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Abstract 

Dinitrogen pentoxide (N2O5) and nitryl chloride (ClNO2) are important nitrogen 

reservoirs and have significant impacts on the reactive nitrogen budget, atmospheric 

oxidative capacity and the formation of secondary air pollutants. Previous studies have 

reported elevated concentrations of N2O5 and ClNO2 at several observation sites in North 

America, west Europe and China. However, the abundance of the two nitrogen species on 

a regional scale in China has not been quantified, and their impact on the photochemical 

and haze pollution has not been evaluated in China.  

The first part of the thesis is the application of meteorological analysis and a dispersion 

model to support the analysis of N2O5 and ClNO2 measured in three field campaigns in 

China. The second and the main component of the thesis is the incorporation of N2O5 and 

ClNO2 processes into a widely-used chemical transport model, the Weather Research and 

Forecasting model coupled with Chemistry (WRF-Chem). The third constituent of the 

thesis is the validation and application of the updated WRF-Chem model in southern 

China in winter of 2013 and in China in summer of 2014. The fourth part of the thesis is 

the application of an improved WRF-Chem model with reactive nitrogen chemistry to 

evaluate the effect of the nitrogen chemistry on the O3 sensitivity to its precursors.   

Meteorological analysis and a dispersion model, the Hybrid Single-Particle Lagrangian 

Integrated Trajectory model (HYSPLIT), were adopted to identify the source regions and 

the history of the air masses that arrived at sampling sites during three measurement 



II 

 

campaigns of N2O5 and ClNO2, which were conducted at Mt. TMS in Hong Kong in 

winter 2013, at Wangdu and Mt. Tai in northern China in summer 2014. The results 

suggested that the HYSPLIT could identify the source regions and air mass histroy 

affecting the observations, determine the fractions of the air masses from different 

altitudes above ground level, and explain the variations of the total reactive nitrogen 

(NOy), N2O5 and ClNO2 concentrations during these campaigns, including the common 

variations and the variation under extreme synoptic conditions.  

For the investigation of the N2O5 and ClNO2 chemistry, WRF-Chem model was further 

developed in this study to incorporate pre-requisite relevant chemistry that was not well-

represented in the model, including an aerosol thermodynamic module, ISORROPOIA II, 

the heterogeneous uptake of N2O5 on aerosol surface, the subsequent production of ClNO2, 

and the gaseous chlorine chemistry initialited by the chlorine radical. The revised WRF-

Chem model was then validated by the N2O5 and ClNO2 concentrations measured in the 

TMS campaign in winter of 2013. The updated model is capable of reproducing the 

concentration level and temporal pattern of the observed N2O5 and ClNO2 but 

overestimates N2O5 uptake and ClNO2 production. 

The validated WRF-Chem model was applied in the Hong Kong – Pearl River Delta (HK-

PRD) region during the period of TMS campaign in which the photochemical pollution 

was severe in southern China. The model results suggested that under average 

meteorological conditions, elevated levels of ClNO2 (>0.25 ppb within the boundary layer) 

were present in the south-western PRD instead of over HK area. The addition of N2O5 

heterogeneous uptake and ClNO2 production reduced the NO and NO2 levels by as much 
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as 1.93 ppb (~7.4%) and 4.73 ppb (~16.2%), respectively, increased the total nitrate and 

ozone concentrations by up to 13.45 µg m-3 (~ 57.4%) and 7.23 ppb (~16.3%), 

respectively, in the boundary layer. Sensitivity tests showed that the simulated chloride 

and ClNO2 concentrations were highly sensitive to the emission of chlorine species. The 

study suggests the need to measure the vertical profiles of N2O5 and ClNO2 under various 

meteorological conditions, to consider the chemistry of N2O5 and ClNO2 in the chemical 

transport model, and to develop an updated chlorine emission inventory over China.  

An updated chlorine emission inventory, Reactive Chlorine Emission Inventory – China 

(RCEI-China), has been proposed in this study. The RCEI-China dataset was then applied 

in the WRF-Chem implemented with detailed N2O5 and ClNO2 processes to simulate the 

spatial and temporal distribution of chloride, N2O5, and ClNO2, and to investigate their 

roles in secondary pollution in China in the period of Wangdu campaign in which O3 and 

particulate matter were at elevated levels in northern China. The results demonstrated 

elevated N2O5 and ClNO2 concentrations in China, with the higher mixing ratios over the 

city clusters and their adjacent regions. The vertical distribution of ClNO2 appeared to 

affect the temporal variation of ClNO2 at the surface. The heterogeneous uptake of N2O5 

on aerosol (without ClNO2 production) reduced O3 concentration and significantly 

increased the formation of total nitrate. The further production of ClNO2 substantially 

enhanced the ozone production across China and slightly decreased the total nitrate.  

