv-

download). Since the TUV output of the photolysis frequencies was based on a clear 

sky scenario, the predicted photolysis frequencies were then scaled with the observed 

jNO2 to account for the variations of ambient conditions. 

 

3.7 Time-dependent chlorine chemistry box model 

 

Time-dependent models are widely used in the study of atmospheric chemistry 

to investigate the processes and/or species that cannot be directly measured (e.g. Kim 

et al., 2014; Liao et al., 2014; Reidel et al., 2015). Here, a time-dependent chlorine 
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chemistry box model was employed to predict the mixing ratios of Cl atom. It was 

constructed by utilizing the Kinetic Preprocessor software (KPP, version 2.2.3, 

available at http://people.cs.vt.edu/~asandu/Software/Kpp) (Damian et al., 2002; 

Sandu et al., 2003; Daescu et al., 2003; Sandu and Sander, 2006). KPP is a freely 

available software tool under the terms of GNU public license 

(http://www.gnu.org/copyleft/gpl.html). Similar to other software like Fascimile 

(Curtis and Sweetenham, 1987) and AutoChem (http://gest.umbc.edu/AutoChem), 

KPP was designed to solve stiff ordinary differential equations (ODEs) in the chemical 

kinetic system (Sandu and Sander, 2006). Due to its simplicity in adding and 

modifying of the chemical kinetic system, KPP has been widely used for setting up 

box models like MCM (http://mcm.leeds.ac.uk/MCM/) and Module Efficiently 

Calculating the Chemistry of the Atmosphere (MECCA) (e.g. Sander et al., 2011). 

 

The time-dependent chlorine chemistry box model was designed and built 

together with a colleague (Qinyi Li who help in writing the source codes) based on the 

work of Liao et al. (2014). Since the work of Liao and co-workers focuses in the clean 

environment of Artic, several modifications were made on the model for the conditions 

of polluted China environment. First, more reactions of Cl atom with VOCs were 

added into the model. Second, all of the reaction rates were updated with the 

recommendation from IUPAC Kinetics database (available at http://iupac.pole-

ether.fr/index.html). The reactions and rate coefficients included in the model were 

summarized in Table 3.3. 

 

The model was constrained with observational data measured at the site. All 

of the observation data with hourly, 10 min or 5 min resolutions were linearly 
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interpolated to one-minute data while data with resolution higher than a minute was 

averaged into minute data. The model was run between 01:00 to 21:00 (local time) 

with a time step of 1 minute. 

 

Table 3.3. Reactions included in the chlorine chemistry time-dependent model. 

Reactions  k (cm3 molecules-1 s-1 or s-1) or j (s-1) 

Cl + O3  ClO + O2 2.3×10-11exp(-200/T) 

Cl + CH4  HCl + CH3  7.3×10-12exp(-1280/T) 

Cl + CH2O  HCl + CHO 8.1×10-11exp(-30/T) 

Cl + C2H6  HCl + C2H5  7.2×10-11exp(-70/T) 

Cl + C2H4  ClC2H4   k0 = 1.6×10-29(T/300)-3.3 

 k∞ = 3.1×10-10 (T/300)-1.0 

Cl + C2H2  ClC2H2  k0 = 5.2×10-30(T/300)-2.4 

 k∞ = 2.2×10-12 (T/300)-0.7 

Cl + C3H8   HCl + CH3CHCH3 

                   HCl + CH2CH2CH3  

6.54x10-11 

7.85×10-11exp(-80/T) 

Cl + C3H6  C3H6Cl   2.7x10-10 

Cl + n-C4H10  HCl + 1-C4H9 8.98×10-11exp(-120/T) 

                       HCl + 2-C4H9 1.20x10-10exp(55/T) 

Cl + i-C4H10  HCl + C4H9  1.37x10-10 

Cl + CH3CHO  HCl + CH3CO  

                         HCl + CH2CHO 

8.0x10-11 

8.0x10-11 

Cl + CH3OH  HCl + CH2OH  5.5x10-11 

Cl + CH3COCH3  HCl + CH3COCH2 7.7×10-11exp(-1000/T) 

Cl + n-C5H12  HCl + C5H11  2.52x10-10 

Cl + i-C5H12  HCl + C5H11  2.03x10-10 

Cl + CH3COCH2CH3  HCl + CH3COCHCH3  3.05×10-11exp(80/T) 

                                   HCl + CH2COCH2CH3 3.05×10-11exp(80/T) 

                                   HCl + CH3COCH2CH2 3.05×10-11exp(80/T) 

Cl + CH3COOH  CH3 + HCl 2.65x10-14 
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Cl + benzene HCl + C6H5  1.3x10-15 

Cl + toluene  HCl + C6H5CH2  6.2x10-11 

Cl + isoprene  0.15HCl + C5H7  4.3x10-10 

Cl + HO2  HCl + O2  1.8×10-11exp(170/T) 

Cl + HO2  ClO + OH  4.1×10-11exp(-450/T) 

Cl + CH3CN  HCl + CH2CN 1.6×10-11exp(-2140/T) 

ClO + HO2  HOCl + O2 2.7×10-12exp(220/T) 

ClO + ClO Cl2 + O2 1.0x10-12exp(-1590/T) 

                   ClOO + Cl 3.0×10-11exp(-2450/T) 

                   OClO + Cl  3.5×10-13exp(-1370/T) 

                   Cl2O2  k0 = 1.6×10-32(T/300)-4.5 

 k∞ = 2.0×10-12 (T/300)-2.4 

ClO + NO  Cl + NO2  6.4×10-12exp(220/T) 

ClO + NO2  ClONO2 k0 =  1.8×10-31(T/300)-3.4 

 k∞ = 2.0×10-12 (T/300)-1.9 

ClO + OH  Cl + HO2 7.4×10-12exp(270/T) 

ClO + OH  HCl + O2 6.0×10-13exp(230/T) 

Cl2 + OH  HOCl + Cl  1.4×10-12exp(-900/T) 

HOCl + OH  ClO + H2O 3.0×10-12exp(-500/T) 

HCl + OH  Cl + H2O  2.6×10-12exp(-350/T) 

OH + ClNO2  HOCl + NO2 2.4×10-12exp(-1250/T) 

Cl + OClO  ClO + ClO  3.2×10-11exp(170/T) 

OClO + NO = ClO + NO2 1.1×10-13exp(350/T) 

Cl + ClONO2 Cl2 + NO3 6.2×10-12exp(145/T) 

Cl + Cl2O2  Cl2 + ClOO 7.6×10-11exp(65/T) 

HOCl  + het  Cl2   0.25 × 315 (CHOCl)× 0.1 (γ) × Sa 

Cl2 + hv  2Cl jCl2 

ClO + hv  Cl + O jClO 

HOCl + hv  Cl + OH jHOCl 

ClNO2 + hv  Cl + NO2 jClNO2 

het = heterogeneous reaction (0.25 ×C ×γ × Sa) 
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Chapter 4 Preliminary field observations of ClNO2 in Asian coastal 

environment 

 

 

Prior to this study, the presence of ClNO2 and its impacts were unknown in the 

Asian region although the ‘ingredients’ for the production of ClNO2 such as NOx, O3, 

and particulate chloride were abundant in this region (e.g. Lai et al., 2007; Wang et 

al., 2009; Hilboll et al., 2013). This chapter reports the preliminary attempts to 

measure ClNO2 and its precursor, N2O5, with a TD-CIMS at two coastal sites in Hong 

Kong. The concentrations of ClNO2 at the two locations were presented, and their 

potential impact was discussed.   

 

4.1 First attempt of ClNO2 measurement 

 

A TD-CIMS was deployed to Tung Chung for an intensive field campaign 

during 2011-2012. The TD-CIMS was configured and optimized for measurement of 

N2O5 and PANs with a heated inlet (X.Wang et al., 2014). The calibrations and zeroing 

determinations were only performed for N2O5 and PANs during the field 

measurements. Nonetheless, the signal at 208 a.m.u. (of ClNO2) was also recorded by 

the TD-CIMS during the campaign. This study was conducted in four non-consecutive 

months: 5 August to 4 September 2011 (late summer); 1 November to 2 December 

2011 (late autumn); 6 February to 2 March 2012 (late winter) and 16 May to 5 June 

2012 (late spring).  
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Although there was no direct calibration of ClNO2 in the field, the ClNO2 

signals were corrected based on the correction factor predicted by multiplying the 

N2O5 sensitivity determined in the field with 0.16 (the ratio of ClNO2 sensitivity to 

N2O5 sensitivity that was derived in the later field study at Hok Tsui), with assumption 

that this ratio was similar in both campaigns. The mean sensitivity of ClNO2 for the 

entire campaign at Tung Chung was 0.40 ± 0.09 Hz/pptv. The detection limit of ClNO2 

determined by flooding the TD-CIMS with zero air was 7 pptv (3σ, 1 min average). 

Potential interference from the inlet chemistry is likely trivial at this site due to the 

high NO condition (>5 ppbv on majority of the nights), which would limit the presence 

of N2O5 in the sampled air. 

 

As for the measurement of N2O5 at 62 a.m.u., the signal was subjected to large 

interferences from the high concentration of NOx and PAN at this site. These 

interferences have been described in the works of a colleague (refer to the publication 

of X.Wang et al., (2014) for more details). Hence, the N2O5 data set was omitted from 

this analysis. 

 

4.2 Preliminary observation of ClNO2 at Tung Chung 

 

An overview of the ClNO2 concentrations deducted from 208 a.m.u. signal is 

presented in Figure 4.1. Significant ClNO2 concentrations were observed on majority 

of the nights at Tung Chung. It indicates that there was a persistent production of 

ClNO2 in this region. The ClNO2 accumulated after sunset and decreased rapidly at 

sunrise as a result of photolysis of ClNO2 and its precursors NO3/N2O5.  
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Figure 4.2 illustrates the diurnal variations of ClNO2 in 4 different seasons. It 

can be seen that the ClNO2 was season dependent. Highest diurnal ClNO2 mixing 

ratios were observed during the autumn season with the maximum value of 530 pptv. 

It was followed by the spring (maximum 470 pptv), winter (maximum 210 pptv) with 

the lowest levels during the summer season (maximum 150 pptv). By comparing with 

a recent study in Calgary, Canada (Mielke et al., 2015), their observed seasonal 

variations of ClNO2 was slightly different with the trend at Tung Chung. They reported 

that ClNO2 was most abundant during the winter, followed by the spring, autumn, and 

summer, which apparently influenced by the local weather conditions and human 

activities (e.g. applying road salts) in Calgary. 

 

 
Figure 4.1. Overview of ClNO2 mixing ratios measured in the four non-consecutive 

months (different seasons).  
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Figure 4.2. Seasonal diurnal variations of ClNO2 concentrations at Tung Chung. 

 

The seasonal variations of ClNO2 can be explained by related chemical data 

and meteorological parameters. Table 4.1 shows the mean concentrations of ClNO2, 

NOx, O3, PM2.5, together with RH and temperature in the 4 different seasons. The high 

levels of ClNO2 during the autumn were corresponding to the highest mixing ratios of 

odd oxygen (Ox = O3 + NO2), aerosol loading of PM2.5 and fine chloride aerosols. The 

average mixing ratio/concentration of Ox, PM2.5, and chloride during the autumn was 

51.2 ppbv, 32 µg/m3 and 1.11 µg/m3, respectively. High levels of Ox and aerosols were 

common during the autumn season as Hong Kong is often influenced by the long-

range transportation of pollutants from the continental outflow of PRD and East China 

(Zhang et al., 2007; Wang et al., 2009; Guo et al., 2009). With abundant ClNO2 

precursors and moderate temperature and humidity conditions, heterogeneous 

production of ClNO2 during autumn was expected to be fast. On the other hand, the 

summertime production of ClNO2 was probably restricted by the lower level of 

production precursors and hot weather conditions. The Ox was observed to be at low 

levels during the summer, with a mean concentration of 41.9 ppbv. The average 
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temperature of 32°C in the summertime could lead to faster thermal dissociation of 

N2O5 into NO3 + NO2 (Eq. 2.2), reducing the N2O5 heterogeneous uptake, and together 

with the lower availability of chloride aerosol (0.11 µg/m3), the ClNO2 production 

may be less efficient during the summer season in Hong Kong.   

 

Table 4.1. The mean values of ClNO2, NOx, O3, aerosols, temperature and RH in the 

four seasons. 
 

ClNO2 

(pptv) 

NO 

(ppbv) 

NO2 

(ppbv) 

O3 

(ppbv) 

 PM2.5 

(µg/m3) 

Cl- 

(µg/m3) 

Temp 

(°C) 

RH 

(%) 

Summer 

(Aug) 

94 9.3 20.0 21.9  20 0.11 32 71 

Autumn 

(Nov) 

274 10.8 28.2 23.0  32 1.11 24 67 

Winter 

(Feb) 

111 19.4 24.4 13.9  28 0.82 17 79 

Spring 

(May) 

221 5.4 14.8 25.5  16 0.47 28 75 

 

4.3 Second attempt of ClNO2 measurement 

 

After the Tung Chung campaign, the TD-CIMS was deployed to a 

rural/background coastal site located at Hok Tsui with the primary objective to 

measure N2O5. N2O5 was detected as the NO3
- at 62 a.m.u. Similarly, it was found to 

have high interferences when the PAN and NOx were at maximum level in the noon-

time. The concentrations of PAN and NOx were relatively low during the night and 

the correction of the 62 a.m.u. data for the interference initiated by PAN and NOx was 

estimated to be less than 15%. Therefore, only the night-time N2O5 data were used in 

this study. 
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Detection of ClNO2 was initially not the major target of this campaign. 

However, due to the observation of high ambient ClNO2 signal at the beginning of the 

campaign, improvement on the ClNO2 measurement was made after that. It included 

the development of an on-site ClNO2 calibration system (see section 3.3.2). Offline 

calibrations of ClNO2 were performed twice a week. The average sensitivity of ClNO2 

for this campaign was 0.44±0.05 Hz/pptv. The determined sensitivities of ClNO2 were 

normalized with I- signal and then used for correcting the ambient ClNO2 signal (at 

208 a.m.u.). The limit of detection for ClNO2 was determined to be 2 pptv (3σ). ClNO2 

measurements were available from 23 August to 19 December 2012. 

 

The major uncertainty of the ClNO2 measurement is the potential conversion 

of N2O5 to ClNO2 on the inlet surface as the same sampling line was used for the entire 

campaign. Post-campaign testing on this used-inlet (after sampling for 4 months) 

showed significant N2O5 loss up to 69% when adding 4 ppbv of N2O5 and 19% of the 

added N2O5 was converted to the ClNO2. Hence, only the data in the first 10 days of 

the campaign (23 Aug - 1 Sept 2012) were used for the further analysis to avoid the 

large uncertainty of the measurement due to inlet chemistry. Later laboratory testing 

suggested that the potential ClNO2 formation on the surface of the inlet which had 

sampled ambient air for a week was less than 10% of the added N2O5 (refer to section 

5.3.1 in Chapter 5). Upon checking on the ambient data during this period, no 

significant reduction of the ambient ClNO2 signal was observed when flooding the 

inlet with very high NO concentration (for the N2O5 zeroing purpose), while the 

ambient N2O5 signals immediately dropped to zero level. It suggests insiginicant N2O5 

conversion to ClNO2 in the inlet. 
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4.4 Preliminary observation of ClNO2 at Hok Tsui 

 

The time series of ClNO2, N2O5, NO2 and O3 at Hok Tsui are presented in 

Figure 4.3. ClNO2 was detected throughout the campaign, with a distinct diurnal 

variation, showing night-time peaks and daytime levels close to the detection limit. 

This pattern is similar to those measured in other marine environments (Osthoff et al., 

2008, Kercher et al., 2009; Wagner et al., 2012). The mean mixing ratio of ClNO2 was 

148 pptv with a large standard deviation of 253 pptv. Maximum ClNO2 of 1997 pptv 

(1-min average) was observed on the night of 23-24 August, which is comparable to 

the reported maximum concentrations (2.1-3.5 ppbv) in the Los Angeles Basin (Riedel 

et al., 2012; Mielke et al., 2013). The mixing ratios of N2O5 were typically low in most 

of the nights but reached maximum of 434 pptv (1-minute averaged) on the night of 

23-24 August. These observations suggest the existence of active N2O5-ClNO2 

chemistry in the marine boundary layer atmosphere of southern China.  