Tropospheric ozone pollution has been a major environmental issue in the last decades 

throughout the world. The control of such persistent problem demands the comprehensive 

understanding of the ozone formation mechanism and the sensitivity of ozone to its 
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precursors, nitrogen oxides (NOx) and volatile organic compound (VOC). Recent research 

proposed the ‘new’ sources of nitrous acid (HONO) and the ‘new’ processes of 

heterogeneous uptake of N2O5 and the production of ClNO2 which can significantly 

affects the budget of radicals and NOx, both of which determine the formation of ozone 

and the relationship of ozone to the precursors. However, these ‘new’ chemistry of NOy 

were not considered in the previous studies on the ozone sensitivity to NOx and VOC. A 

revised WRF-Chem model, incorporated with the ‘new’ nitrogen chemistry, was adopted 

to simulate the impacts of nitrogen chemistry on the prediction of ozone sensitivity regime 

in China in summer when photochemical ozone pollution is severe. The results showed 

that the nitrogen chemistry significantly increased the level of ROx radicals and reduced 

the concentration of NOx. The spatial patterns of the ozone sensitivity regime simulated 

by original and revised WRF-Chem were noticeably different, and ~40% of the area in 

which ozone formation is influenced by anthropogenic emissions changed the regime 

because of the nitrogen chemistry, mostly from VOC-sensitive to mixed-sensitive and 

from NOx-sensitive to mixed-sensitive. Our simulations indicated that the nitrogen 

chemistry strongly changes the ozone isopleths in major cities in China, and implied 

different strategy in controlling O3 pollution. This study suggested the need to consider 

the new NOy chemistry in evaluating the efficacy of current and near-future policy.  

Overall, this thesis investigates the sources and abundance of N2O5 and ClNO2 and the 

roles of N2O5 and ClNO2 chemistry in the photochemical and haze pollution. The methods 

and models developed in this study can be applied to other regions, and the findings of 

this study can be used as a scientific basis to formulate air pollution control policy.   
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Chapter 1. Introduction  

1.1 Background  

Dinitrogen pentoxide (N2O5) and nitryl chloride (ClNO2) are important reservoirs of 

reactive nitrogen and affect the composition and the partitioning of reactive nitrogen and 

the formation of secondary air pollutants (Brown and Stutz, 2012; Thornton et al., 2010). 

N2O5 is present mostly during nighttime and is formed through the reaction of nitrogen 

dioxide (NO2) and nitrate radical (NO3) which is the reaction product of ozone (O3) and 

NO2. The uptake of N2O5 on water-containing aerosol produces nitrate aerosol 

(hydrolysis), while the uptake on chloride-containing aerosol generates both nitrate 

aerosol and ClNO2. The hydrolysis of N2O5 is one of the major loss pathways for nitrogen 

oxides (NOx =NO+NO2) at night, reducing the amount of NOx for photochemistry in the 

following day while producing nitrate aerosol contributing to the formation of secondary 

aerosol. When ClNO2 is produced, it is photolyzed to recycle NO2 and release highly 

reactive chlorine radical (Cl activation), both of which can significantly affect the daytime 

photochemistry, such as O3 formation, via reactions of NOx and Cl with volatile organic 

compounds (VOCs) (Atkinson, 2000; Riedel et al., 2014; Thornton et al., 2010).  

The observation of N2O5 and ClNO2 in the past decade in the US and west Europe 

indicated that these two nitrogen compounds were at elevated levels and had substantial 

impacts on local and regional atmospheric chemistry. Previous studies in Asia (Hong 

Kong) have revealed the existence and significance of ClNO2 in this region (Tham et al., 
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2013; Wang et al., 2014; Xue et al., 2015). From 2013 to 2014, three field campaigns 

were carried out in China to investigate the N2O5 and ClNO2 chemistry, namely TMS 

campaign in 2013 winter (Wang et al., 2016b), WangDu campaign in 2014 summer 

(Tham et al., 2016) and Mt. Tai campaign in 2014 summer (Wang et al., 2017). During 

the three intensive observation campaigns, the level of the N2O5 and ClNO2, as well as 

the total reactive nitrogen (NOy), varied among different days and between different sites, 

indicating the influence of transport process that brought the air masses from various 

regions and altitudes to the measurement sites. Therefore, it would be interesting and 

necessary to examine the meteorological process and the air mass history to support the 

analysis of the variation of NOy, N2O5 and ClNO2 measured in these campaigns.  

In the TMS campaign, highest-ever-reported mixing ratios of N2O5 (7.7 ppbv) and ClNO2 

(4.7 ppbv) were observed at a mountaintop site (957m above sea level) in Hong Kong 

(Brown et al., 2016; Wang et al., 2016b), indicating rapid production of N2O5 and ClNO2 

in the Hong Kong-Pearl River delta (HK-PRD) region which has long suffered O3 and 

NOx pollution (Wang et al., 2009). Meteorological analysis and chemical data revealed 

the highly inhomogeneous dynamic and chemical processes and considerable impacts of 

the ClNO2 chemistry on the radical budget (up to 77% increase of OH) and daytime O3 

production (up to 41%) in the high ClNO2 air mass as it transported to downwind locations 

above the ocean. It was also suggested that other locations downwind of major urban areas 

under prevailing conditions may experience more frequent events with high levels of 

ClNO2 and N2O5 than the site in Hong Kong. It is therefore of great interest to investigate 

the distribution of N2O5 and ClNO2 and to evaluate the impact of N2O5 uptake and the 



3 

 

subsequent chemistry on the formation of O3 and other secondary air pollutants in the 

winter season in this region (southern China). 

Comparable concentrations of ClNO2 were measured in Wangdu Campaign in northern 

China in summer season (Tham et al., 2016), suggesting that the nitrogen chemistry and 

chlorine chemistry potentially influence the atmospheric chemistry and air pollution in 

southern and northern China and even other regions in China. Simulation of chemical 

transport model incorporated with N2O5 and ClNO2 chemistry is then desired to predict 

the distribution of ClNO2 across the nation and the impacts of ClNO2 on the formation of 

secondary pollution in summer season in China.  

O3 in the troposphere has long been recognized as one of the air pollutants that adversely 

affect the health of human (WHO, 2006) and the welfare of the ecosystem (Fowler et al., 

1999). To formulate the policy in effectively controlling the O3 pollution, many studies 

have been undertaken to reveal the underlying production mechanism of O3 (e.g. Sillman, 

1999), which strongly depends on the budget of odd hydrogen (ROx) and NOx. The 

recently proposed nitrogen chemistry, the various sources of nitrous acid (HONO), the 

heterogeneous uptake of N2O5, the production of ClNO2, and the photolysis of ClNO2, 

substantially affect the sources and sink of ROx and NOx, hence influence the 

determination of O3 formation regime. However, the quantification of such influence and 

the discussion of the implication has not been conducted.  
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1.2 Objectives 

The present work attempts to investigate the source region of N2O5 and ClNO2,  the 

abundance of N2O5 and ClNO2 on a regional scale, and their impacts on secondary air 

pollution in China through the development and application of regional models. The 

objectves of the thesis include:  

 (1) To study the source region and the history of the air masses that affect the N2O5 and 

ClNO2 observed in the three field campaigns in China;  

(2) To develop a widely used chemical transport model, the Weather Research and 

Forecasting model coupled with Chemistry (WRF-Chem), to implement the 

heterogeneous uptake of N2O5 on aerosol surface, the heterogeneous production of ClNO2 

and the gas phase chlorine chemistry;  

(3) To apply the updated WRF-Chem to examine the spatial and temporal distribution of 

the N2O5 and ClNO2 concentrations and their impacts on O3 and nitrate aerosol in southern 

China in winter of 2013 and in China in summer of 2014;  

(4) To adopt a revised version of WRF-Chem with HONO and ClNO2 chemistry to 

explore the effects of the unconventional reactive nitrogen chemistry on the determination 

of the O3 formation regime.  
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1.3 Structure of the thesis 

This thesis includes eight chapters. Chapter 1 is this introduction. Chapter 2 gives a 

literature review of the relevant research. The model system used in this study and the 

model developments conducted in this study will be presented in Chapter 3. 

Meteorological and air mass history analysis for the three N2O5 and ClNO2 observation 

campaigns will be discussed in Chapter 4. The validation of the revised WRF-Chem 

model, the distribution of N2O5 and ClNO2 and their impacts on atmospheric chemistry 

simulated with the validated model will be presented in chapter 5 for southern China in 

the period of TMS campaign, and in Chapter 6 for the whole country in the period of 

Wangdu campaign. In Chapter 7, the effects of the new nitrogen chemistry on the 

determination of the O3 sensitivity regime will be analyzed. Summary of this thesis and 

the future work will be presented in Chapter 8. 
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Chapter 2. Literature review 

The thesis focuses on the analysis of air mass history with meteorological and dispersion 

model for comprehensive observation campaigns, the abundance and impact of N2O5 and 

ClNO2 with the use of chemical transport model, and the influence of the nitrogen 

chemistry on the determination of the O3 sensitivity to its precursors. Literature of relevant 

research will be reviewed in this chapter.  