 

 

Figure 4.3. Time series of ClNO2 and N2O5 together with related parameters measured 

at Hok Tsui from 23 August to 1 September 2012. 
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The day-to-day variation of ClNO2 and N2O5 observed at Hok Tsui was highly 

related to the differences of air masses origin, as illustrated by the 24-h back 

trajectories calculated by the HYSPLIT model (Draxler et al., 2014). The air masses 

during the measurements at Hok Tsui were divided into three clusters, namely the 

urban/continental, near coastal and marine air masses (see Figure 4.4). During 23-26 

August when high night-time ClNO2 and N2O5 were measured, the site was 

significantly influenced by polluted plumes from the urban areas of Hong Kong and 

the inland of PRD region. These plumes contained abundant ozone and moderate 

levels of NO2, favoring the production of N2O5. This condition, in turn, facilitated the 

formation of ClNO2 given the fact that the chloride aerosol is always adequate this 

coastal site (Cheng et al., 2000). For example, on the night of 23-24 August, 

approximately 90 ppbv of ozone together with 10 ppbv of NO2 were observed along 

with ClNO2 exceeding 1.9 ppbv and N2O5 >200 pptv. On 27-29 August, the air masses 

were from the coastal line of PRD which probably have mixed influences of urban and 

marine air, with a mean NO2 of 9 ppbv, O3 of 20 ppbv, ClNO2 of 135 pptv and N2O5 

of 25 pptv (Table 4.2). In contrast, relatively low mixing ratios of ClNO2 of 15 pptv 

and N2O5 of 5 pptv were detected from 30 August to 1 September when the air masses 

were dominated by the maritime air with low ozone and NO2. Obviously, the 

availability of N2O5 precursors (i.e., O3 and NO2) is the limiting factor of the N2O5 

and ClNO2 production at this site.  
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Figure 4.4. Twenty-four hour back trajectories from HYSPLIT covering the period 

of 23 August 2012 to 1 September 2012. 

 

Table 4.2. Mean mixing ratio of nighttime NO2, O3, N2O5, and ClNO2 in three different 

types of air masses categories. 

Air mass NO2 

(ppbv) 

O3 

(ppbv) 

N2O5 

(pptv) 

ClNO2 

(pptv) 

Continental/Urban 10 90 180 256 

Near coastal 9 20 25 135 

Marine 5 17 5 15 

 

 

4.5 Potential impacts of ClNO2  

 

ClNO2 can be an important radical source in the daytime (Young et al., 2012) 

and may affect the ozone formations in polluted regions (Osthoff et al., 2008, Simon 

et al., 2010; Sarwar et al., 2014). In order to assess the potential impact of ClNO2, the 
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production rate of Cl atom (P(Cl)) through ClNO2 photolysis was calculated with 

equation (4.1).  

P(Cl) = jClNO2[ClNO2]      (4.1) 

 

Tung Chung:  

 

As shown in Figure 4.5, photolysis of ClNO2 in the four different seasons 

contributed to significant Cl atom production in the morning. The P(Cl) reached a 

maximum 3 hours after the sunrise (~08:00) and decreased gradually towards to noon. 

Production of Cl atom was the highest during the spring with a maximal rate of 0.02 

pptv/s, corresponding to the high ClNO2 concentrations and moderate sunlight 

intensity. Smallest P(Cl) of 0.005 pptv/s was predicted during the winter due to the 

relatively less intense sunlight which will reduce the efficiency of ClNO2 photolysis. 

These results indicate that the contribution of ClNO2 to the oxidative chemistry may 

vary between seasons. 
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Figure 4.5. Cl atom production rate in four different seasons at Tung Chung. 

 

Hok Tsui:  

 

The Cl atom production rate at Hok Tsui was calculated and compared with 

the production rate of OH (P(OH)) via ozone photolysis (equation 4.2), which is the 

dominant radical source in the atmosphere.  

P(OH) = 2j
O1D
[O3]kH2O[H2O]/(kH2O[H2O]+kN2[N2]+kO2[O2])  (4.2) 

Figure 4.6 depicts an example of the production rate of Cl atom and the ratio of Cl 

atom production to OH production on 24 August 2012. After sunrise (i.e., 06:00-

07:00, local time), fast photolysis of ClNO2 led to the high production of Cl atom 

(maximum rate = 0.012 pptv/s) that exceeded the OH production from ozone 

photolysis by a factor of 3. Consequently, ClNO2 photolysis should be an important 

radical source in the early morning period, although the ozone photolysis became more 

and more important later. Cl atom is an important oxidant toward VOCs especially 
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alkanes, with the reaction rates of several orders of magnitude faster than OH 

(Atkinson et al., 1999; Tanaka et al., 2003). Therefore, the production of ClNO2 over 

the night may play a significant role in initiating the next day’s photochemistry.  

 

 

Figure 4.6. The Cl production rate on 24 August 2012. Pie charts represent the ratio 

of Cl production from ClNO2 and OH production via photolysis of ozone.  

 

A colleague (Likun Xue) later constrained the measured ClNO2 into a chemical 

box model (MCM) with updated Cl chemistry module to investigate the impact of 

ClNO2 on the ozone production. They found that the ClNO2 caused up to 10.3% 

increase in the daily average ozone production at this site (refer to the publication of 

Xue et al. (2015) for more information). 
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4.6 Summary   

 

Extrapolation of the findings from these two initial studies provides the 

baseline in understanding of the presence of ClNO2 in Asian coastal regions. A clear 

diurnal pattern of ClNO2 was observed at Tung Chung, where ClNO2 primarily 

accumulates at night and reach lowest concentrations in the noon-time. Highest ClNO2 

was found during the autumn season followed by spring, winter and summer season. 

The abundant of ClNO2 in the four seasons indicate that the production of ClNO2 is a 

year-round phenomenon. Data collected at another coastal site, Hok Tsui, also 

revealed high levels of ClNO2 of up to 2 ppbv in the continental/urban air masses of 

Hong Kong and PRD region. Photolysis of ClNO2 was shown to produce a significant 

amount of Cl atom with production rate up to 0.02 pptv/s in the early morning. The Cl 

atom production rates can exceed the P(OH) via O3 photolysis by several factors. 

These results suggest that the ClNO2 plays a major role in jump-starting the 

atmospheric photochemistry in the polluted marine boundary layer of southern China.  
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Chapter 5 Optimization of CIMS for N2O5 and ClNO2 measurement 

in polluted China environment 

 

 

 

Measurements of ClNO2 and N2O5 with a TD-CIMS were shown to subject to 

high interference in Hong Kong. Therefore, we reconfigured the TD-CIMS to an 

unheated version of CIMS that detects N2O5 and ClNO2 as ion clusters. The heater 

was removed, and the electric field of the collisional dissociation chamber was reduced 

to allow more production of I(N2O5)
- and I(ClNO2)

- cluster ions, which were used to 

quantify the N2O5 and ClNO2 concentrations. This method had been extensively 

applied in North America and was believed to be free of interferences (e.g. Kercher et 

al., 2009). However, its applicability is yet to be tested and verified in the polluted 

environment of China. A series of development and testing were conducted in the 

laboratory of The Hong Kong Polytechnic University to improve the quality of the 

measurements. This chapter first presents results from the calibrations and internal 

background zeroing of the CIMS. Testing on the inlet transmission efficiency was 

performed and the ambient N2O5 measurement of CIMS was verified by comparing 

with the N2O5 measurement made by a CRDS. The potential application of a corona 

discharge ion source for ambient measurement of N2O5 and ClNO2 was also assessed. 
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5.1 Instrument sensitivity towards N2O5 and ClNO2 

5.1.1 Calibration 

 

Calibration is an important step to capture the changes in instrument sensitivity 

due to internal or external factors. A calibration system was developed to calibrate the 

CIMS. Figure 5.1 shows the setup of the off-line calibration system. It includes a 

calibrator and two flow controllers used to generate a 5 SLPM stream of humidified 

zero air. One stream of zero air was controlled by a flow controller (range: 0-5 LPM, 

Key Instruments) and passed through a water bubbler (filled with ~ 250 ml of ultrapure 

deionized water). The effluent of the bubbler was then mixed with the other stream of 

dry zero air which was controlled by another flow controller (range: 0-10 LPM, Key 

Instruments). The humidity in the zero air stream was adjusted by the different flow 

rates of the two streams of air. The relative humidity (RH) and air temperature of the 

humidified zero air stream were monitored with a hygrometer probe. The N2O5 or 

ClNO2 standard was then added into the stream of humidified zero air prior to the inlet 

of the CIMS. The location for adding the standard was optimized so that the CIMS 

could detect the highest possible signals. 
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Figure 5.1. Schematic diagram of the off-line calibration system for N2O5. The black 

line represents ¼” O.D. PFA tubing and blue line is ⅛” O.D. PFA tubing.  

 

An example of off-line N2O5 and ClNO2 calibrations in humidify zero air (RH= 

~55%) is shown in Figure 5.2. The N2O5 signal at 235 a.m.u. and ClNO2 signal at 208 

a.m.u. response linearly with the increase of the standard concentrations. Linear least 

squares fits resulted in a slope of 0.97 Hz/pptv and 1.04 Hz/pptv for N2O5 and ClNO2, 

respectively, with excellent correlation coefficients (R2>0.99). The given slopes may 

represent the correction factors in units of hertz (Hz) per pptv of N2O5 or ClNO2. 
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Figure 5.2. The CIMS N2O5 and ClNO2 signal at I(N2O5)
- and I(ClNO2)

- versus the 

concentrations of N2O5 and ClNO2. The calibrations were conducted in a humidified 

zero air stream maintained at RH = ~55%. 

 

5.1.2 Effect of humidity on the sensitivities of N2O5 and ClNO2  

 

As mentioned in the CIMS ionization scheme of N2O5 and ClNO2 (see Chapter 

3), iodide reacts with a water molecule in the sample air to form I(H2O)- cluster which 

later reacts with the analytes, N2O5 and ClNO2, to produce I(N2O5)
- and I(ClNO2)

- 

clusters. It means that the humidity could mediate the clusters formation and affects 

the sensitivities of N2O5 and ClNO2 during the measurement. Figure 5.3 shows the 

plots of relative humidity versus the I(H2O)- and the RH dependence of N2O5 and 

ClNO2 sensitivities. The curve fittings of the RH and sensitivities of N2O5 and ClNO2 

indicated a positive dependence on RH and reached the highest sensitivity at 50%-
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70% of RH (shaded in yellow area of Figure 5.3). A comparison of N2O5 and ClNO2 

sensitivities in the optimum region (i.e., at RH = 60%) with those in dry condition (i.e. 

RH<3%) yielded a difference of sensitivity of about 6-9 times, indicating calibrations 

under dry condition will lead to overestimation of N2O5 and ClNO2 concentrations.  

As in higher RH condition (after the threshold region), the N2O5 sensitivities decreased 

with further increase in RH, but the sensitivity of ClNO2 remained relatively constant 

at a higher RH. These water-dependent results are similar to those observed by other 

CIMS setups (Kercher et al., 2009; Mielke et al. 2011). 

 

The behaviors of humidity-dependent for N2O5 and ClNO2 sensitivities at low 

humidity condition can be explained as follows. The addition of H2O molecules may 

chemically function as a third body to stabilize the iodide-analyte clusters by 

distributing the excess energy over a greater number of vibrational modes and carrying 

away excess energy from the ion-molecule collision, which can lead to the increase of 

sensitivity (Lee et al., 2014). However, at higher RH, the kinetic enhancement is not 

enough to compensate for the loss of N2O5 to the water (hydrolysis), and therefore the 

I(N2O5)
- formation may decrease with further increase of humidity. By contrast, the 

ClNO2 does not exhibit similar behavior at high humidity because it has low water 

solubility.  
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Figure 5.3. The CIMS a) I(H2O)- ion signal; b) sensitivity of ClNO2; and c) sensitivity 

of N2O5 versus humidity (RH) in the range of 0-90% at room temperature. The color 

circle dots represent the experiment data and the break-line is the trend-line of curve 

fittings. 
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5.2 Determinations of instrument zero and detection limits 

 

In order to account for the CIMS signal of I(N2O5)
- and I(ClNO2)

- that are not 

due to N2O5 or ClNO2, a background zeroing system was developed (see section 3.4) 

and tested in the field. The N2O5 and ClNO2 were scrubbed from ambient air by the 

zeroing system, and the remaining signal was recorded as background signal which 

includes the internal electronic noise and interferences (ions that have the same a.m.u. 

with the N2O5 and ClNO2 iodide clusters). Figure 5.4 displays a typical time series of 

ambient and background signals for N2O5 (235 a.m.u.) and ClNO2 (208 a.m.u.). The 

N2O5 showed ambient signals in the range of 20-100 Hz and had background signals 

of ~10 Hz when background zeroing was performed. Whereas, the ambient signal for 

ClNO2 ranged from 40-260 Hz and the background signals were about 10 Hz. By using 

the example sensitivity of N2O5 and ClNO2 shown in Figure 5.2, the background 

concentrations of N2O5 (10 Hz/0.97 pptv/Hz)  and ClNO2 (10 Hz/1.04 pptv/Hz) were 

~10 pptv. Testing with others background zeroing method such as by-passing the 

sample air through a fully-packed activated carbon tube or purging the instrument with 

zero gas showed similar background signals with those determined by the hot tube 

zeroing system (p<0.01).  

 

The minimum concentration that can be detected by the instrument is termed 

as the detection limit. It can be statistically differentiated from the instrumental signal 

to noise (S/N) ratio, and the equation used for the determination of detection limits of 

the CIMS is the following: 

Sm = Sbkg + kσbkg      (5.1) 
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Detection limit = 
Sm − Sbkg 

Sensitivity
     (5.2) 

Here, Sm is the minimum distinguishable signal (determined from equation 5.1), Sbkg 

is the mean background signals (when N2O5 and ClNO2 are not present in the system) 

correspond to the time intervals of ion measurement, k is the confidence level to be 

used in the calculation, ranging from 1 to 3, and σbkg is the standard error of the 

background signals. Based on the 1 min averaged background signal of N2O5 and 

ClNO2 and the sensitivities determined in Figure 5.2, the detection limit (3σ) of the 

CIMS was 5 pptv for both N2O5 and ClNO2.   

 

 

Figure 5.4. An example of raw background signal versus ambient signal for N2O5 

(upper panel) and ClNO2 (lower panel) taken at 8-s time resolution. During ambient 

measurement, background measurements were performed for a duration of 3 min in 

every hour. 
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5.3 Inlet transmission efficiency  

  

The measurement can be affected by the aerosol deposition on the sampling 

inlet of the instrument. If chloride aerosol deposited on the surfaces of the inlet, ClNO2 

can arise from the N2O5. A series of testing was performed to monitor the potential 

conversion of N2O5 and ClNO2 in inlet used for ambient sampling and to evaluate the 

potential application of a Teflon filter in the sampling inlet to reduce inlet artifact.  

 

5.3.1 Conversion of N2O5 to ClNO2 on the inlet 

 

An entirely new 2-m long PFA tubing with an addition port (a PFA union tee) 

fixed at the front (at the beginning of the tubing) and rear (~10 cm before the CIMS 

inlet) was used to investigate the inlet chemistry. A known concentration of N2O5 (4.1 

ppbv) was alternately added through the two addition port into a stream of 6 SLPM 

humidified zero gas with RH controlled at ~60% (for optimum instrument responses, 

see Figure 5.3) to detect the changes of N2O5 and ClNO2 signals between the two 

locations. Figure 5.5 illustrates the percentage of the N2O5 signal loss and increase of 

ClNO2 in relative to the added N2O5 for different ‘age’ of inlet conditions. The new 

sampling inlet gave an average N2O5 signal loss (at 235 a.m.u.) of 10% but did not 

show any statistical difference in the ClNO2 signal (at 208 a.m.u.). This N2O5 signal 

loss is likely attributed to the first-order loss process through the wall of the inlet 

instead of the effect of aerosol depositions. Then, the new inlet was allowed to sample 

the ambient air for 24 hours (1 day) and again tested with the additions of N2O5 in 

humidified zero air as mentioned above. About 22% of N2O5 signal loss was observed 
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in the ‘1 day’ old inlet. The ClNO2 signal also increased from <1% to 3% of the added 

N2O5 signal. Continuously sampling with the same inlet for a total of 7 days led to 

41% loss of N2O5 and 7% of the added N2O5 signal was converted to ClNO2. This 

enhancement suggests that the inlet is significantly affected by the ambient aerosol in 

particularly the chloride aerosol over the time. Previous studies at this location showed 

elevated PM10, PM2.5, and fine chloride aerosol with an average concentration of 84 

µg/m3, 51 µg/m3 and 0.3 µg/m3, respectively (e.g. Ho et al., 2003). All of these testings 

were repeated for at least three times, and the standard deviation was shown by the 

error bars in Figure 5.5. Therefore, we suggest that daily replacement of the sampling 

line with a new set of inlet would be highly desirable for quality measurement of N2O5 

and ClNO2 in high aerosol loading environment of China. 

 

However, the practice of frequent replacement of the sampling line will 

increase the operation cost. Considering the balance between quality measurement and 

the operation cost, we attempted to wash the sampling line (tubing and fittings) with 

phosphate/chlorine-free detergent solution (Decon90), ethanol (Sigma-Aldrich, 

99.99%) and ultra-pure deionized water under ultrasonic bath (50°C). The fittings and 

tubing were later dried in an oven (at 110°C) for overnight before usage. As expected, 

the “new” sampling line showed a significant reduction of N2O5 loss to 14%, which 

was comparable to the brand new sampling inlet. Furthermore, the ClNO2 signal did 

not show sign of increase (<1%) in the washed inlet. On-site tests in the later field 

measurements also indicated that the washing practice limited the loss of N2O5 on the 

inlet to about 10%. 
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Figure 5.5. Percentage of the N2O5 signal loss and relatively increase in ClNO2 signal 

in different types of inlet condition. The testing was performed by adding 4.1 ppbv of 

N2O5 into a stream of humidified zero air (RH=60%) at room temperature. Error bars 

represent the standard deviation of the tests (n=3).  