2.1 Identification of the source region and the analysis of air mass history  

During the past decade, China has experienced rapid development of the economy, which 

is accompanied by the severe air pollution, including the photochemical and haze 

pollution (Ma et al., 2012). The field measurement of the airborne pollutants is a necessary 

tool to comprehensively understand the situation and fundamental cause of the air 

pollution. The primary air pollutants, e.g., NOx, CO, VOC, SO2, etc., are emitted from 

various sources, transported to the downwind areas by the wind flow, and transformed 

into secondary pollutants. The composition of air mass, e.g., the concentration of air 

pollutions measured in the comprehensive campaign, is inherently related to the origin 

and the pathway of the air mass, i.e., the source region and history of air mass (Fleming 

et al., 2011). Previous researchers have proposed several techniques to understand the 

impacts of the air mass history on the air pollutants, including (1) wind measurement, (2) 

large scale synoptic analysis, (3) trajectory models, and (4) backward dispersion models.  
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The in-situ wind observation results are valuable data for interpreting the chemical 

observation data. By using the wind measurement data, e.g., wind rose map, one can 

roughly identify the source region and the impacts of source region and air mass history 

on the composition of air mass (e.g. Song et al., 2008). However, regarding short lifetime 

species and under non-stable meteorological conditions, wind observation is not sufficient 

for distinguishing the difference among air masses that arrive at the sampling site.  

The synoptic analysis at a large scale requires access to the synoptic figures. The Korean 

Meteorological Administration (KMA) provides the synoptic figures at the surface and 

upper levels each day (https://web.kma.go.kr/eng/weather/images/analysischart.jsp). The 

synoptic figure is compiled based on the observation at the surface weather station and 

the sounding data and can be used to interpret the atmospheric dynamic pattern at a large 

scale. Due to the limitation of the resolution, the synoptic analysis can only provide the 

information at a large scale (hundreds to thousands Km).  

Back trajectory model provides the centre line of air mass movement, representing the 

average history of the air mass. Back trajectory models have been intensively used for 

comprehensive observation campaigns, especially long term campaigns (e.g. Ding et al., 

2013), to investigate the air mass history and the source region affecting air pollutants 

measured at the observation station. Considering that trajectory model only provides 

single lines for complicated air flow, this method is more suitable for long term campaign 

which focuses on averaged compositions.  

https://web.kma.go.kr/eng/weather/images/analysischart.jsp
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Backward dispersion models provide more detailed information of air mass history than 

trajectory models since dispersion models consider the influence of the turbulent mixing 

on the composition of air mass. Backward dispersion models, e.g., the Hybrid Single-

Particle Lagrangian Integrated Trajectory (HYSPLIT, Draxler, 2014) and the FLEXible 

PARTicle dispersion model (FLEXPART, Stohl et al. 2005), consider that air mass is 

formed by a finite number of particles, and the three-dimensional positions of these 

particles at different times representing the movement history of the air masses.  

These analysis methods and models is common in the observation studies of N2O5 and 

ClNO2.  Riedel et al. (2013) conducted measurement of vertical profile of Cl2 and ClNO2 

on a tower in Boulder, Colorado in the US in 2011. They adopted the wind direction 

measurement to analyze the source region of the measured Cl2 and ClNO2. The authors 

distinguished the air masses into two categories, including the air mass influenced by the 

urban sources and by the combustion point sources, with the wind direction results, and 

they further studied the characteristics of Cl2 and ClNO2 in the two distinct plumes.  

Phillips et al. (2012) observed the ClNO2 at a rural site in the European continent 

(southwest Germany) in 2011. The authors used the HYSPLIT model to track the history 

of the air mass that affected the observation at the site and to identify the potential source 

region that influenced he formation of ClNO2, and the air masses were classified into the 

following sectors with different origins: continental, Atlantic, UK and marine.  

Brown et al. (2016) measured the NO3 and N2O5 concentration at the top of Mt. TMS in 

Hong Kong in winter of 2013. They firstly used the wind measurement analysis results 
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(the wind direction, speed and wind rose map) to identify the origin of the air mass that 

reached at the site and found that the easterly and north-easterly winds brought the air 

mass from the ocean, the coast and occasionally the mainland China (PRD region) to the 

measurement site. The authors also used the HYSPLIT model (online version; available 

at http://www.arl.noaa.gov/ready/hysplit4.html) to analyze the more detailed movement 

history of the air mass that reached the measurement site and the results showed that the 

air mass was mostly affected by the surrounding oceanic region, coastal area and the PRD 

region, and was also influenced by the region further in the north, including the eastern 

mainland China and Taiwan.  

2.2 N2O5 and ClNO2 chemistry in the troposphere 

N2O5 is formed through the reaction of O3 and NO2 (R2-1 and R2-2).  N2O5 is thermally 

unstable and hence forms an equilibrium between NO3 and N2O5 (R2-2).  

O3 + NO2⟶ NO3 (R2-1) 

NO3 + NO2 ↔  N2O5 (R2-2) 

The heterogeneous uptake of N2O5 produces nitrate on water-containing aerosol surfaces 

via R2-3 (hydrolysis) and produces both nitrate and gaseous nitryl chloride (ClNO2) on 

chloride-containing aerosol surface via R2-4 (Osthoff et al., 2008; Finlayson-Pitts et al., 

1989). The net reaction of R2-3 and R2-4 could be treated as R2-5, in which 

the ClNO2 yield, i.e., parameter ϕ, represents the fraction of N2O5 that reacts via R2-4. 