 

5.3.2 Conversion of N2O5 to ClNO2 on Teflon filter 

 

As the N2O5 and ClNO2 measurement are susceptible to potential inlet losses 

and interference due to particle deposition on the sampling line, addition of a Teflon 

filter before the inlet can be a good solution to prevent the aerosol from contaminating 

the sampling line. Indeed, this method has been applied in previous field studies in the 

U.S. (e.g. Dubé et al., 2006; Mielke et al., 2013). The question arises here is whether 
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the addition of Teflon filter is applicable in a polluted environment like Hong Kong 

or China.  

 

To investigate its applicability, a filter holder (47 mm diameter) with Teflon 

filter (2 µm pore size, Pall Corp.) was attached at the front of the inlet and was allowed 

to sample ambient air for an interval of 2 hours. In between the interval, the passing 

efficiency of N2O5 through the Teflon filter was assessed by adding 4.1 ppbv of N2O5 

into 6.0 S.LPM of ambient air. Figure 5.6a shows the evolution of percentage of N2O5 

loss and the conversion to ClNO2 in the interval of 2 h of ambient sampling. There 

was no significant difference in the N2O5 and ClNO2 signals (≤3%) for the control 

(without the Teflon filter inside the filter housing), sampling time (t) at zero 

(completely clean filter) and t at 30 min. The N2O5 loss rate on the filter surface was 

subtle at these stages (<0.01 %/min). However, the total percentage of N2O5 loss 

increased by a factor of 2, up to 7.2% after an hour of sampling and the estimated N2O5 

loss rate was 0.14 %/min in between t = 30-60 min. The slower N2O5 loss rate of 0.06 

%/min was observed in the final 1 hour (t = 60-20 min) and the total N2O5 loss reached 

up to ~11% at the end of the sampling. 

 

The non-linear increment of N2O5 loss is unlikely to be due to the changes of 

other ambient factors like NO and RH as the measurement showed that NO and RH 

remained at around 2 ppbv and 45%, respectively, during the testing period. Instead, 

the testing results indicate that the filter aging which depends on the aerosol mass 

loading decreases the transmission efficiency of N2O5 through the filter. The aerosol 

accumulated on the surface of the Teflon filter provides abundant surface area for the 

heterogeneous uptake of N2O5. It can be further supported by the increasing trend of 
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the percentage of 208 a.m.u. signals relative to the added N2O5 during the sampling 

duration.  

 

Immediately after 2 hours of sampling, the aged-Teflon filter was tested with 

different RH to determine the combined effect of aerosols and water vapor on the N2O5 

transmission efficiency. The percentage of N2O5 loss and increase of ClNO2 relative 

to N2O5 versus the relative humidity was shown in Figure 5.6b. The percentage of 

N2O5 signal loss fall in the range of 6-12 % at lower RH regime (RH≤54%). A 

dramatic increase of N2O5 loss up to 40% was observed at 75% of relative humidity, 

and similar trend was observed in the ClNO2 signal. The calculated N2O5 loss rate of 

20% h-1 was akin to the range of laboratory results from Fuch et al., (2008), where 

N2O5 loss rates of 2.4-30 % h-1 were found on the Teflon filter with aerosol mass 

loading of 70-360 µg/m3 at RH of 78%. We, therefore, can conclude that the increase 

of RH together with aerosols on the Teflon filter synergize the N2O5 loss and enhance 

ClNO2 production in the sampling line system. 

 

Although we do not have direct aerosol measurements to quantify the exact 

particle loadings on the filter, the testing suggests that replacement of filter within the 

interval of 30 min of sampling is required to avoid a significant N2O5 loss on the filter. 

This duration is shorter than the recommendations of Dubé et al., (2006) and Fuch et 

al. (2008) because the ambient mass loading of aerosol in China is much higher than 

those found in the US and Europe (e.g. Querol et al., 2004; Tie et al., 2006; Lai et al., 

2007). Combining with the high RH condition in Hong Kong, larger N2O5 loss and 

ClNO2 artifact on the filter surfaces are expected, and more frequent replacement of 
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filter is required to assure good quality measurements. With this, the maintenance and 

operating cost will be increased and is inconvenient for long term field measurements. 

 

 

Figure 5.6. Percentage of N2O5 loss and relative ClNO2 signal on Teflon filter for a) 

empty filter housing and intervals between 2 hours of ambient sampling b) the aged-

filter (2-hour ambient sampling) in different RH conditions.  

 

5.4 Ambient trial run 

 

After the optimization of the CIMS, an ambient trial run was conducted in the 

laboratory located on the 8th floor of a building on the main campus of Hong Kong 

Polytechnic University to assess the performance and reliability of the optimized 

CIMS in measuring ambient ClNO2 and N2O5. During the measurement, the inlet was 
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wrapped with tube insulator and heated at ~30°C to prevent drastic changes of RH in 

the sample due to the temperature difference between the outdoor and indoor air. 

Background zeroing was determined every hour. A known concentration of N2O5 (1.2 

ppbv) was automatically added into the sample flow every hour to monitor the inlet 

chemistry as well as the changes in the instrument sensitivity due to RH. Figure 5.7 

shows an example of hourly N2O5 addition signals for a night. The sensitivity 

determined from the hourly additions of N2O5 did not show a significant difference 

between day and night, indicating that the sensitivity of the CIMS was stable 

throughout the day. The hourly sensitivity was then interpolated into the measurement 

time base and was used for correcting the ambient data. The accuracy of the optimized 

CIMS was determined to be 25% with a precision of 3%. 

 

 

Figure 5.7. An example of the I(N2O5)
- signal in standard addition of N2O5 (yellow 

zone) during ambient measurement.   

 

Figure 5.8 illustrates the mixing ratios of N2O5 and ClNO2, together with NOx 

and O3 for 3 days of measurement. N2O5 and ClNO2 were only observed during night, 
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increasing at sunset with maximum concentrations of 351 and 375 pptv for N2O5 and 

ClNO2, respectively. Both N2O5 and ClNO2 started to decline at sunrise due to the fast 

photolysis of NO3 and ClNO2 and achieved the lowest concentration at noon-time. 

The observation was in contrast to the previous N2O5 measurement with TD-CIMS at 

the same location which showed huge noon-time peak of the N2O5 signal at 62 a.m.u. 

(see X.Wang et al., 2014). This observation suggests that the I(N2O5)
- (at 235 a.m.u.) 

was not subject to interference from PAN+NO2 as shown in the 62 a.m.u. signal.  

 

 

Figure 5.8. a) The concentration of N2O5 and ClNO2 measured at Hong Kong 

Polytechnic University for 3 continuous nights. The yellow-shaded zone represents 

the daytime. b) A subset of measured N2O5 versus steady-state calculated N2O5 on the 

night on 20-21 October 2013.  
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It was reasonable that the N2O5 was low in concentration for the majority of 

the night-time because the site was highly influenced by the high NO from the nearby 

traffic (about 300 m away to the highway connecting to the Cross-Harbour Tunnel). 

The emitted NO will efficiently titrate the NO3 and caused N2O5 dissociation to NO3. 

Steady state calculations of the N2O5 concentrations with the assumption that the N2O5 

is only loss through NO+NO3 pathway agreed with the measured N2O5 over the night, 

as shown in Figure 5.8b. The results assured that the measured signal at 235 a.m.u. 

was N2O5. 

 

5.5 Verification of ambient measurement  

 

Further verification of the ambient measurements of N2O5 by the CIMS was 

performed in a later field study at TMS by comparing the results with those obtained 

from the CRDS of the NOAA (National Oceanic and Atmospheric Administration, 

US). The NOAA-CRDS has been previously used as the benchmark for N2O5 

measurements in chamber studies with different types of instruments (Fuch et al., 

2012). Figure 5.9 presents the scatterplot of the data from the two instruments based 

on the 1 min data collected in 12 days which CIMS measurements were available. The 

overall results showed an excellent agreement between the data set, with a correlation 

coefficient (R2) of 0.93, a slope of 0.99 and intercept of 30, based on a reduced major 

axis (RMA) regression analysis. An example of the time series of the N2O5 mixing 

ratios from CIMS and CRDS on 1-2 December 2013 showed that the N2O5 correlates 

well in both night-time and daytime measurement. This excellent correlation indicates 

that our optimized CIMS is capable of measuring N2O5 in polluted China environment. 
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Figure 5.9. Scatterplot between 1 min averaged N2O5 mixing ratios from the NOAA-

CRDS (x-axis) and from the CIMS (y-axis) for 12 days (N = 9148). a) Solid line (red) 

represents an RMA linear fit and b) an example of N2O5 mixing ratios from CIMS and 

CRDS during night-time and daytime. 

 

To make sure that the measured signal at 208 a.m.u. was ClNO2 or to exclude 

the potential interferences from other ions which happened to have a similar atomic 

mass of 208 a.m.u. (e.g. I81Br- ions from bromide containing species), the raw signal 

obtained at I35ClNO2
- (208 a.m.u.) was plotted against the signal of its chlorine isotope, 

I37ClNO2
- measured at 210 a.m.u.. Figure 5.10 displays the scatter plots of 208 a.m.u. 

versus 210 a.m.u. signals obtained from field measurements conducted in Hong Kong 
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Polytechnic University, TMS, and Wangdu. Linear fits of the signals yielded slopes 

between 0.31-0.33, which were ±3% to that theoretical chlorine isotopes ratio of 0.32, 

with correlation coefficients (R2) larger than 0.96. These observations further assured 

that the measured signals were of a chlorine-containing species. 

 

 

Figure 5.10. Scatter plots of 1 min averaged raw ambient signal of 208 a.m.u. with 

210 a.m.u. measured at a) Hong Kong Polytechnic University b) TMS and c) Wangdu.  

 

5.6 Testing on corona discharge as ionization source 

 

Considering the strict government safety regulations, potential health risk to 

the user and the higher operating costs of using a radioactive (210Po) ion source, testing 

on a corona discharge ion source as an alternative to the original 210Po radioactive ion 

source was conducted for measurement of N2O5 and ClNO2. This testing was 

performed at a laboratory in Shandong University, Jinan and also during the field 

campaign in Wangdu, China.   
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5.6.1 Setup of corona discharges ion source 

 

 

The corona discharge device was built and supplied by THS Instruments 

(Atlanta, USA). This corona-discharge device is only a prototype, but the similar 

principle and design have been applied by Kürten et al., (2011) for sulfuric acid 

measurement. Figure 5.11 shows the simplified schematic of the corona discharge ion 

source. The outer case which houses the ion source is made of a stainless steel cylinder 

and is attached to the customized flow tube (3.4 cm internal diameter (I.D.) and 13 cm 

length).  The length of the outer cylinder corona ion source is 9 cm with a diameter of 

1.7 cm. Inside the cylinder of corona ion source is lined with polyamide sheet 

(Kapton®, DuPont, USA) as an insulator. To create the corona discharge, a sharp end 

needle of 3 cm length was held in the middle of a brass connector attached to a custom-

made SHV connector which was connected to a negative high voltage supply. The 

type of needle used in this setup is a gold-coated acupuncture needle with an outer 

diameter of 0.4 mm (Cloud & Dragon Medical Device, China) since the gold-plated 

needle has been demonstrated to be durable and generate relatively low NOx and O3 

(Asbach et al., 2005). A mixture of CH3I in N2 was introduced into the corona device 

to generate reagent ion (I-) which then entered the reaction chamber (flow-tube) via an 

orifice with a diameter of 1 mm. 
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Figure 5.11. Schematic drawing of corona discharge ion source built by THS 

Instrument. 

 

5.6.2 Sensitivity 

 

After the setup of the corona discharge ion source, N2O5 and ClNO2 

calibrations were performed with the same method as discussed in section 5.1 with 

variable RH. As can be seen in Figure 5.12, the sensitivity of N2O5 and ClNO2 are 

very low (~0.2 Hz/pptv) when the RH is smaller than 5%.  The sensitivities of N2O5 

and ClNO2 reached up to 1.3 Hz/pptv and 1.1 Hz/pptv, respectively, in the optimal RH 

range (50%-70%). Although not directly comparable with the sensitivities from the 

radioactive ion source due to the different of retention time in the IMR (larger flow-

tube volume for the corona setup), the trend of the curve fits for both N2O5 and ClNO2 
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sensitivities have almost similar responses as displayed by the 210Po radioactive source 

(comparing with Figure 5.3). 

 

Theoretically, higher sensitivity is expected from the corona source setup 

because the retention time in the flow-tube will be longer for reactions of iodide and 

analytes to occur. However, the ratios of the N2O5 and ClNO2 sensitivity from corona 

and radioactive were about equal to each other at different RH (see Figure 5.12), 

indicating a “suppression” of sensitivity in the corona discharge setup. This could be 

due to smaller amount of total I- produced from the corona discharge source relative 

to the radioactive source. The difference, in fact, can be seen in the counts of I- at 127 

a.m.u. (data not shown here). The reduction in the reagent ions production may be due 

to: 1) human error during installing the needle (i.e. length and position) in aligning 

with the pinhole (between the corona and IMR), possibly creating an asymmetry ion 

distribution and may cause iodide ion loss or not homogenously distributed in the flow 

tube (Kürten et al., 2011); 2) Iodide was generated in the corona only by a point source 

(corona needle) rather than over a complete circular cross section like in the 

radioactive source. Thus, the ionization efficiency may be lower compared to the 

radioactive source. 
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Figure 5.12. Sensitivity of N2O5 and ClNO2 as a function of relative humidity. The 

blue and red solid lines are the curve fits for the data. Ratio of the sensitivity from 

corona to radioactive source is shown on the right y-axis.  

 

5.6.3 Mass spectra of I(N2O5)- and I(ClNO2)- 

 

Mass scans from 20 a.m.u. to 250 a.m.u. were performed in separated 

conditions: 1) ambient measurement by using a corona source; 2) ambient 

measurement by using radioactive source; and 3) calibrations, to obtain the mass 

spectra for I(N2O5)
- and I(ClNO2)

-. Figure 5.13 illustrates the expanded view of mass 

spectra for I(N2O5)
- and I(ClNO2)

- under the different conditions. For the measurement 

with corona source, the I(ClNO2)
-
 showed two clear peaks at 208 a.m.u. and it isotopic 

chlorine at 210 a.m.u., while the I(N2O5)
- displayed a distinct peak at 235 a.m.u.. The 

results are identical to those observed with a radioactive source. A comparison with 
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the benchmark peaks of I(N2O5)
- and I(ClNO2)

- scanned during the calibration with a 

radioactive source setup, did not vary significantly with the ambient scans.  

 

 
Figure 5.13. Examples of mass spectrum for a) I(ClNO2)

- (208 a.m.u.) and b) N2O5 

(235 a.m.u.) measured with corona discharge and radioactive ion source. The upper 

panel shows the mass scans of I(N2O5)
- and I(ClNO2)

- during calibration with a 

radioactive ion source. 

 

5.6.4 Background and detection limits 

 

The background signal for N2O5 and ClNO2 measured with corona discharge 

ion source was determined with the zeroing system (same as that described in section 

5.2). Figure 5.14 shows the distribution of N2O5 and ClNO2 background signals from 

corona and radioactive source. A Gaussian function fitted to the distribution of 

background signal from a corona source centered at 40 Hz for both N2O5 and ClNO2. 

In comparison, the fit of background signals given by a radioactive source setup 

centered at 10 Hz or below for N2O5 or ClNO2. The higher background noise in the 

corona source is probably due to the additional oxidation of chemical compounds in 
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the sampled air by radical produced during the corona discharge processes (Jost et al., 

2003; Kukui et al., 2008). With the 1 min averaged data background signals and the 

optimum calibration factors determined in Figure 5.12, the detection limit of CIMS 

with corona ion source was calculated to be 16 pptv for N2O5 and 14 pptv for ClNO2 

(3σ). The detection limits were about 3 times larger than those determined from CIMS 

operated with a radioactive source. 

 

 

Figure 5.14. Distributions of ambient background signals for (a) ClNO2 (in purple) 

and (b) N2O5 (in gray) from CIMS operated with corona discharge source and 210Po 

radioactive source (N = 902). 
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5.6.5 Ambient performance and signal stability 

 

The stability and performance of the corona discharge ion source can be 

affected by the variation of ambient conditions or over the time duration. Therefore, 

the performance of the corona discharge ion source was evaluated in continuous 

ambient measurements. The stability of ambient signal of the iodide-water clusters, 

N2O5 and ClNO2, were monitored for the whole night. Figure 5.15 depicts an example 

of time series of the ambient I(H2O)-, I(N2O5)
- and I(ClNO2)

- over the night. It can be 

seen that the signal of I(H2O)- did not drift over the night. Further checking upon the 

ratios of the I(H2O)- to I- signal by occasional mass scanning also found that the ratio 

remained at ~0.25 (data not shown) throughout the night. These suggest that the corona 

ion source produced a stable flow of reagent ions (I-).  