The produced ClNO2 can be further photolyzed into Cl radical and NO2 (via R2-6).  

http://www.arl.noaa.gov/ready/hysplit4.html
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N2O5(g) + H2O(aq)⟶ 2 HNO3(aq)  (R2-3) 

N2O5(g) + HCl(aq)⟶ HNO3(aq) + ClNO2(g) (R2-4) 

N2O5(g)+(1-ϕ)H2O(aq)+ϕHCl(aq)⟶(1-ϕ)×2HNO3(aq)+ϕ×(HNO3(aq)+ClNO2(g)) (R2-5) 

ClNO2(g) + hv ⟶ Cl (g) + NO2(g)  (R2-6) 

The critical parameters required to determine the impacts of the N2O5 uptake processes 

are the rate constant of R2-5, k5, and the yield of ClNO2, ϕ. k5 can be calculated from Eq. 

2-1 by treating the N2O5 heterogeneous uptake reaction as a first order reaction (Chang et 

al., 2011),  

k5=
VN2O5

×Saer×γ

4
 ,  (Equation 2-1) 

where VN2O5
 denotes the mean molecular velocity of N2O5, Saer is the aerosol surface area 

density, and γ represents the heterogeneous uptake coefficient of N2O5 which is the 

possibility that a colliding of the N2O5 molecule with a particle will lead to uptake and 

chemical reaction (Sarwar et al., 2012). VN2O5
 and Saer are relatively well determined, 

therefore, the treatments of γ and ϕ are crucial for the prediction of the impacts 

of N2O5 uptake and Cl activation. In terms of γ, a fixed value of 0.1 was first proposed 

(Dentener and Crutzen, 1993). Highly variable γ were then derived from observational 

campaigns which showed distinguished values on inland and marine aerosols (Brown et 

al., 2006; Brown et al., 2009; Osthoff et al., 2008). Later laboratory and modelling studies 

considered dependence of γ on the aerosol species and compositions (sea salt, black 

carbon, sulfate, nitrate, chloride, organic matter and water), relative humidity (RH) and 

temperature (Anttila et al., 2006; Bertram and Thornton, 2009; Davis et al., 2008; Evans 

and Jacob, 2005; Riemer et al., 2009). Several parameterizations have been proposed for 
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the yield of ClNO2. Simon et al. (2010) applied a constant value of 0.75 for the fraction 

of N2O5 involved in the production of ClNO2. More detailed parameterizations of ϕ 

considering the effects of aerosol compositions were proposed by Roberts et al. (2009) 

and by Bertram and Thornton (2009).  

Several studies examined the impacts of N2O5 uptake or ClNO2 production with the use 

of the chemical transport model. Dentener and Crutzen (1993) evaluated the impacts of 

the N2O5 uptake on tropospheric aerosol by using a constant γ (0.1), and their results 

showed a substantial decrease of NOx (50%) and a slight reduction of O3 (9%) globally. 

Riemer et al. (2003) utilized a weighting factor on a constant γ (0.02) to study the N2O5 

heterogeneous hydrolysis, and their research showed small impacts on O3 and remarkable 

influences on nitrate formation in Europe. By applying parameterizations of γ for various 

aerosol compositions and meteorological conditions, Evans and Jacob (2005) showed 

higher levels of O3 and NOx compared to simulations with 0.1 as γ. Lowe et al. (2015) 

and Archer-Nicholls et al. (2014) incorporated the heterogeneous uptake of N2O5 on 

particles into the MOSAIC aerosol module in WRF-Chem based on the methods 

suggested by Anttila et al. (2006), Riemer et al. (2009), and Bertram and Thornton (2009). 

Their results suggested that N2O5 uptake suppressed VOC oxidation (by OH and NO3) by 

a factor of 1.5 and significantly enhanced nitrate formation during nighttime (an increase 

from 3.5 to 4.6 µg Kg-1) over north-western Europe. Simon et al. (2009) used a gas phase 

reaction to represent the heterogeneous production process of ClNO2, and their study 

predicted modest increases in O3 due to the ClNO2 production in Houston. Sarwar et al. 

(2012) implemented the heterogeneous production of ClNO2 based on the 
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parameterization proposed by Bertram and Thornton (2009) and additional gas phase 

chlorine reactions in CMAQ and examined the impacts of Cl activation due to ClNO2 

production and Cl chemistry on air quality. Their results showed that ClNO2 production 

reduced the total nitrate level (up to 0.8-2.0 µg m-3 or 11-21%) and had modest impacts 

on the 8-h O3 level (up to 1-2 ppb or 3-4%) in the United States. Sarwar et al. (2014) 

expanded the study region used in Sarwar et al. (2012) to the entire northern hemisphere 

and suggested that ClNO2 production had remarkable impacts on the air quality in China 

and western Europe with enhancements of the 8-h O3 level up to 7.0 ppb. Most previous 

studies focused on investigating the effects of N2O5 uptake or ClNO2 production in North 

America and Europe; however, little is known about Asia. The only study that covered 

Asia was performed by (Sarwar et al., 2014), and it used a coarse model resolution (>100 

Km) and considered only biomass burning and sea salt as the source of chloride.  