 

The plot also illustrates that the I(N2O5)
- and I(ClNO2)

- signals began to 

increase as soon as the sun set. The I(N2O5)
- signal showed a significant peak between 

19:00 to 21:00, while the I(ClNO2)
- signal kept increasing toward the midnight. On 

three occasions, the background zeroing of N2O5 and ClNO2 were determined, and the 

signals immediately decreased from hundreds of counts to about 50 Hz. Then a stable 

N2O5 concentration of 1.5 ppbv was added into the sampling line at 20:37 (local time) 

for ~5 min. The N2O5 signal increased drastically within seconds and became stable 

at ~900 Hz (1 min average), before decreasing rapidly back to ambient level. There 

were no significant changes in the I(ClNO2)
- signals during the period of N2O5 

addition, indicating no production of ClNO2 within the CIMS system. These results 

suggest that the N2O5 and ClNO2 are responding well to the changes of concentrations 

during the ambient measurement with a corona source.   
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Although the testing results may indicate that the corona discharge ion source 

was working well in the ambient measurement, over a longer time scale (~36 hours), 

a sudden drop in the I(H2O)- signal was observed while other signals became unstable. 

Such sudden changes are not common in the radioactive ion source.  Upon closer 

inspection of the corona discharge ion source, we found that the gold-coated needle 

used in the corona was corroded, and the tip was darkened (see Figure 5.16). Replacing 

a new needle returned the signals to a normal level. These results may suggest that the 

needle used in the current corona source setup needs replacement within 36 hours of 

operation.  

 

 

Figure 5.15. Time series of the raw ambient signal measured CIMS operated with a 

corona ion source. Dots represent the 8-s signal data and the solid lines are the 1-min 

average signal data.  
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Figure 5.16. Comparison of a new gold-coated needle (right) with a corroded or 

‘darkened’ one (left) after more than 36 hours of sampling.  

 

5.7 Summary  

 

The CIMS has been successfully modified into an unheated setup for 

measuring N2O5 and ClNO2. Calibrations of the instrument gave a sensitivity of 0.97 

Hz/pptv and 1.04 Hz/pptv for N2O5 and ClNO2, respectively. The sensitivity was 

demonstrated to be humidity dependent, with optimum range between 50-70% of RH. 

Background noise was determined to be smaller than 10 Hz, and the detection limit of 

the CIMS was 5 pptv for both N2O5 and ClNO2.  
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Testing on the completely new inlet showed less than 10% loss of N2O5 and 

no significant ClNO2 production in the inlet. However, after 7 days of continuous 

ambient sampling, the N2O5 loss reached 41% and 7% of the added N2O5 signal was 

converted to ClNO2 via the surface of the inlet. Such results indicated that the inlet 

chemistry is critical during the measurement in China environment. Adding a Teflon 

filter in the sampling line was demonstrated to be impractical for reducing aerosol in 

the inlet for long-term measurement. Daily washing of the sampling line was shown 

to reduce the loss of N2O5 to less than 14% with negligible production of ClNO2 on 

the inlet. Thus, daily changing and washing of inlet are recommended to be practiced 

in field measurements in China to reduce the effect of aerosol deposition on the inlet.    

 

The CIMS was then demonstrated to perform well in the ambient trial run. The 

hourly standard addition of N2O5 was able to account for the sensitivity changes due 

to the ambient conditions. The measurement of N2O5 did not show interference (e.g. 

daytime peak) as was observed by a TD-CIMS previously.  Verification on the N2O5 

measurements of CIMS with those from a CRDS exhibited an excellent correlation 

coefficient (R2) of 0.93, a slope of 0.99 and intercept of 30, based on an RMA 

regression analysis. Linear fits of the ambient ClNO2 signal at 208 a.m.u. and its 

chlorine isotopic signals at 210 a.m.u. yielded slopes between 0.31-0.33 which were 

close to the theoretical chlorine isotope ratio of 0.32. This study points out that the 

optimized-CIMS method is capable of measuring N2O5 and ClNO2 accurately under 

high humidity and high particulate loading environment of China.  

 

Testing on a corona ion source was performed. It was found that the corona 

ion source was sufficiently good for measuring ambient N2O5 and ClNO2. However, 
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the testing suggests that it is more convenient to use a 210Po radioactive as the ion 

source for long term field measurements since the corona ion source gives high 

detection limits and requires frequent replacement of the needle in the source. It is 

evident that more modification and optimization are needed in future to improve the 

current corona discharge ion source. For example, optimizing the space charge effects 

or trying a different needle design (e.g. material and needle tip) are highly desirable to 

increase the sensitivity and reduce the background signal of the instrument. 
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Chapter 6 Observation of ClNO2 at a high altitude site in southern 

China 

 

 

Majority of the previous ClNO2 field measurements were conducted at the 

surface sites (Osthoff et al., 2008; Mielke et al., 2011; Riedel et al., 2012; Mielke et 

al., 2013; Bannan et al., 2015a; Faxon et al., 2015), which only determined the 

characteristics of either a NBL, with a depth of approximately 100 m, or a surface 

layer that may be tens of meters above the ground (Stull, 1988). Observations at the 

surface sites cannot distinguish the composition or chemistry within the residual layer 

at higher altitudes, where the largest mass of the preceding day’s emission resides. To 

date, the study of ClNO2 in the residual layer has remained sparse. Strategies for 

studying the ClNO2 chemistry in the residual layer include measurements from aircraft 

(Young et al., 2012), tall towers (Riedel et al., 2013), or mountaintop sites that lie 

within the residual layer (Phillips et al., 2012). 

 

After the optimization of CIMS, it was deployed to the peak of Tai Mo San 

(957 m a.s.l.) in the late autumn of 2013 to characterize the ClNO2 and N2O5 in the 

PBL of Hong Kong. Other supporting measurements conducted in the Tai Mo Shan 

campaign included NOx, NOy, O3, HONO, VOCs, particle size distributions, and 

aerosol ionic composition. This chapter presents the first observations of ClNO2 and 

N2O5 within the residual layer of southern China. Comprehensive analysis of night-

time ClNO2 formation and its impact on the next day oxidative chemistry were 

conducted. The implications of the daytime ClNO2 and N2O5 were also discussed.  
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6.1 Meteorological overview at TMS 

 

As shown by the wind rose in Figure 6.1a, the local wind at TMS was strongly 

influenced by the winter monsoon with prevailing wind from the east and northeast. 

The winds were consistently stronger at night-time and early morning, with a mean 

wind speed of 7.8 m/s. The wind began to slacken from late morning and reached 

about 2 m/s by 15:00 local time. It was accompanied by a slight rotation of the wind 

direction toward the northeast. These wind results indicate that in a majority of the 

measurement time, the site received air masses from the eastern side (South China 

Sea) and occasionally had some impacts of local pollution sources from the heavily 

urbanized/industrialized region of PRD in the northern direction (i.e. in the evening). 

 

As the site was located at a high altitude (957 m a.s.l.), relatively colder air 

masses were sampled during the study with the lowest average temperature of 11°C 

during the night-time and up to 15.5°C in the daytime. The humidity at the site was 

highly variable with average RH values in the range of 56 to 75%. There were some 

occasions (several nights) when the sampling site was totally immersed in fog/cloud 

with the RH of 100%.  
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Figure 6.1. a) Wind rose plot, b) diurnal average of wind and c) diurnal average of 

temperature and humidity at the TMS site. 

 

6.2 General observations at TMS 

 

Figure 6.2 shows the time series of ClNO2, N2O5, related chemical and 

meteorological parameters on 15-17 November, 23-29 November and 30 November-

6 December of 2013. The CIMS only had continuous data on 12 days during the field 

campaign due to technical problems, and the data were mostly in the night-time as the 

CIMS instrument was under calibration, testing, or maintenance in most of the daytime 

(except for Sundays). Significant levels of pollutants like NOy, NOx, O3, and Sa were 

measured at TMS, indicating the influence of polluted air from the urban area of Hong 

Kong and the PRD region. The NOy and NOx were observed in the range of 2-55 ppbv 

and 1-50 ppbv, respectively, with a wide range of NOx/NOy ratios (0.1-0.95). O3 
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showed characteristic of afternoon photochemical peaks, with average mixing ratios 

of 60 ppbv and a maximum of 107 ppbv. The aerosol loading as indicated by the Sa 

was significant with average value of 580 µm2/cm3 and maximum value reaching 3700 

µm2/cm3.  

 

The site intercepted air masses containing significant levels of ClNO2 (>400 

pptv) and N2O5 (>1000 pptv) during the night of 15, 16, 31 November, 1, 2, 3, 5 and 

6 December, indicating the rapid night-time chemistry involving the NOx and O3 in 

this region. The highest ClNO2 and N2O5 were observed on the night of 3-4 December, 

with mixing ratios up to 4.7 ppbv and 7.7 ppbv, respectively (1 min average). The 

ClNO2 and N2O5 were low on the night of 25 and 29 November when the site received 

relatively clean air masses (with ClNO2 <100 pptv, N2O5 <500 pptv, RH ~40–60% 

and low to moderate levels of ozone, NOx and Sa). When the site was immersed in 

fog/cloud (RH = 100%) on 23 to 28 November, the ClNO2 mixing ratio was less than 

200 pptv, while very low N2O5 was observed (mixing ratios near the detection limit of 

the CIMS).  
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Figure 6.2. Time series of ClNO2, N2O5 and related chemical and meteorological 

parameters for period of a) 15-17 November 2013, b) 23-29 November 2013, c) 30 

November – 6 December 2013. The data gap is due to calibrations, inlet maintenance, 

and instrument problems.   
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6.3 Variations of ClNO2 

6.3.1 Diurnal average 

  

Figure 6.3 shows the diurnal average of ClNO2 and N2O5 for the campaign. 

Significant levels of ClNO2 and N2O5 were observed at night with concentrations up 

to 677 pptv and 999 pptv, respectively. On most of the nights, ClNO2 and N2O5 began 

to increase at 17:00 (1 h before sunset) and reached a peak at about 20:00. They started 

to decrease after this period and remained at low levels throughout the night. There 

was one night (3-4 December) when extremely high ClNO2 and N2O5 mixing ratios 

were observed in the early morning (~04:00-05:00). This case resulted in a significant 

peak at the early morning of the diurnal average for ClNO2 and N2O5. The different 

ClNO2 and N2O5 characteristics of these two peaks are further discussed with two 

examples in the sub-sections below. 
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Figure 6.3. The diurnal average of N2O5 (red) and ClNO2 (purple) for the campaign. 

Dots represent the 10th and 90th percentile of the N2O5 (pink) and ClNO2 (grey) data 

set.  

 

6.3.2 Night of 30 November-1 December: Early ClNO2 peak 

 

On the night of 30 November to 1 December, the site intercepted a plume with 

high levels of ClNO2 (maximum of 1.6 ppbv) and N2O5 (maximum of 3.5 ppbv) for 

about three hours after sunset (Figure 6.4). This ClNO2-laden plume was in accordance 

with the observation of high concentrations of NOy (> 30 ppbv), NOx (> 10 ppbv), O3 

(>50 ppbv) and Sa (> 400 µm2/cm3). The ClNO2 constituted 5.4% of NOy and 11.5% 

of NOz (= NOy - NOx); the sum of ClNO2 and N2O5 accounted for 54% of the NOz 

(see Figure 6.5a). The ClNO2 to N2O5 ratios in the plume ranged from 0.2 to 0.6. 
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Moderate NOx to NOy ratios (~0.4-0.7) were observed in the plume (see Figure 6.5b), 

suggesting ‘young’ (i.e. less photochemically aged) air masses being sampled.  

 

 
Figure 6.4. An expanded view of ClNO2 and related chemical and meteorological 

parameters for 30 November-1 December 2013, as the example of the typical diurnal 

pattern at TMS.  
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Figure 6.5. a) The concentration of N2O5 and ClNO2 in relation to the NOz and NOy. 

N2O5 has been multiplied by two-fold (as it contains two nitrogen atoms) and is 

stacked on the ClNO2. b) The ratio of NOx/NOy in relation to ClNO2/N2O5 ratios on 

the night of 30 November 2013. 

 

A 12-hour backward particle dispersion was simulated by the HYbrid Single-

Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler et al., 2014) 

with the output from Weather Research and Forecasting (WRF) model to obtain the 

air masses history on this night. This analysis was conducted by a colleague, Qinyi Li 

and the detail has been described in Wang et al., (2016). Figure 6.6 illustrates that the 

air mass arriving at TMS at 17:00 and 20:00 originated from a large area covering the 

Hong Kong urban area, coastal region and inland of PRD in the north. This result 

suggests that the mixtures of marine air (a source of chloride) and pollutants (i.e. O3 

and NO2) emitted from the surrounding urban areas contributed to significant ClNO2 

production in the region. The history of air mass arriving at 03:00 originated from the 

coastline of the north-eastern sector which is the less densely-populated region. This 

result is consistent with the observation of a drastic decrease in the mixing ratios of 

ClNO2, N2O5, and other pollutants after the change of wind direction from north to 

east/northeast at around 21:00 (see Figure 6.4). 
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Figure 6.6. Twelve-hour backward particle dispersion for 17:00, 20:00 on 30 

November and 03:00 of 1 December. Contours represent the number of particles in 

each 0.02 degree latitude × 0.02 degree longitude grid. 

 

The overall chemical and meteorological results of this night suggest that the 

high ClNO2 and N2O5 plume in the early evening are likely contributed by ‘young’ air 

masses containing emissions from the marine and the nearby urban areas of Hong 

Kong (e.g. Tsuen Wan & Yuen Long) and PRD (e.g. Shenzhen). Other examples of 

similar conditions were shown on the nights of 15-16 November and 16-17 November 

which had similar diurnal patterns with significant concentrations of ClNO2 and N2O5 

observed at 20:00-21:00 and air masses originated from the northern sector.  

 

6.3.3 Night of 3-4 December: Extremely high ClNO2 and N2O5 plume  

 

Figure 6.7 depicts the detailed variations of ClNO2, N2O5, related chemical and 

meteorological parameters on the night of 3-4 December. The ClNO2 and N2O5 in this 

night were unique and different from the typical conditions at TMS. The polluted air 

mass arrived at the site in a much later period of the night (at approximately 02:00). 

Extremely high mixing ratios of ClNO2 and N2O5 of up to 4.7 ppbv and 7.7 ppbv (1 
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min-average), respectively, were observed between 03:30 and 05:00. To our 

knowledge, these concentrations are currently the highest value ever reported in the 

literature. Different relationships of ClNO2 and N2O5 were observed in three periods 

of this event (which are labeled as I, II, and III in Figure 6.7). 

 

 

Figure 6.7. Expanded time series of ClNO2, N2O5 and related chemical and 

meteorological parameters for 3-4 December 2013. The arrows indicate Plumes I, II, 

and III (as identified in the text). 
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As shown in Figure 6.8a, the fractions of ClNO2 in NOy and NOz were between 

4-20% and 9-23%, respectively. The results are comparable to those observed in other 

polluted places like Los Angeles and Houston, with the percentage of up to 15-20% 

(Osthoff et al., 2008; Mielke et al., 2013). However, the sum of ClNO2 and N2O5 

accounted for about half of the NOz, with a maximum of 61% at TMS. These fractions 

are a strong indicator of significant ClNO2 and N2O5 production in the planetary 

boundary layer of Hong Kong, implying their importance as the NOx reservoir which 

may affect the atmospheric chemistry in the region.  

 

 

Figure 6.8. a) The concentration of N2O5 and ClNO2 in relation to the NOz and NOy 

in the three different plumes (I, II, and III) on the night of 4 December 2013. N2O5 has 

been multiplied by two-fold and is stacked on the ClNO2. b) The ratios of NOx/NOy 

in relation to ClNO2/N2O5 ratios.   

 

Variation of ClNO2 to N2O5 ratios was observed from 02:00 to 06:00. In Plume 

I (02:30-03:30), ClNO2 and N2O5 rose almost simultaneously with an average 

ClNO2/N2O5 ratio of 0.44 (see Figure 6.8b). Then, Plume II saw a sharp rise in ClNO2 

and a slow increase in N2O5 between 03:30-04:30, indicating more efficient ClNO2 
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production via N2O5 heterogeneous reaction as given by the larger mean ClNO2/N2O5 

ratios of 1.98. An opposite pattern of Plume III with high N2O5 and low ClNO2 mixing 

ratios (mean ClNO2/N2O5 ratios of 0.24) was measured at 04:30-06:00, indicative of 

less efficient N2O5 heterogeneous uptake.  

 

An examination on the ionic compositions of the PM2.5 sample at this night 

(18:00–06:00) revealed a higher level of chloride (see Table 6.1). The mass ratio of 

[Cl-] to [Na+] was significantly larger than that collected during the following daytime 

of 4 December (2.48 versus 0.91) and was larger than the mean ratio in sea water (1.8) 

(Seinfeld and Pandis, 2006). This observation indicates the presence of significant 

amount of non-oceanic Cl- in the air masses sampled at the night of 4 December.  As 

shown in the following paragraph (refer to Figure 6.9), a back trajectory calculation 

showed that the air mass at the night of 3–4 December originated from inland areas of 

the PRD, suggesting the existence of anthropogenic chloride in the PRD region, 

possibly from coal-burning sources (e.g. coal-fired power plants) given the concurrent 

increase in SO2 concentrations (see Figure 6.7). Such inference is supported by 

previous PM2.5 aerosol observations in the region, indicative of elevated chloride 

levels relative to sodium (mass ratio of 2.80) compared to those from ocean sprays 

(e.g., Tan et al., 2009).  