2.3 Determination of O3 sensitivity to its precursor 

Tropospheric O3 is a secondary air pollutant which is formed solely from the photolysis 

of NO2 (R2-7 and R2-8), the formed O3 then reacts with NO to produce NO2 (R2-9). This 

cycle of NO2-NO-O3 is commonly referred as the null cycle because no O3 molecule is 

produced or destroyed. With the existence of volatile organic compounds (VOC), 

hydroxyl (OH) radical initiates the degradation of VOC and forms the organic peroxy 

radical (RO2) and hydroperoxy radical (HO2), both of which transform NO into NO2 

without consuming the O3 (R2-10, R2-11 and R2-12), and then the formed NO2 is 

photolyzed to generate and accumulate O3 (R1-2) (Atkinson, 2000).  



13 

 

NO2+hv->NO+O3P (R2-7) 

O3P+O2->O3 (R2-8) 

NO+O3->NO2+O2 (R2-9) 

OH+VOC->RO2+H2O (R2-10) 

RO2+NO->NO2 +HO2+OVOC (R2-11) 

HO2+NO->NO2+OH (R2-12) 

The scientific basis of controlling the O3 lies in the sensitivity of O3 formation to the 

emission of precursors. The relationship of O3 to its precursors (NOx and VOC) is driven 

by the chemistry and the budget of ROx (the sum of OH, HO2, and RO2) and is strongly 

influenced by the budget of NOx (Sillman and He, 2002). The source of ROx includes the 

photolysis of O3 and OVOC, e.g., HCHO (R2-13 and R2-14), and the sink of ROx consists 

of the reaction of OH with NO2 (R2-15) and the reactions between the peroxy radicals 

(R2-16 and 2-17). In the condition with elevated NOx, the loss of ROx is dominated by 

the reaction of OH with NO2. The increase of NOx emission results in lower OH (R2-15) 

and then less O3 production, while the increase of VOC leads to more VOC reacted with 

OH (R2-10) hence higher production of O3. This condition is defined as the VOC-

sensitive (NOx-saturated) regime and often occurs in the urban and industrial region. In 

the conditions with limited NOx, the loss of ROx is controlled by the reactions between 

peroxy radicals (R2-16 and R2-17), and the ROx concentration is independent of NOx or 

VOC. The O3 formation rate is controlled by the reactions of HO2 and RO2 with NO (R2-

11 and R2-12), so the O3 production enhances with the increase of NOx, while the increase 
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of VOC enhances the reacted VOC with OH (R2-10) and the production of O3. This 

condition is defined as the NOx-sensitive regime which is common in rural area.  

O3+hv->2OH (R2-13) 

HCHO+hv->HO2 (R2-14) 

OH+NO2->HNO3 (R2-15) 

HO2+HO2->H2O2+O2 (R2-16) 

HO2+RO2->ROOH+O2 (R2-17) 

In the last decade, several new findings of the nitrogen chemistry have been reported 

which have significant impacts on the budget of ROx and NOx. Various sources of HONO 

have been suggested, including direct emission from the traffic (Gutzwiller et al., 2002), 

soil (Su et al., 2011) and ocean (Zha et al., 2014), and the heterogeneous production on 

the aerosol (Foley et al., 2010) and ground surface (Li et al., 2010).  The formation of 

HONO from the heterogeneous process reduces the NOx (R2-18, R2-19 and R2-20). The 

photolysis of HONO is the predominant source of the OH radical in the polluted 

troposphere, and the photolysis of HONO recycles NOx (R2-21) (Kleffmann, 2007). The 

process of N2O5 and ClNO2 consists of the heterogeneous uptake of N2O5 on the aerosol 

surface, the production of ClNO2, and the photolysis of ClNO2. The N2O5 and ClNO2 

process acts as one of the major loss pathways of NOx and the dominant source of the 

chlorine (Cl) radical, which reacts with VOC and forms ROx radical (R2-22, R2-23 and 

R2-24) (Brown et al., 2006; Osthoff et al., 2008; Thornton et al., 2010). The nitrogen 

chemistry increases the ROx sources and alters the fate of NOx, therefore influences the 

formation of O3 and the determination of O3 formation regime (NOx- or VOC-sensitive).  
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2NO2+ H2O->HONO+HNO3 (R2-18) 

NO+HNO3->HONO+NO2 (R2-19) 

NO+NO2+H2O->2HONO (R2-20) 

HONO+hv->OH+NO (R2-21) 

N2O5+H2O+ y Cl- ->(2-y) HNO3 + y ClNO2 (R2-22) 

ClNO2+hv->Cl+NO2 (R2-23) 

Cl+VOC->RO2+HCl (R2-24) 

Due to the complex nonlinear nature of the O3 chemistry, mathematical tools, mainly 

chemical transport models, have been used in the research community and the 

environmental authority to investigate the O3 sensitivity regime and to design control 

measure. The pioneering research started in the early 1990s by Sillman and co-workers, 

e.g. Sillman et al. (1990), Sillman (1993), and Sillman (1999), . In the 21st century, the O3 

sensitivity studies drew the attention of other research groups in other parts of the world. 

Liang et al. (2006) evaluated the sensitivity of O3 production in California, the US using 

the CAMx model. Sillman and West (2009) conducted a series of sensitivity simulations 

with a chemical transport model, CIT, for the Mexico City. Community Multiscale Air 

Quality model (CMAQ) was used to evaluate the O3 formation regime in China (Liu et 

al., 2010). Wang et al. (2010) used CMAQ (v4.5) to investigate the O3 sensitivity to NOx 

and VOC emission in the Pearl River Delta (PRD). Li et al. (2011a) chose CMAQ (v4.4) 

to study the O3 sensitivity in the Yangtze River Delta (YRD). Itahashi et al. (2013) used 

CMAQ (v4.7.1; Foley et al., 2010) to study the O3-sensitivity regime in East Asia. Tie et 

al. (2013) employed the WRF-Chem v3 (Grell et al., 2005) to evaluate the O3 regime in 
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Shanghai (YRD). Ou et al. (2016) adopted CMAQ (v4.7.1) to explore the O3 formation 

regime in PRD. However, the models used in these previous O3 sensitivity studies, except 

for CMAQ v4.7.1, only considered the gaseous formation of HONO from OH+NO 

reaction (negligible compared to the direct emission and the heterogeneous formation of 

HONO), and the homogeneous hydrolysis of N2O5 with water vapor (also negligible 

compared to the heterogeneous uptake of N2O5 on aerosol surface). The CMAQ v4.7.1 

included the heterogeneous uptake of N2O5 on aerosol to form nitrate, the heterogeneous 

formation of HONO on aerosol and ground surface, and the direct emission of HONO 

from traffic source, but did not consider the source of HONO from soil and ocean, the 

heterogeneous production of ClNO2, and the gas phase chemistry of Cl radical with VOC. 

Therefore, the estimation of the O3 formation regime and the environmental policy 

developed based on these studies are subject to uncertainty.   
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Chapter 3. Model systems and model developments 

3.1 Introduction of WRF, WRF-Chem and HYSPLIT model system 

3.1.1 WRF and WRF-Chem 

The WRF model is a regional meteorological model developed by several institutions and 

agencies in the United States, including the National Center for Atmospheric Research 

(NCAR), the National Oceanic and Atmospheric Administration (NOAA), the Air Force 

Weather Agency, the Naval Research Laboratory, the University of Oklahoma, and the 

Federal Aviation Administration  in the late 1990s (https://www.mmm.ucar.edu/weather-

research-and-forecasting-model). WRF model is currently maintained and supported by 

the NCAR, and the latest version is v3.9 released in April 2017.  

The WRF model system is built for use in atmospheric research and operational 

forecasting, including the preprocess model (the WRF Preprocessing System, WPS), the 

objective analysis module (OBSGRID), and the WRF model, as shown in Fig 3-1. WRF 

model consists of multiple modules, including a land surface scheme, a boundary layer 

scheme, a microphysics scheme, a cumulus parameterization, a radiation physics module, 

an urban module, etc. Several postprocessing software, e.g., NCAR command language 

(NCL), can be used to process the WRF output data and plot the analysis figures. 

The WRF model is one of the widely-used models in research of regional atmospheric 

dynamics and the regional air pollution (e.g. Gunwani and Mohan, 2017; Soltanzadeh et 

al., 2017; Xue et al., 2017). The simulated fields of wind speed, wind direction, pressure, 

https://www.mmm.ucar.edu/weather-research-and-forecasting-model
https://www.mmm.ucar.edu/weather-research-and-forecasting-model
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temperature, humidity, etc., help the researcher comprehend the pattern of atmospheric 

flow and its impact on the dispersion of the pollutants in the atmosphere (Kumar et al., 

2017; Hong et al., 2017; Hu et al., 2016).  

 

Fig 3-1. The schematic flow chart of the WRF modeling system    

(obtained from http://www2.mmm.ucar.edu/wrf/users/model.html) 

Compared to WRF model which only simulates the meteorology, the WRF-Chem model 

simultaneously calculates the dynamic of the flow, the emission of primary pollutants, the 

transport of the pollutants, the chemical transformation and the deposition of the air 

http://www2.mmm.ucar.edu/wrf/users/model.html
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pollutants in the atmosphere (Grell et al., 2005). WRF-Chem also allows the feedback of 

the atmospheric pollutants to the meteorology (Alizadeh-Choobari et al., 2015; Chapman 

et al., 2009; Yang et al., 2012).  