 

Table 6.1. Particulate chloride and sodium for night of 3-4 December and daytime of 

4 December 2013. 

Time Cl-(μg/m3) Na+(μg/m3) [Cl-]/[Na+] 

3-4 Dec 2013 (18:00 – 06:00) 0.57 0.23 2.48 

4 Dec 2013 (10:00 – 22:00) 0.21 0.23 0.91 
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Figure 6.9 shows the 12-h backward air mass trajectories simulated for this 

night. Before the arrival of the ClNO2 and N2O5 plume at midnight (00:00), the air 

traveled from the coastal and offshore areas in the east.  However, in the middle of the 

polluted air (at 04:00), one branch of the air originated from the north and from low 

altitudes, which would transport pollutants from urban areas in Shenzhen and inland 

areas of the PRD. The increase of RH and pollutants like SO2 and NOy at 04:00 (refer 

to Figure 6.7) are consistent with the meteorological indication of surface air masses. 

These air masses were well processed chemically as indicated by the average 

NOx/NOy ratios of 0.17, 0.15 and 0.23 in Plume I, II and III, respectively (see Figure 

6.8b).  

 

Based on the above chemical and meteorological analysis, the highest ClNO2 

and N2O5 case observed on the night of 3-4 December represents air masses from the 

polluted PRD region with prolonged night-time processing. The site intercepted this 

aged plume as a consequence of different atmospheric dynamics on that night, for 

instance, the changing of wind direction at a later part of the night (refer to Figure 

6.7). Further analysis of a night-time chemical clock for this night based on the odd 

oxygen budget also showed an extended overnight processing for plumes between 

02:00-06:00 with estimated processing time between 5.4–7.4 h. (see Brown et al., 

2016). 
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Figure 6.9. Examples of 12-h backward particle dispersion for 00:00 and 04:00 on 4 

December. Contours represent the number of particles in each 0.02 degree latitude × 

0.02 degree longitude grid. 

 

6.4 N2O5 heterogeneous uptake and production of ClNO2  

 

The ratios of ClNO2 to N2O5 were shown above to vary among nights or 

change drastically within a short period, indicating the variations in N2O5 reactivity 

and efficiency in the production of ClNO2. This section examines night-time 

production rate of NO3 (P(NO3)), N2O5 heterogeneous uptake, and ClNO2 yields that 

contributed to the observation of high ClNO2 and N2O5 at TMS. The above two cases 

of high ClNO2 were chosen for this analysis. The case on 30 November - 1 December 

represents the ‘young’ ClNO2-laden plumes, while the three different plumes (Plume 

I, II and III) in the extreme case on the night of 3-4 December 2013 represent the 

‘aged’ ClNO2 plumes. 

 

Table 6.2 summarizes the key ClNO2 production parameters for the selected 

cases. The P(NO3) is a metric of N2O5 and was calculated from the reaction of NO2 

with O3 (see R1.1) according to equation (6.1) (Wayne et al., 1991). 

P(NO3) = k1.1[NO2][O3]    (6.1) 



121 

 

The average P(NO3) determined in the ‘young’ ClNO2 peak on 30 November and 

Plume I to III on 4 December were 1.4 and 0.5-1.3 ppbv/hr, respectively. The rates are 

considered to be large compared to the rates derived from suburban of Boulder (Brown 

et al., 2007) and at a rural mountaintop in Germany (Crowley et al., 2010), but are 

comparable to the high end of P(NO3) observed in other urban areas (e.g., Brown et 

al., 2011). The large production rate of NO3 at this site is due to the presence of higher 

levels of NO2 and O3 (see Figure 6.4 and 6.7). 

 

Table 6.2. ClNO2 production parameters in the ‘young’ ClNO2-laden plume and ‘aged’ 

ClNO2 plumes (three plumes).  

PNO3 

(ppbv/hr)a 

k(N2O5)het 

(s-1) 
γN2O5 Sa (µm2/cm3)a ɸ 

30 Nov 

 

 

1.4 

 

2.09×10-4 

 

0.0050 

 

703 

 

0.33 

      

4 Dec      

Plume I 0.5 1.03×10-4 0.0043 402 0.30 

Plume II 0.9 1.83×10-4 0.0047 651 0.46 

Plume III 1.3 1.28×10-4 0.0036 589 0.19 

a mean value 

 

An iterative box model (Wagner et al., 2013), which comprises of five 

reactions related to NO3 and N2O5 production and loss, was used to predict the N2O5 

loss rate coefficient (k(N2O5)het) with constraints of the measured O3, NO2, N2O5, and 

temperature. Several assumptions were made in this analysis: 1) the N2O5 loss was 

only through heterogeneous reactions of N2O5; 2) the reaction duration (zero time) 

was set at the time of sunset (17:52 LT, for these cases); 3) there were no nocturnal 

fresh emissions in the plume; 4) it was assumed that the NO2 only involved in the 

production of NO3/N2O5. As shown in Table 6.2, the N2O5 loss rate coefficient for 
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these cases varied from 2.09×10-4 s-1 in the ‘young’ ClNO2-laden plume to 1.03×10-4, 

1.83×10-4 and 1.28×10-4 s-1, respectively, in the aged ClNO2 plumes (Plume I, II and 

III). By applying the predicted k(N2O5)het, CN2O5 of 240 m/s, and particle surface area 

into equation (2.3), the N2O5 uptake coefficient was estimated to be 0.0050, 0.0043, 

0.0047, and 0.0036 for the ‘young’ ClNO2-laden plume, Plume I, II, and III, 

respectively. These values are similar to those reported in the residual boundary layer 

and in the free troposphere (Brown et al., 2009; Brown et al., 2013; Wagner et al., 

2013) where lower water content may be the limiting factor for N2O5 uptake. High 

N2O5 uptake in Plume II can be justified by the largest aerosol surface area and the 

highest relative humidity in this plume. The γ(N2O5) are also comparable with those 

estimated by a steady state approach (see Brown et al., 2016). 

 

The yield of ClNO2 was derived from the slope (m) of the plot between ClNO2 

and total nitrate (aerosol NO3
- + HNO3 gas) as described in Riedel et al., (2013).  

ɸ(ClNO2) =
2𝑚

1+𝑚
     (6.2) 

In this study, the total nitrate was calculated as NOy - NOx - HONO - PAN- 2N2O5 - 

NO3 - ClNO2.  All, except PAN, were concurrently measured in the field campaign. 

Since PAN and ozone are the products of photochemical reaction and they normally 

show good correlation, the PAN concentration was estimated from the ozone 

measurement at TMS by using the mean PAN/O3 ratio of 0.013 (ppbv/ppbv) observed 

at a coastal site in Hong Kong (Xu et al., 2015a). As this method does not account for 

nitrate produced photochemically, it thus provides a lower estimate of the ClNO2 

yield. The estimated ɸ was the highest in Plume II (0.46), consistent with the 

observation of the high ClNO2. The determined ɸ values are within the range of ɸ 

reported in Houston and Los Angeles (Osthoff et al., 2008; Mielke et al., 2013).  
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It can be concluded that the very high concentration of ClNO2 in the ‘aged’ 

Plume II was initiated by the large NO3 production and moderate γ(N2O5) and ClNO2 

yield. 

 

6.5 Impact of the ClNO2 on the production rate of Cl atom and O3  

 

Since the maximum concentration of ClNO2 observed in Plume II and III were 

about 1-3 hours before sunrise, they can be used as the initial concentration of ClNO2, 

[ClNO2]0, to estimate the evolution of the Cl atom production rate via photolysis of 

ClNO2 in the plume after sunrise. It was assumed that no additional ClNO2 production 

between the period of observation and sunrise and the ClNO2 only undergoes first-

order decay (via photolysis). Dilution or mixing was not considered in this calculation. 

The concentration of ClNO2 as a function of time was calculated with equation (6.3) 

and the P(Cl) was determined from equation (4.1).  

[ClNO2] = [ClNO2]0 e -jClNO2t   (6.3) 

The ClNO2 peak in Plume II (4.7 ppbv) represents the high ClNO2 yield case while 

the moderate ClNO2 peak in Plume III (1.1 ppbv) represents lower ClNO2 yield case. 

Figure 6.10 shows the Cl atom production rates from different initial ClNO2 

concentrations against the time. The Cl production rate via photolysis of ClNO2 in 

Plume II achieved a maximum rate of 0.59 pptv/s at about 09:00 and remained 

prominent throughout the morning hours. The ClNO2 in Plume III resulted in Cl 

production rate of 0.14 pptv/s. These production rates are larger than the highest Cl 

production rate in Los Angeles which reported 0.13 pptv/s (Riedel et al., 2014) and 

the differences might suggest the variable role of ClNO2 in different polluted 
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environments. The large Cl production from ClNO2 would then oxidize the VOCs, 

resulting in the increase of O3 production. By adding the ClNO2 from Plume II and III 

into an explicit chemical box model, the O3 increased by 5-16% at the ozone peak or 

11–41% daytime ozone production in the following day. As this modeling work was 

contributed by a colleague (Likun Xue), the reader is referred to Wang et al., (2016) 

for more details of the modeling results and discussion.  

 

 

Figure 6.10. Cl production rate (black circle) from photolysis of ClNO2 in Plume II 

and III of the extreme case. The lower panel shows the O3 increases caused by 

constraining the ClNO2 in Plume II and III into an MCM box model (The MCM result 

was provided by L. Xue, refer to Wang et al., 2016 for more details). 
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6.6 Presence of daytime N2O5 and ClNO2 at TMS 

6.6.1 Daytime N2O5 chemistry 

 

At TMS, the highest NOx and O3 were usually observed during the late 

afternoon and early evening (see Figure 6.2). The abundant of NOx and O3 may 

potentially lead to active NO3 and N2O5 chemistry during this period. Figure 6.11 

shows the daytime mixing ratios of N2O5 and ClNO2 plotted on a logarithmic scale of 

two individual examples on 27 November and 30 November 2013. From 13:30 to 

17:30, N2O5 mixing ratios increased continuously throughout the day to a maximum 

of ~45 pptv on 27 November and ~357 pptv on 30 November. Also shown in Figure 

6.11 is the predicted daytime N2O5 from a steady state assumption between production 

through R1.1& R1.2 and loss via photolysis of NO3 (jNO3) and NO3+NO. If other losses 

of NO3 and N2O5 are small relative to the jNO3 and NO3+NO, the daytime steady state 

in N2O5 can be predicted by equation (6.4) (Brown et al., 2005). 

 

N2O5 (daytime) = Keq[NO2]
P(NO3)

k2.1[NO] + jNO3 
   (6.4) 

 

The P(NO3) on 30 November was at 1-3 ppbv/h, while the 27 November case 

had P(NO3) of 0.5-1.0 ppbv/h with a sharp peak of 3 ppbv/h observed at ~14:30. 

During the late afternoon of 30 November, the observed and calculated N2O5 were in 

good agreement, where the observations were about 80% of the calculation between 

13:30 and sunset. By contrast, the N2O5 concentrations on 27 November were much 

smaller, accounting for about 10% of the calculations during the same period of the 

day. It suggests that 90% of NO3 and N2O5 losses were not from the photolysis of NO3 

and reaction of NO3+NO. The relative humidity was 100% during the whole afternoon 
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of 27 November, indicating that the sampling site was directly impacted by fog/cloud 

event and that heterogeneous uptake of N2O5 to fog/cloud droplets can be the major 

candidate for the inconsistency (Lelieveld and Crutzen, 1990). To assess such 

contribution, heterogeneous loss rate coefficient of N2O5 was added into equation (6.4) 

to give a new equation (6.5) (Osthoff et al., 2006). 

N2O5 (daytime) = Keq[NO2]
P(NO3)

k2.1[NO] + jNO3 + k(N2O5)hetKeq[NO2]
  (6.5) 

The k(N2O5)het was adjusted to match the measured mixing ratios of N2O5 and the 

calculation showed that a k(N2O5)het of 4.24 x 10-3 s-1 was needed to rationalize the 

observation with calculation values (>85%). This analysis indicates that 

heterogeneous uptake of N2O5 is likely significant and fast in fog/cloud event.  

 

 

Figure 6.11. Observed and calculated daytime N2O5 (from equation 6.4) and observed 

ClNO2 (for the period when these data were available), production rate of the nitrate 

radical, and relative humidity for (a) 27 November and (b) 30 November 2013. 
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Figure 6.11 also illustrates the observation of the product of N2O5 

heterogeneous uptake, ClNO2, during daylight hours for both days. On foggy/cloudy 

(high-RH) day, the average ClNO2 mixing ratio in the afternoon was 50 pptv, with a 

maximum of 245 pptv. Observation of such small ClNO2 mixing ratios in plumes 

which have large P(NO3) and k(N2O5)het indicate that the ClNO2 yield was low. The 

observations of low ClNO2 in fog/cloud droplets which mainly contain water is 

consistent with the reduction of ClNO2 yield with increase of aerosol water content 

(Bertram and Thornton, 2009; Roberts et al., 2009). On the clear (low-RH) day, ClNO2 

was present at a concentration similar to or smaller than that of daytime N2O5 (about 

20 pptv), likely as a result of less rapid N2O5 heterogeneous uptake, but potentially 

higher ClNO2 yield. The production of ClNO2 during the daytime under both wet and 

dry conditions can be a source of photolabile chlorine atom in the afternoon and may 

affect the oxidative capacity of the downwind area.  

 

6.6.2 Daytime N2O5 chemistry as an HNO3 source 

 

If the main daytime N2O5 loss processes during the late afternoon of 27 

November was through heterogeneous reaction and the ClNO2 yield was low, the 

resulting conversion of NOx to soluble nitric acids (HNO3) would proceed at twice the 

rate of P(NO3). The production rate of HNO3 via N2O5 heterogeneous uptake 

(P(HNO3)het) can be given by equation (6.6) and (6.7) below, where Ɛ is the fraction 

of NO3 production via loss through N2O5 relative to the total lost through NO3 and 

N2O5 (Brown et al., 2004, Wagner et al., 2012). 

P(HNO3)het = 2×Ɛ×P(NO3)     (6.6) 

Ɛ = 
1

1+
k(NO3)

k(N2O5)het
  

1

Keq[NO2]

      (6.7) 
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The calculated upper limit of P(HNO3)het for the afternoon of 27 November was 1.6 

ppbv/h. The major daytime production of HNO3 via reaction of OH with NO2 

(kOH+NO2[OH][NO2]) at this period was estimated to proceed at approximately 1 

ppbv/h, assuming a low OH concentration of 2×106 molecules/cm3 in late afternoon 

of fog/cloud event (Ervens et al., 2003; Lu et al., 2012). Hence, the daytime production 

of HNO3 via N2O5 heterogeneous reactions can be essentially faster than the 

photochemical conversion through OH+NO2 in this polluted fog/cloud event. 

 

6.6.3 Daytime N2O5 chemistry as an NO3 source and impact on VOC oxidation 

 

Other than the active N2O5 heterogeneous uptake reaction to produce 

HNO3/NO3
- and ClNO2, the presence of daytime N2O5 also implies the presence of 

NO3 which could play a significant role in the oxidation of daytime VOCs (Geyer et 

al., 2003). Under equilibrium condition of N2O5 and NO3, the NO3 concentration on 

27 November reached a maximum of 3 pptv at ~15:00 and was up to 4 pptv on 30 

November in the evening (~16:30). The oxidation rate of NO3+VOC can be calculated 

through equation (6.8), where Σiki is the sum of the reaction coefficients of NO3 with 

VOCs (Atkinson and Arey, 2003; Brown et al., 2011).  

VOC oxidation rate (NO3) =∑ kii [NO3][VOCi]   (6.8) 

As VOC measurements are not always available during this campaign, the VOC 

composition measured on 12:22 of 27 November 2013 (see Table 6.3) was used for 

this calculation and was assumed to be similar in both the foggy/cloudy and clear day. 
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Table 6.3. The VOCs mixing ratios sampled at 12:22 (LT) on 27th November 2013  

VOCs Mixing ratios (pptv) 

Methane 1926 (ppbv) 

  

Alkanes   

Ethane  2668 

Propane 1583 

i-Butane  509 

n-Butane  739 

i-Pentane  497 

n-Pentane 687 

n-Hexane  68 

n-Nonane 30 

n-Heptane  49 

    

Alkenes   

Ethene  407 

Propene  64 

1-Pentene  3 

1-Butene  14 

i-Butene  29 

trans-2-Butene  1 

cis-2-Butene  1 

  

Aromatic   

Benzene 384 

Toluene 698 

Ethylbenzene 143 

m/p-Xylene  122 

o-Xylene  55 

    

Biogenic   

DMS 48 

Isoprene 166 

alpha-Pinene  24 

beta-Pinene  7 

 

Figure 6.12 shows the oxidation rate of VOCs by daytime NO3 and OH radical, 

sorted by alkanes, alkenes, aromatic and biogenic. The daytime NO3 mixing ratios 

initiated significant oxidation of VOCs at TMS, with the sum VOCs oxidation rates 
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of 0.09 ppbv/h on 27 November and 0.12 ppbv/h on 30 November. A comparison of 

the VOCs oxidation by daytime NO3 of the two cases with those driven by OH radical 

(calculated with [OH] = 2×106 molecule/cm3) indicated that the NO3 oxidations of 

alkenes and biogenic were comparable to the OH-driven oxidations. In contrast, NO3 

only has minor contribution to the oxidations of alkanes and aromatics.  Therefore, it 

is likely that the active daytime N2O5 chemistry occurred during the fog/cloud event 

or early hours of the evening is important for the oxidation of alkenes and biogenic 

VOCs which may contribute to the formation of secondary organic aerosols (Rollins 

et al., 2012) in the region. 

 

 

Figure 6.12. The VOC oxidation rate by NO3 in the daytime of 27 and 30 November 

2013 in comparison with the VOC oxidation rate by OH (assumed at a mixing ratio of 

2×106 molecule/cm3).  
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6.7 Summary  

  

 This campaign reports the first observation of ClNO2 in the upper part of the 

planetary boundary layer of southern China. Measurements took place at Tai Mo Shan, 

a mountaintop observatory (957 m a.s.l.) in Hong Kong and within the polluted region 

of PRD. ClNO2 and N2O5 were frequently measured in early periods of the night at 

this high altitude site, with maximum mixing ratios ranging from 50 to 1500 pptv for 

ClNO2 and 200 to 3500 pptv for N2O5.  The highest ever reported ClNO2 of 4.7 ppbv 

and N2O5 of 7.7 ppbv (1 min average) were observed during the early morning of 4 

December 2013 in extensively processed air from major industrial/urban areas of the 

PRD. Calculations demonstrate that fast P(NO3) together with moderate N2O5 

heterogeneous uptake and ClNO2 yield initiated the large ClNO2 event. Photolysis of 

the nightly produced ClNO2 in the daytime produces Cl atom with a rate of up to 0.59 

pptv/s. Although the high ClNO2 was only observed in one case, we believe that such 

concentrations may occur in other locations downwind of the PRD pollution sources 

and in other polluted regions like the North China Plain (Beijing), which have strong 

emissions of NOx and Cl- aerosol.  

 

 Small mixing ratios of N2O5 (up to 200 pptv) and ClNO2 (up to 245 pptv) were 

observed during the late afternoons, indicative of active N2O5 chemistry in the region. 

Observations of the daytime N2O5 concentrations were consistent with the value 

predicted by photochemical steady state on a clear day but showed a large discrepancy 

between observed and calculated N2O5 in the polluted foggy/cloudy day. 

Heterogeneous uptake of N2O5 was shown to be critical in fog/cloud event and was 

the dominant source of soluble nitrate during the daytime. The presence of daytime 
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N2O5 at late afternoon also significantly contributes to the oxidation of alkenes and 

biogenic VOCs, with rates comparable to those oxidation driven by OH radical. These 

observations may suggest that the N2O5 chemistry plays important roles in the aerosol 

formation and oxidation of VOCs in the polluted region influenced by fog and/or 

cloud. More studies are needed to confirm this effect. 
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Chapter 7 Observation of ClNO2 and its impact on VOC oxidation 

in polluted environment of northern China 

 

 

 

The North China Plain covers an area of 409,500 km2 and is home to several 

megacities like Beijing, Tianjin, and Shijiazhuang. This region has been long suffering 

from severe photochemical and haze pollutions (e.g. Zhang et al., 2014; Zhang et al., 

2015) and it is one of the most polluted regions in China according to the Ministry of 

Environmental Protection (MEP China, 2015). Despite the severe pollution and 

readily available of the ClNO2 precursors (i.e. NOx and Cl- aerosol) in the region, 

heterogeneous production of ClNO2 and its impact are unknown in NCP due to lack 

of direct field measurement.  

 

 

To fill in this knowledge gap, the CIMS was deployed to a semi-rural site, 

Wangdu, in Hebei province during the summer of 2014. This study was a part of an 

international collaborative field campaign, the Campaigns of Air Quality Research in 

Beijing and Surrounding Regions (CARE-Beijing) 2014 with the main focus to 

understand the full picture of oxidative processes in the region. The current chapter 

presents an overview measurement of ClNO2, N2O5 and related parameters at 

Wangdu. The heterogeneous chemistry of ClNO2 was examined and discussed. 

Investigation on the cause of sustained morning ClNO2 peaks and the potential sources 

of aerosol chloride that drive the ClNO2 productions were conducted. Impacts of the 

ClNO2 on the primary radical productions and VOCs oxidations rates were also 

assessed in this study. 



134 

 

7.1 Overview results 

 

The CIMS measurements took place from 20 June to 9 July 2014. Figure 7.1 

illustrates the temporal variations of ClNO2, N2O5, related trace gasses, PM2.5 and 

selected meteorological parameters. The data gaps were caused by the technical 

problems and calibrations or maintenance of the instruments which usually conducted 

in the afternoon of each day. Elevated concentrations of ClNO2 were observed in all 

of the 13 nights with full CIMS measurements with typical night-time mixing 

ratios >350 pptv. The highest ClNO2 was measured on 20-21 June with concentration 

up to 2070 pptv (1 min average). There were several nights when the ClNO2 mixing 

ratios were less than 200 pptv, for example on the night of 24, 29 June, and 9 July 

2014. These levels of ClNO2 are comparable with the previous observations in both 

marine/coastal (Osthoff et al., 2008; Riedel et al., 2012; Mielke et al., 2013) and 

continental sites (Thornton et al., 2010; Phillips et al., 2012; Riedel et al., 2013). In 

contrast, low concentrations of N2O5 (smaller than 200 pptv) were observed in every 

night, suggesting a fast loss of N2O5, except on the night of 28-29 June 2014 when 

concentration up to 430 pptv (1 min average) of N2O5 was observed in the air masses 

which had low NO (<2 ppbv) and humidity (RH = <40%). 

 

Observation of the elevated ClNO2 was in agreement with the expectation of 

abundant of ClNO2 precursors such as NOx, O3, and aerosols in the NCP environment. 

As depicted in Figure 7.1, the afternoon concentrations of O3 exceeded 90 ppbv on 

majority of days with a maximum value of 146 ppbv, suggestive of intense 

photochemical reactions during this period. NOx mixing ratios were in the range of 

10-80 ppbv, reflecting strong emissions of NOx in the region. Similarly, aerosol 
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loading was considerably high, with PM2.5 mass concentration exceeding 60 µg/m3 on 

most of the days and reached the highest value of 220 µg/m3. 

 

 

Figure 7.1. Time series of ClNO2, N2O5, related species and meteorological 

parameters observed at Wangdu. Data are at 1 min time resolution, except for the NOx 

data (5 min average).  

 

Figure 7.2 shows the 12-h backward particle dispersion trajectories with 08:00 

as the starting time, covering the period from 21 June – 9 July 2014. There were no 

significant changes in the origins of the air masses arriving at 00:00 and 14:00 (data 

not shown). These results were simulated from WRF-HYSPLIT and were conducted 

by a colleague (Qinyi Li). Overall, the study period can be meteorologically separated 

into three parts. The first part, 21-23 June 2014, indicates air masses from megacities 

of Tianjin and Beijing (passing over Baoding). The highest ClNO2 level was observed 

during this period. The second part begins on 24 June 2014 and ends 7 July 2014 with 

the majority of air masses originating from the southern sector and passing over a 

portion of urban areas of Shijiazhuang. The ClNO2 concentrations were in the range 
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of tens of pptv to 1.2 ppbv. The final part is for 8-9 July 2014 with air masses mostly 

from the less developed mountainous areas in the northwest sector, and the ClNO2 

concentrations were low (<200 pptv). The entire field campaign was dominated by the 

air masses from southern regions, which is the common summertime condition in 

NCP.   

 

 

Figure 7.2. History of air masses arriving at the measurement site at 08:00 (12 h 

backward). Yellow cross represents the major coal-fired power plant in the region. 
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7.2 Diurnal variations 

 

Figure 7.3 illustrates the diurnal variation of ClNO2 and relevant chemical data 

during the campaign average, the highest ClNO2 case and highest N2O5 case. ClNO2 

exhibited a clear diurnal cycle with accumulation of ClNO2 after sunset (~20:00) and 

reached a peak at ~08:00 in the morning. It then declined gradually to concentrations 

near the detection limit at noon. The diurnal average mixing ratios of ClNO2 in this 

study were 15-550 pptv. Its precursors, N2O5, only showed a small peak right after 

sunset with a maximum average mixing ratio of 90 pptv, and remained at levels near 

the detection limit of the CIMS for the rest of the night. The average nighttime (20:00 

– 04:30) ClNO2:N2O5 ratio was 9. The NOy, NOx, and Sa also showed a similar pattern 

with ClNO2. They increased at sunset with average nighttime concentration of 29 

ppbv, 21 ppbv and 1880 µm2/cm3, respectively, and were at lowest levels in mid-day. 

The average nighttime NOx to NOy ratio was 0.72. Diurnal variation of O3 was anti-

correlated with that for NOx, with the former concentration rapidly decreasing at 

nightfall. The average nighttime O3 concentration was 33 ppbv. 

 

The highest mixing ratio of ClNO2 was observed on 20-21 June in the outflow 

of Tianjin megacity. The ClNO2 mixing ratios in the megacity case were in the range 

of 110 to 2070 pptv, while N2O5 peaked at 169 pptv (Figure 7.3b). The ClNO2:N2O5 

ratio was large on this night with average nighttime ratio of 38. NOy, O3, and Sa were 

generally at similar levels with the average condition, but the NOx was less abundant 

at this night compared to the campaign average, with a mean value of 16 ppbv. Smaller 

NOx/NOy ratio of ~0.55 was found on this night, indicating more aged air masses being 

sampled. 
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As mentioned above, the largest N2O5 concentration of 430 pptv was observed 

on 28-29 June, in air masses from the north of the site. On this night, the ClNO2 was 

low with maximum level reaching 100 pptv, leading to much smaller average 

ClNO2/N2O5 ratio of 0.6. The smaller average ClNO2/N2O5 ratio is consistent with the 

lower Sa of 840 µm2/cm3. The measured nighttime average NOy, NOx, and O3 were 34 

ppbv, 32 ppbv, and 22 ppbv, respectively, and the average NOx/NOy ratio was 0.9, 

suggesting that the sampled air masses were extremely fresh.
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Figure 7.3. Diurnal variation of ClNO2, N2O5, NOx, NOy, O3 and particle surface area for a) campaign average (from 20 June to 9 July 2014 when 

ClNO2 data is available); b) 20-21 June; c) 28-29 June.
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7.3 Factors affecting the variation of ClNO2/N2O5 ratios 

 

To gain insight into the reasons for variation of ClNO2/N2O5 of the campaign 

average, 20-21 June (highest ClNO2/N2O5) and 28-29 June (lowest ClNO2/N2O5) 

cases, the production rate of NO3, N2O5 reactivity (i.e. N2O5 heterogeneous uptake and 

dissociation to NO3),ClNO2 yield and ClNO2 formation rate were examined.  

 

7.3.1 Production rate of NO3  

 

P(NO3) indicates the upper limit to the possible production of N2O5 which is 

an important metric for ClNO2 formation (Mielke et al., 2013). The P(NO3) can be 

calculated with the observed NO2 and O3 concentration through equation (6.1) as 

mentioned in Chapter 6. Figure 7.4 shows the nighttime P(NO3) for the campaign 

average, the night of 20-21 June and 28-29 June at Wangdu. A mean nighttime P(NO3) 

of 1.7 ± 0.6 ppbv/h was found in the campaign average. The P(NO3) of campaign 

average did not show much difference from other days. For example, on the 20-21 

June, the average P(NO3) was estimated to be 1.3 ± 0.5 ppbv/h. Slightly higher P(NO3) 

was found on 28-29 June with an average value of 2.0 ± 1.4 ppbv/h, corresponding to 

the higher NOx concentrations on this night. The production rates of NO3 were 

comparable in these cases but the ClNO2 concentrations were different, indicating that 

the NOx and O3 are not the limiting factors for ClNO2 production in this region.  
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Figure 7.4.  The production rate of NO3 for the nighttime of campaign average, 20-21 

June, and 28-29 June. 

 

7.3.2 N2O5 reactivity 

 

The reactivity of N2O5 was assessed with the inverse N2O5 steady state lifetime 

analysis via equation (7.1) and (7.2) as shown below (e.g. Platt et al., 1984; Brown et 

al., 2003, 2006, 2009, 2016).  

τ(N2O5)-1 = 
P(NO3)

[N2O5]
 =  

k(NO3)

Keq[NO2]
 +k(N2O5)het    (7.1) 

𝑘(NO3) = k2.1[NO] +∑ kii [VOCi]       (7.2) 

The steady state inverse lifetime of N2O5, τ(N2O5)
-1, is the sum of the N2O5 loss rate 

coefficient via dissociation to NO3 (i.e. k(NO3)/Keq[NO2]) and N2O5 heterogeneous 

loss rate coefficient (k(N2O5)het) (refer to equation 7.1). The total N2O5 reactivity can 

be obtained by dividing the P(NO3) with the observed N2O5 mixing ratios (Brown et 

al., 2009). The k(NO3) represents the loss rate coefficient of NO3 reactions with NO 

and VOCs (see equation 7.2). Thus, k(N2O5)het can be obtained by subtracting 

k(NO3)/Keq[NO2] from the determined total N2O5 reactivity. This analysis was only 
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conducted for the period between ~20:30 (0.5 h after sunset) until ~23:30 when there 

were no significant or transient NO plumes (refer to Figure 7.3), because sudden 

interception of fresh emissions could lead to the failure of the N2O5 steady-state 

approximation in the air mass (e.g. Brown et al. 2003, 2011, 2016). 

 

Figure 7.5 depicts the averaged total N2O5 reactivity and fractions of N2O5 loss 

through NO3 and heterogeneous loss of N2O5 for the campaign average and two 

different ClNO2/N2O5 ratios cases on 20-21 June and 28-29 June. The determined 

τ(N2O5)
-1 was 1.3 x 10-2 s-1 for campaign average, 5.8 x 10-3 s-1 for the night of 20-21 

June and 6.3 x 10-3 s-1 was found on 28-29 June, suggesting that the average total loss 

rate coefficient of N2O5 is about twice of that cases on 20-21 June and 28-29 June. 

However, the fractions of N2O5 reactivity were different in these three examples. N2O5 

reactivity of the average condition was mainly dominated by loss via NO3+NO (80%), 

followed by loss via NO3+VOC (9%) and N2O5 heterogeneous loss (11%), which are 

in-line with its relatively higher NO background. For the 20-21 June case, although it 

had lower τ(N2O5)
-1, the N2O5 heterogeneous loss had about equal contribution with 

the loss via NO3 (NO3+NO and NO3+VOC), and was a factor of 2 faster than the 

campaign average. The 28-29 June case had much smaller k(N2O5)het, accounting for 

only  7% of total N2O5 reactivity. Half of the N2O5 reactivity of this case was due to 

the reactions of NO3 with the VOC, which was probably contributed by the biomass 

burning events occurred around the region during this period (see Figure 7.12 in 

section 7.5). 

 

The k(N2O5)het was later used to predict the γ(N2O5) through equation (2.3). 

The N2O5 uptake coefficient was 0.014 for the average condition. Much larger γ(N2O5) 
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of 0.030 was derived for the case of 20-21 June. In comparison, the night of 28-29 

June showed a smaller γ(N2O5) of 0.009. This lower γ(N2O5) was most likely due to 

the lower RH, leading to a low aerosol liquid water content on this night and could 

reduce the uptake efficiency of N2O5 onto the aerosol (Hu and Abbatt, 1997; Bertram 

and Thornton, 2009). The γ(N2O5) derived at Wangdu lie within the range of previous 

field studies conducted in other polluted regions, which reported γ(N2O5) of <0.001 to 

0.03 (e.g. Brown et al., 2006; Bertram et al. 2009; Morgan et al., 2015).   

 

 

Figure 7.5. The fractions of N2O5 loss rate coefficient through NO3+NO, NO3+VOC, 

and heterogeneous reaction for campaign average, 20-21 June, and 28-29 June.  
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7.3.3 Yield of ClNO2 

 

Since the ClNO2 does not involve in night-time reactions, it builds up 

throughout the night. Therefore, the ClNO2 yield (ɸobs) can be obtained by dividing 

the ClNO2 concentration over the integrated amount of N2O5 uptake loss, as shown in 

equation (7.3).  

ɸobs = 
[ClNO2]

∫ k(N2O5)het[N2O5] dt
   (7.3) 

The integration was performed with the k(N2O5)het as predicted above over the 

duration from 08:30 to 23:30. As illustrated in Figure 7.6, the average ɸobs for the 

campaign average was 0.29, and a comparable ɸobs of 0.35 was found on the night of 

20-21 June. For the night of 28-29 June, much lower average ɸobs of 0.09 was 

determined.   

 

 Figure 7.6 also shows a comparison of ɸobs with the ɸcalc calculated from the 

laboratory-parameterization (see equation (2.4) in Chapter 2) with measured 

concentrations of aerosol chloride and water content (Roberts et al., 2009; Bertram 

and Thornton, 2009). The estimated mean ɸcalc was 0.77, 0.78 and 0.93 for the average 

condition, 20-21 June, and 28-29 June, respectively. These values were much higher 

than those determined with the field measured ClNO2 and N2O5 concentrations above. 

The inconsistency of these results may suggest that one or more variables are missed 

out or are not adequately represented by the laboratory derived parameterization. 

Riedel et al. (2013) have reported that the Cl- particle phase or partitioning states of 

Cl- across the aerosol population can cause the overestimation of ϕcalc relative to the 
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field derived yield. Another reason for the overestimation of the ϕcalc is the possible 

effects of molecules which can compete to react with NO2
+ (e.g. Mielke et al., 2013). 

The presence of phenols or bromides in the aerosols have been shown to reduce the 

ClNO2 production efficiency in laboratory studies (Schweitzer et al., 1998; Heal et al., 

2007; Ryder et al., 2015). During the study period, biomass burning activities were 

active in the region (refer to section 3.1.4). The burning activities may release a 

significant amount of phenolic and bromides compounds (Manӧ and Andreae, 1994; 

Chan et al., 2006; Zhang et al., 2007; Akagi et al., 2011), which could reduce the 

ClNO2 formation efficiency. Obviously, more studies are needed to confirm the above 

effects in order to refine the parameterization of ClNO2 production on ambient aerosol 

in this region. 

 

 

Figure 7.6. Comparison of ClNO2 yield determined in the observation with the 

calculated ClNO2 yield from the laboratory derived parameterization.  
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7.3.4 ClNO2 production rate 

 

Figure 7.7 shows the ClNO2 production rates of the three cases, calculated by 

applying the above k(N2O5)het and ɸobs into equation (2.1). It is noted that P(ClNO2) of 

20-21 June was about a factor of 4 larger than the campaign average and was ~16 

times of the P(ClNO2) on the night of 28-29 June. The relatively larger ClNO2 

production rate can be justified by the two-times higher k(N2O5)het × ϕobs and more 

abundant N2O5 (c.a. 2 times larger than average condition) in the 20-21 June case 

which was due to the less N2O5 loss through conversion to NO3 (as shown above). 

This result is consistent with the observed four-times higher ClNO2/N2O5 ratios in the 

20-21 June case compared to the campaign average (c.f. Figure 7.3). These results 

demonstrate that the faster heterogeneous N2O5 loss, moderate ClNO2 yield and 

smaller loss via NO3 are the major reasons for the high ClNO2 concentrations at 

Wangdu.  

 

 

Figure 7.7. The production rates of ClNO2 for 20-21 June, 28-29 June, and campaign 

average. 
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7.4 Sustained ClNO2 morning peak 

 

A salient feature of this study is the observation of sustained morning ClNO2 

peaks. Figure 7.8 illustrates the examples of sustained ClNO2 morning peaks and 

related chemical characteristics for the campaign average and the highest ClNO2/N2O5 

ratio case on 21 June case and lowest ClNO2/N2O5 case (29 June) as mentioned in the 

previous section. ClNO2 concentration continued to increase after sunrise (at ~04:40) 

and persisted for about 4 hours from sunrise for almost every day (12 out of 13 days 

with full CIMS measurements). The average mixing ratio of the morning ClNO2 peak 

was 550 pptv and the highest ClNO2 case on 21 June reaching ppbv level, while very 

small ClNO2 peak was observed in the case of 29 June. These results are discrepant 

from the typical diurnal patterns of ClNO2 observed at other places (e.g. Osthoff et al., 

2008; Thornton et al., 2010; Riedel et al., 2012; Mielke et al., 2013) including our 

studies in Hong Kong (refer to Chapter 4 and 6), which showed a decline of ClNO2 

levels at sunrise. Only two recent studies in London and Texas have reported the 

observations of morning ClNO2 peaks (Bannan et al., 2015a; Faxon et al., 2015), but 

their concentrations were much smaller than the values observed here. 
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Figure 7.8. An expanded view of the sustained morning ClNO2 peaks together with 

some relevant chemical information including SO2/NOy, Cl- (×3), NO3
-, and P(NO3) 

for a) campaign average; b) 21 June; and c) 29 June.  

 

7.4.1 Factors contributing to the sustained ClNO2 morning peak  

 

 

The ClNO2 enhancement (∆ClNO2) in the morning could be caused by in-situ 

ClNO2 productions and/or the vertical mixing (i.e. downward mixing) of the produced 

ClNO2 from aloft. The in-situ production of ClNO2 was calculated for the area shaded 

in light grey as shown in the Figure 7.8, by constraining the measured N2O5 and jClNO2 

into equation 7.4, which is similar to equation (2.1) but with additional consideration 

of photolysis loss of ClNO2 (Wagner et al., 2013; Mielke et al., 2013).  

d[ClNO2]

dt
= ɸk(N2O5)het[N2O5] - jClNO2[ClNO2]    (7.4) 

As the k(N2O5)het and ɸ determined at the night-time (in section 7.3) are irrelevant to 

be applied during the daytime, the k(N2O5)het here was predicted from equation (2.3). 

The γ(N2O5) of 0.03 and unity ClNO2 yield (1.0) were used in the calculations. These 

numbers were adopted from the upper-end values determined in previous field studies 

(Brown et al., 2006; Bertram et al., 2009; Riedel et al., 2013). Therefore, the calculated 
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values represent the upper limits of ClNO2 production. As shown in Figure 7.9, the 

predicted ∆ClNO2 with γ(N2O5)×ɸ = 0.03 did not agree well with the observations of 

the three cases. The sensitivity tests on the range of γ(N2O5)×ɸ found that larger 

γ(N2O5)×ɸ of 0.06 - 0.09 were required, in order to reproduce the measured ∆ClNO2 

in the average condition and case of 21 June. However, such large γ(N2O5)×ɸ are not 

supported by the currently understanding of ambient N2O5 uptake and ClNO2 yield in 

the literature.  In contrast, the γ(N2O5)×ɸ = 0.03 give extremely larger production of 

ClNO2 than the observed ∆ClNO2 on the day of 29 June. These results suggest that in-

situ ClNO2 production is unlikely the major cause in driving the ClNO2 morning 

increase. 
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Figure 7.9. The observed enhancement of ClNO2 and the calculated in-situ production 

of ClNO2 for a) campaign average; b) 21 June case; and c) 29 June case. 

 

Meteorological and chemical data showed evidence that the downward mixing 

of ClNO2-rich air aloft after sunrise are the cause of the ClNO2 morning peaks 

observed at Wangdu. Figure 7.10 depicts the proportions of air arriving at the 
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measurements site from various heights at different time derived from the simulations 

of WRF-HYSPLIT (data were provided by Qinyi Li). Prior to sunrise (at 04:00), more 

than 95% of the air masses that arrived at the sampling site were mostly confined to 

the ground level (< 200 m above ground level, a.g.l.). Shortly after sunrise (at 05:00), 

the contribution of higher altitudes air masses (> 200m a.g.l.) increased considerably 

after the break-up of NBL. As time advanced, more fraction of higher-altitude air 

masses impacted the ground site. For example, more than half of the air masses at 

08:00 were from the altitude higher than 200 m (Figure 7.10a and 7.10b), indicating 

strong downward mixing processes. However, less contribution of higher level air 

masses (< 30% are from altitude >200 m a.g.l.) was observed on the morning of 29 

June (Figure 7.10c). These different levels of entrainment are consistent with the 

observation of the various concentrations of ClNO2 morning peaks.  

 

The chemical data is consistent with the meteorological analysis above. As 

illustrated in Figure 7.8, the SO2/NOy ratios in the three examples increased 

significantly from ~0.1 to a ~0.8 right after sunrise, indicative of the influence of 

plumes from coal-fired power plants. The pollutant emitted from the power-plants’ 

elevated stacks normally reside above the NBL due to poor vertical mixing at night-

time. In addition to SO2 emissions, coal-fired power plants also emit considerable 

amount of NOx and Cl- particles (McCulloch et al., 1999; Zhao et al., 2008). Hence, it 

can be interpreted that the addition of NOx and Cl- particles together with high aerosol 

loading and O3 formed in the preceding daytime led to significant production of ClNO2 

above the NBL, which indeed have been observed in other field observations (Wagner 

et al., 2012; Young et al., 2012; Riedel et al., 2013). The precursors of ClNO2 such as 
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Cl- particle and P(NO3) and a co-product of chlorine activation, nitrate (NO3
-) particle, 

also showed notable enhancements in the morning hours (refer to Figure 7.8). 

 

 

 
Figure 7.10. Fractions of air masses arriving at the Wangdu site at different time of 

the day (average condition). These fractions are derived from the simulation results of 

1 h backward-in-time HYSPLIT. 

 



153 

 

7.4.2 Prediction of the ClNO2 concentrations in the residual layer 

 

As established above, the sustained morning peak was due to the entrainment 

process which brought concentrated ClNO2 in the RL to ground surface after sunrise. 

In order to have an overview of the ClNO2 presented in the RL, a simplified one-

dimensional (1D) model was used to demonstrate the entrainment. This model consists 

of two layers of air before sunrise; NBL and RL, with ClNO2 mixing ratios of Cn and 

Cr, respectively (see Figure 7.11a). It was assumed that no mixing of air masses (and 

ClNO2) between the two layers. The two layers are efficiently mixed after sunrise, 

giving a constant mixing ratio of ClNO2 (Cp). The height of the daytime planetary 

boundary layer (Hp) and NBL (Hn) was calculated by the WRF model (data provided 

by Qinyi Li). As it 's hard to determine the effective mixing height of ClNO2 in the 

RL, the depth of the RL (Hr) was treated as the difference between Hp and Hn in this 

calculation. Previous studies of ClNO2 vertical distribution showed that the most 

concentrated ClNO2 layer typically fall within several hundreds of meter above the 

ground (Young et al., 2012; Riedel et al., 2013; Wagner et al., 2012; Brown et al., 

2013), suggesting the Hr adopted here is reasonable to account for the ClNO2 in RL. 

Cn and Cp are the observed ClNO2 concentration before (at 05:00) and after (at 08:00) 

sunrise, respectively. The ClNO2 mixing ratio in RL layer before sunrise can be 

estimated by the mass balance approach with consideration of ClNO2 loss via 

photolysis between 05:00 and 08:00 as in equation (7.5). 

Cp × Hp = (Cnexp(-jClNO2t) × Hn) + (Crexp(-jClNO2t) × Hr)   (7.5) 

Here, jClNO2 is the photolysis rate of ClNO2 and t is time in second. 
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Figure 7.11. a) Conceptual diagram of the simplified 1D model used to demonstrate 

the entrainment; b) the WRF-simulated boundary layer heights (above ground level) 

for the average condition and 21 June case.  

 

For the campaign average, WRF simulated boundary layer height is 30 m and 

325 m (a.g.l.) at 5:00 and 8:00, respectively (refer to Figure 7.11b), yielding a 

concentration of ClNO2 in RL of 1.7 ppbv. As for the 21 June case with boundary 
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layer height of 72 m at 05:00 and 610 m at 08:00, the ClNO2 in RL by sunrise would 

be 4.0 ppbv. These concentrations fall within the range of aircraft and tower 

measurements in RL of US (Wagner et al., 2012; Young et al., 2012; Riedel et al., 

2013) and are comparable to the highest ClNO2 observed at a mountain site in southern 

China (refer to Chapter 6). These values also indicate that heterogeneous productions 

of ClNO2 are important and elevated mixing ratios of ClNO2 may frequently present 

in the residual layer of northern China. 

 

7.5 Chloride availability and its potential sources 

 

 The observations of elevated ClNO2 at Wangdu require sufficient amount of 

chloride aerosols to support its productions throughout the night. Substantial levels of 

fine Cl- aerosols were frequently observed during the night-time (20:00-09:30) with 

mean concentrations of 1.6 µg/m3 and maximum up to 6.8 µg/m3 (Figure 7.12). The 

Cl- observations were similar to the level of Cl- commonly found in NCP that has an 

average range of 1-6 µg/m3 (He et al., 2001; Sun et al., 2012; Huang et al., 2014; Sun 

et al., 2015), suggesting the presence of significant chloride sources in the region. 

Meteorological analysis as shown by the air mass back-trajectories at Wangdu 

revealed that most of the air masses that arrived at the site are of continental origins, 

and there were limited of direct influences from marine (refer to Figure 7.2). 

Furthermore, the fine aerosol compositions of [Cl-]/[Na+] mass ratios showed in the 

Figure 7.12 appear to be larger (maximum up to 2.9) than the theoretical sea-water 

ratio of 1.8 (Seinfeld and Pandis, 2006) for most of the time. These indicate that the 

Cl- were not solely from the marine aerosols but were also influenced by non-marine 

chloride emitting sources. 
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Figure 7.12. Concentrations of fine Cl-, SO2 (a coal-fired power plant indicator) and 

CH3CN (a biomass burning indicator) from 20 June to 9 July 2014. The black dash 

line represents the mass ratio of [Cl-] to [Na+] in seawater (1.8). 

 

 The influence of regional anthropogenic activities on the chloride 

measurement at Wangdu was investigated. Table 7.1 shows the correlations of Cl- 

aerosol concentrations with the mixing ratios of SO2 and acetonitrile (CH3CN) for 

each night (20:00 – 09:30). SO2 was chosen as the tracer that associated with the 

emissions of coal-fired power plant (e.g. Zhao et al., 2013), while CH3CN is an 

important indicator for biomass burning (e.g. de Gouw et al., 2003). SO2 and Cl- were 

correlated in majority of the nights, with 11 out of the 16 nights have correlations (r) 

> 0.75 and slopes varied between 0.083 - 0.365. The results are within the expectation 

because there are many coal-fired power plants located in the vicinity of the sampling 

site, and the back-trajectories were shown to intercept these power plants before 

reaching the sampling site (see Figure 7.2). Rich chlorine content (average of 260 

mg/kg) has been found in the coal used in China (Zhang et al., 2012). Combustion of 
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coals under high temperature and oxygen-free environment can release up to 97% of 

the chlorine in the coal as HCl gas (Gibb, 1983) which can then be transformed into 

aerosol phase (Cl- aerosol) through neutralization processes in the ambient air. 

 

Table 7.1. Correlations and slopes of chloride with power plant (SO2) and biomass 

burning (CH3CN) indicators from 20:00-09:30. 

Time 

(20:00 to 

09:30) 

[Cl
-
] 

 
With SO

2
 With CH

3
CN 

Mean 

(µg/m3) 

Mean 

[SO2] 

(ppbv) 

Slope 

 

Correlation 

(r) 

Mean 

[CH3CN] 

(ppbv) 

Slope 

 

Correlation 

(r) 

20-21 June 1.450  5.74  0.092 0.858 0.35  2.20 0.330 

21-22 June 2.792  3.87  0.267 0.963 n/a  n/a n/a 

23-24 June 1.729  5.65  0.234 0.946 0.43  0.10 0.003 

24-25 June 0.760  4.88  0.235 0.852 0.39  36.96 0.547 

25-26 June 1.988  2.79  0.281 0.833 0.56  11.27 0.893 

27-28 June 0.335  6.67  0.008 0.213 0.39  -1.33 0.577 

28-29 June 0.915  7.44  0.083 0.831 0.55  2.77 0.830 

29-30 June 1.429  22.67  0.048 0.719 0.48  4.96 0.442 

30June – 1July 1.283  10.43  0.094 0.781 0.45  6.01 0.268 

01-02 July 0.762  2.53  0.089 0.630 0.32  4.76 0.448 

02-03 July 2.187  3.84  0.195 0.762 0.43  10.68 0.548 

03-04 July 2.636  3.69  0.314 0.613 0.39  12.76 0.566 

04-05 July 2.158  2.55  0.365 0.922 0.35  30.09 0.924 

05-06 July 2.857  7.29  0.112 0.776 0.44  12.86 0.763 

06-07 July 1.720  6.04  0.113 0.853 0.46  9.84 0.502 

07-08 July 1.939  8.70  0.084 0.607 0.49  2.14 0.157 
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For most of the nights, the Cl- did not show correlation with the CH3CN, except 

in 4 nights (25-26 June, 28-29 June, 4-5 July, and 5-6 July) where the r is larger than 

0.75. Figure 7.13 depicts an example of biomass burning events mostly in the south of 

Wangdu on 27-29 June. Open burning of the agricultural residues was shown to 

contribute massive of Cl- aerosol, accounting for 40% of the soluble inorganic or 4.5% 

of the PM2.5 concentrations (Mcmeeking et al., 2009). Li et al., (2007) determined that 

burning the wheat straw and maize stover harvested in China give Cl- emission factors 

of 0.83 and 2.7 g/kg, respectively. A previous study reported that the direct sampling 

of biomass burning plumes during the harvesting season in China caused a remarkable 

increment in Cl- concentration (>20 µg/m3) (Li et al., 2014). 

 

 

Figure 7.13. An example of biomass burning event from the active fire hotspots data 

(red dots) on 27-29 June. 

 

 The current analysis infers that the coal-fired power plants have major 

contributions to the availability of chloride at Wangdu, while biomass burning is an 

occasional source of chloride or particularly important during the harvesting seasons. 

Nevertheless, there are several nights where the Cl- had weak correlations with both 
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SO2 and CH3CN. These observations may imply the existence of other chloride 

sources which required more investigations. 

 

7.6 Impacts of ClNO2 on the oxidative chemistry 

 

This section examines the contributions of ClNO2 to the primary radical 

production and the oxidation of VOCs at Wangdu. The analysis only focuses on the 

campaign average condition and the 21 June case to represent the average and 

maximum effects.  

 

7.6.1 Primary radical production 

 

Photolysis of ClNO2 and reaction of HCl with OH are the two most prominent 

Cl atom sources in polluted environments (Riedel et al., 2012; 2014). The production 

rate of Cl atom (P(Cl)) via photolysis of ClNO2 can be predicted by jClNO2[ClNO2] 

while P(Cl) from the latter source is given by  kOH+Cl[HCl][OH]. Figure 7.14 illustrates 

the P(Cl) derived from the photolysis of ClNO2 and HCl+OH during the daytime. It 

shows that photolysis of ClNO2 was the prime source of Cl atom in Wangdu 

(contribute >85% of the Cl atom production). The P(Cl) via ClNO2 was efficient from 

sunrise to ~11:00 and reached maximum at ~08:00, corresponding to the peak 

concentration of ClNO2, while the reaction of HCl+OH only become important during 

the afternoon. The sum of the Cl production rates from the two sources reached 2.6 x 

106 molecules/cm3/s for the average condition, and up to 8.3 x 106 molecules/cm3/s 

for the 21 June case. 
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Figure 7.14. The relative importance of production rate of Cl atom from photolysis of 

ClNO2 and reaction of OH+HCl for a) the campaign average and b) the 21 June case, 

in comparison with the production rates of primary OH radical (P(OH)). The P(OH) 

from photolysis of O3 is stacked on the P(OH) from HONO. 

 

To elucidate the significant productions of Cl radical, the total P(Cl) was 

compared with the production rates of OH radical. The OH radical production rate was 

calculated from two important primary sources of OH radical including the photolysis 

of ozone and HONO (Liu et al., 2012; Lu et al., 2013) and the sum of OH radical 

production rate (P(OH)) is given by equation (7.6).  

P(OH) = 
2jO1D[O3]kH2O[H2O]

kH2O[H2O]+ kN2[N2]+ kO2[O2]
+ jHONO[HONO]    (7.6) 

As illustrated in Figure 7.14, the P(Cl) was as important as P(OH) during the morning 

hours, where P(Cl)/P(OH) ratio accounted for up to 0.28 and 0.96 for the campaign 

average and 21 June, respectively. Integrated production of Cl atoms over the entire 

morning (04:40-11:00) for the campaign average attributed to 11% of primary radical 

productions from the mentioned sources. The integrated P(Cl) in the morning of 21 

June contributed to 25% of the summed primary radical productions. A complete 

analysis of the impact of ClNO2 on daily primary radical budget had been conducted 
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with an explicit chemical box model (MCM; simulation was performed by another 

colleague, Hui Yun). The model results demonstrate that photolysis of ClNO2 

contributed to 10% of the daily ROx (OH, HO2, and RO2) production rate on the 

average condition and with a much larger contribution of 30% in the case of 21 June 

(refer to our publication of Tham et al., 2016). All of these results underline the 

importance of ClNO2 as a crucial source of primary radical in this region.  

 

7.6.2 VOCs oxidation 

 

In what follows, the effect of Cl atom on VOC oxidation at Wangdu was 

assessed. The oxidation rate of VOCs is given by the following equation: 

−
d[VOC]

dt
= [radical]∑ ki[VOC,i]i     (7.7) 

Where [radical] is the concentration of measured OH or Cl atoms calculated using a 

time-dependent chlorine chemistry box model (see section 3.7) and [VOC,i], 

represents the corresponding measured concentration of each species of alkane, 

alkene, alkyne, aromatic and oxygenated VOC (OVOC). The ki is the bimolecular rate 

coefficient for the reaction of radical with each VOC species at the measured pressure 

and temperature (IUPAC Kinetic database; Orlando et al., 2003; Atkinson et al., 2007; 

Riedel et al., 2014; Young et al., 2014). The mean concentrations of trace gasses, 

VOCs and other parameters that serve as inputs of the chlorine chemistry model and 

VOC oxidation rate calculations are summarized in Table 7.2. 
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Table 7.2. Mean concentrations and standard deviations (σ) of each species and 

meteorological conditions used as input in the box model simulations. Concentrations 

are in ppbv unless mentioned.  

Species Average  21 June 

Mean σ Mean σ 

ClNO2  0.186 0.162 0.521 0.648 

NO 1.32 1.30 0.65 0.76 

NO2 13.11 5.96 10.37 5.28 

O3 54.3 30.2 54.6 29.1 

OH (pptv) 0.100 0.115 0.124 0.120 

HO2 (pptv) 13.21 12.07 10.49 8.97 

HCl 1.15 0.40 1.26 0.93 

methane 2361 362 2090 233 

methanol 24.707 5.673 15.698 4.805 

acetaldehyde 1.887 0.357 1.349 0.383 

acetic acid 5.013 0.897 2.437 0.610 

acetone 4.796 0.583 3.345 0.353 

formaldehyde 7.247 1.394 3.475 0.545 

methylethylketone 2.004 0.106 3.401 0.562 

ethane 2.950 0.454 2.465 0.717 

ethene 1.813 0.860 1.034 0.721 

propane 1.171 0.304 1.186 0.456 

propene 0.310 0.170 0.221 0.161 

i-butane 0.413 0.130 0.359 0.159 

n-butane 0.701 0.249 0.591 0.292 

ethyne 1.490 0.282 0.835 0.267 

trans-2-butene 0.177 0.027 0.062 0.023 

cis-2-butene 0.015 0.006 0.011 0.011 

i-pentane 0.411 0.141 0.310 0.181 

n-pentane 0.322 0.124 0.204 0.129 

isoprene 0.664 0.473 0.249 0.237 

n-hexane 0.148 0.064 0.120 0.085 

benzene 1.007 0.265 0.592 0.229 

n-heptane 0.080 0.025 0.061 0.037 
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toluene 0.786 0.273 0.566 0.291 

ethylbenzene 0.198 0.066 0.160 0.089 

o-xylene 0.097 0.036 0.069 0.034 

Acetonitrile 0.497 0.144 0.302 0.050 

Aerosol surface area (µm2/m3) 1.60x10-3 3.72x10-4 1.24x10-3 4.92x10-4 

Temperature (K) 300.00 3.12 296.49 3.56 

Relative Humidity (%) 64 12 67 17 

jNO2 (s
-1)a 3.16x10-3 2.01x10-3 3.33x10-3 2.52x10-3 

jCl2 (s
-1)*a 7.18x10-4 4.74x10-4 7.62x10-4 5.87x10-4 

jHOCl (s
-1)*a 8.02x10-5 5.29x10-5 8.49x10-5 7.08x10-5 

jClNO2 (s
-1)*a 1.27x10-4 8.06x10-5 1.53x10-4 1.26x10-4 

jClO (s-1)*a 1.16x10-5 7.67x10-6 1.45x10-5 1.47x10-5 

*derived from TUV model and scaled with jNO2 
a average from sunrise to sunset 

 

Table 7.3 summarizes the integrated oxidation rate of the alkane, alkyne, 

alkene aromatic and OVOC by Cl atom over the entire morning (from sunrise to 11:00) 

for average condition and 21 June. Although OH is the much more dominant radical 

in the daytime, Cl atom induced a rapid oxidation of VOCs with integrated VOCs 

oxidation of 0.467 ppbv on average and 1.691 ppbv on 21 June, representing 3% and 

16% of the summed morning oxidation by OH and Cl atom. As in the average 

condition, 11%, 9%, 2%, 1% and 2% of the morning alkane, alkyne, alkene, aromatic 

and OVOC, respectively, were oxidized by Cl atom. While the Cl atom on 21 June 

contributed to 46% of oxidation of alkane, 37% of alkyne, 10% of alkene, 7% of 

aromatic and 13% of OVOC throughout the morning. The results suggested that Cl 

atom was an important oxidant for the predominated group of VOCs, alkanes, and also 

played a significant role in the oxidation of alkyne, alkene and OVOCs at Wangdu. 
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Table 7.3. The relative importance of Cl on oxidation rates of different VOCs groups 

for average condition and the 21 June case. 

VOC  

group 

Average 21 June 

∑oxidation *a Cl + VOC a ∑oxidation *a Cl + VOC a 

ppbv ppbv % ppbv ppbv % 

Alkane 0.961 0.108 11 1.134 0.525 46 

Alkyne 0.114 0.014 9 0.093 0.035 37 

Alkene 3.485 0.054 2 1.989 0.200 10 

Aromatics 1.195 0.015 1 1.034 0.071 7 

OVOCs 11.421 0.281 2 6.446 0.860 13 

a integrated from sunrise to 11:00  
*Sum of VOC oxidation rates by OH radical and Cl atom 

 

The increase of VOCs oxidation by Cl atom would produce additional RO2 

radical, and together with highly abundant NOx in the region, production of ozone will 

be significantly enhanced, especially during the early morning hours when the 

reactivity of OH is relatively slower. With the increase of O3, the reaction of Cl atom 

with O3 (see R2.12) would increase too, leading to enhancement of ClO which would 

be effectively recycled back to Cl atom and enhance the formation of secondary HOx 

(OH and HO2) (see R2.13 to 2.14 in Chapter 2). The perturbation of the complex 

chlorine and HOx chemistry may further affect the oxidative capacity throughout the 

day and may have implications on the production rate of secondary organic aerosol as 

well. 

 

7.7 Summary 

 

The study unveiled the first field observation of ClNO2 in northern China and 

documented the presence of elevated ClNO2 during the summertime in this highly 
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polluted region. Mixing ratios of ClNO2 were typically larger than 350 pptv during the 

campaign. Highest ClNO2 mixing ratio of 2070 pptv (1 min average) was measured 

on 20-21 June, which was characterized to have 2 times faster N2O5 heterogeneous 

uptake rate and four-fold larger ClNO2 production rate than those for the campaign 

average condition. Much smaller ClNO2/N2O5 ratio was observed on 28-29 June and 

was justified by the relatively lower N2O5 uptake and ClNO2 yield. ClNO2 often 

increased even after sunrise and peaked 4 hours later. Downward mixing of 

concentrated ClNO2-air in the residual layer is believed to be the major cause of these 

observations, and the strength of the entrainment was consistent with the different 

levels of ClNO2 morning peaks. The concentrations of ClNO2 in the RL were 

estimated in the range of 1.7-4.0 ppbv, which are supported by our previous Hong 

Kong mountain-top observation of ClNO2 of up to 4.7 ppbv in well-processed plumes. 

Though the sustained morning ClNO2 has yet to be widely observed in other places of 

NCP, the Wangdu result implies strong formation of ClNO2 in the residual layers over 

the polluted regions of northern China. This study also provides evidence for the 

existence of non-oceanic sources of fine chloride aerosol from coal-fired power plants 

and open burning of crop residues. Calculations suggest that photolysis of ClNO2 was 

a prominent source of Cl atoms and oxidized up to 46% of alkane, 37% of alkyne, 

10% of alkene, 7% of aromatic and 13% of OVOC throughout the morning. These 

additional oxidative processes are expected to have important impacts on the air 

quality in the region by enhancing formation of ozone and secondary aerosols.  
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Chapter 8 Conclusions 

 

 

 

8.1 Key findings and conclusions 

 

This thesis reports the first detailed field investigation of ClNO2 chemistry 

in China with a chemical ionization mass spectrometry. The study advances our 

understanding of the concentrations of ClNO2, the conditions and factors leading 

to ClNO2 formation, and the impacts of ClNO2 on the oxidative chemistry in the 

polluted environment.  

 

Preliminary field measurements with a TD-CIMS at two coastal sites in 

Hong Kong revealed significant concentrations of ClNO2 during night-time, similar 

to those observed in other polluted coastal regions. They provided an initial insight 

into active N2O5-ClNO2 chemistry in the region. Heterogeneous formation of 

ClNO2 was found to be a year-round phenomenon in Hong Kong and was impacted 

by the emissions from the urban cores in Hong Kong and Pearl River Delta region.  

 

This study optimized the CIMS to simultaneously measure ClNO2 and N2O5 

with high sensitivity (~1 Hz/pptv) and low detection limit (5 pptv). A number of 

tests were conducted. An excellent agreement between the ambient N2O5 

measurements of CIMS and a CRDS (slope = 0.99, R2= 0.93) and the similarity of 

the measured isotopic ratios of ClNO2 further verified the capability of the 

optimized CIMS for measuring ClNO2 and N2O5 under high humidity and 
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particulate conditions.  

 

Field measurement with the optimized CIMS reported the presence of high 

concentrations of ClNO2 and N2O5 in the upper planetary boundary layer of Hong 

Kong obtained at a mountain-top site in Hong Kong (957 m a.s.l.) during the late 

autumn of 2013. The highest ever reported ClNO2 (4.7 ppbv, 1 min average) and 

N2O5 (7.7 ppbv)) were observed in one early morning in extensively processed air 

transported from the major industrial/urban areas of the PRD. The highly 

accumulated ClNO2 was initiated by the fast production of NO3, and moderate N2O5 

uptake and ClNO2 production yield. High levels ClNO2 had a large impact on the 

production rate of Cl atom (up to 0.59 pptv/s) in the next morning. Despite the low 

observation frequency of such high ClNO2 event at TMS, it is believed that high 

ClNO2 may frequently occur and impact the oxidative capacity in other locations 

downwind of pollution sources of the PRD. Another key result of the TMS 

campaign was the observation of significant concentrations of N2O5 and ClNO2 in 

the late afternoon of a polluted foggy/cloudy day. The large discrepancy between 

the observed and calculated N2O5 in a polluted foggy/cloudy day suggests that the 

heterogeneous uptake of N2O5 on fog/cloud droplets may be an important source 

of soluble nitrates and additional source of oxidants during the daytime.  

 

The first ClNO2 measurement in the highly polluted region of northern 

China unambiguously documented elevated ClNO2 with the highest concentration 

reached 2070 pptv. An interesting finding of this campaign is that the peak 

concentration of ClNO2 often occurred 4 hours after sunrise, which is discrepant 

from the previously reported typical ClNO2 diurnal pattern in other places. 
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Entrainment of ClNO2-rich air in the residual layer is believed to be the dominant 

cause of these morning peaks. The concentrations of ClNO2 in RL are estimated in 

the range of 1.7-4.0 ppbv, suggesting strong formations of ClNO2 in the residual 

layers over the polluted regions of northern China. The production of ClNO2 at 

Wangdu was supported by the existence of non-marine sources of fine chloride 

aerosol from coal-fired power plants and open burning of crop residues. Photolysis 

of the ClNO2 was a primary source of Cl atom and significantly increased the 

morning-time oxidation of VOCs that could ultimately enhance the ozone 

production in the region. 

 

Overall, the results of this thesis unveil the presence of abundant ClNO2 that 

jump-starting the daytime oxidation chemistry in polluted regions of southern and 

northern China. In view of the potentially significant impact of ClNO2 production 

on the oxidative capacity, it is important to consider the ClNO2 and N2O5 chemistry 

when assessing tropospheric ozone, secondary aerosol, as well as the fate of 

greenhouse gasses in China.  

 

8.2 Future work 

 

In order to obtain a full picture of the importance of ClNO2 heterogeneous 

production in China, the following areas are suggested for future research:  

 

 More ground measurements of ClNO2 and N2O5 are suggested in other 

regions with strong emissions of NOx and Cl- aerosol, such as the inland 

areas of the PRD, the North China Plain, the Yangtze River Delta region 
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(Shanghai) and the Sichuan basin (Chengdu). Vertical mearuements are 

recommended to obtain information on the variation of ClNO2 and related 

parameters with altiudes. 

 Further research is needed to refine the parameterizations for the N2O5 

heterogeneous uptake coefficient and ClNO2 yield for application to 

China’s environment.  

 More investigations are needed on the impact of N2O5 heterogeneous 

uptake processes on the aerosol formation (i.e. nitrate aerosol) in China to 

better understand the role of N2O5 chemistry in regional haze pollution.    

 Improvement of the current measurement technique or application of new 

methods for concurrent measurement of ClNO2, Cl2, HOCl and ClO is 

suggested. The information on the additional chlorine compounds helps to 

verify the current knowledge on the sources of Cl atom and to improve the 

understanding of the budget and impact of Cl atoms in China. 
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