Apart from the modules in the WRF model, WRF-Chem model contains the chemistry 

modules, which consists of photolysis, gas phase chemistry, aerosol chemistry, emission 

and deposition. WRF-Chem provides around 60 chemical options, among them the 

RADM2/RACM, CBM and SAPRC are the three major series of chemistry options.  

The development of the WRF-Chem model is managed by NOAA and the Pacific 

Northwest National Laboratory (PNNL). In the past decade since the launch of the WRF-

Chem in 2005, many modelers contributed the code with new chemistry, e.g., Ahmadov 

et al. (2012) which implemented a newly proposed SOA formation mechanism into the 

RACM module in the WRF-Chem.  

The application of WRF-Chem model requires several input datasets, namely an emission 

inventory of the primary air pollutants, the initial and boundary conditions, the 

meteorological input data and the land use data.  

3.1.2 HYSPLIT 

The HYSPLIT model is a Lagrangian particle dispersion model, which was developed by 

NOAA (http://www.arl.noaa.gov/HYSPLIT_info.php). The HYSPLIT can be run with 

the online version model and with the offline version model. The online version of 

HYSPLIT model (http://www.arl.noaa.gov/ready/hysplit4.html) uses the meteorological 

http://www.arl.noaa.gov/HYSPLIT_info.php
http://www.arl.noaa.gov/ready/hysplit4.html
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data from NOAA (http://www.ready.noaa.gov/archives.php) which has  a resolution of 1 

degree.  

The HYSPLIT model can simulate both trajectory and particle dispersion (Draxler, 2014). 

Trajectory simulation gives the most probable pathway of the air mass and is suitable for 

conditions under uniform airflow. Trajectory model has been widely used to determine 

the potential source area and the history of the air mass arriving at the observation site 

(e.g. Ding et al. 2009). Trajectory model normally provides two options of input data, 

including coarse resolution data, e.g., meteorological data provided by the National 

Centers for Environmental Prediction (NCEP) with a temporal resolution of 6h and spatial 

resolution of ~100 Km, and fine resolution data, e.g., the output data from WRF model 

with high temporal (1h) and spatial (1Km) resolution. The first option has minimum 

requirements for the input data but only provide a rough estimate of the trajectory, while 

the latter option demands more detailed meteorological input to drive the simulation of 

the trajectory and therefore can calculate more realistic trajectory, as shown in Fig 3-2.  

The dispersion mode of HYSPLIT can also run with online or offline version using 

various meteorological input data, e.g. the NCEP FNL data, the output from the WRF 

model. The particle dispersion application splits air masses into thousands of parcels and 

tracks their positions by releasing particles at a receptor and tracking their positions 

backward in each hour. Hence the particle dispersion is more suitable to simulate air 

conditions during the period with abrupt synoptic changes.  

http://www.ready.noaa.gov/archives.php
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Fig 3-2. The schematic figure of the simulation using the WRF-HYSPLIT.  

3.2 Model development of WRF-Chem 

In the original WRF-Chem (v3.5.1), only gaseous reaction of N2O5 with water vapor is 

considered, which is negligible compared to the heterogeneous uptake of the N2O5 on 

aerosol surface (Brown and Stutz, 2012). In this study, the detailed chemistry of N2O5 and 

ClNO2, including heterogeneous uptake of N2O5, production of ClNO2, photolysis of 

ClNO2, and gaseous reactions initiated by the Cl radical, were implemented into the WRF-

Chem model. Besides, the chlorine chemistry demands the treatment of the 

thermodynamic equilibrium between the chloride and the HCl, but the original WRF-

Chem does not include such treatment. Hence, a thermodynamic model that can calculate 

the balance between particulate chloride and gaseous HCl, ISORROPIA II, is 

incorporated in this study. The overall development of the WRF-Chem is illustrated in 

Fig 3-3. The code developed in this study will be included in the next version of official 

WRF-Chem and shared to the community. 
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Fig 3-3. Schematic figure of the model development of WRF-Chem in this study 

3.2.1 Incorporation of a thermodynamic module, ISORROPIA II, in WRF-

Chem 

ISORROPIA II, an aerosol thermodynamics model developed by Nenes et al. (1998) and 

Fountoukis and Nenes (2007), was incorporated to replace the aerosol thermodynamics 

module in the MADE/VBS aerosol model in the original WRF-Chem so as to extend the 

capacity of simulating the equilibrium between PM2.5 compositions and their 

corresponding gaseous species. The MADE/VBS model adopts volatility basis set model 

to simulate secondary organic aerosol (SOA) formation and provides improved 

simulations of SOA compared to the traditional MADE/SORGAM model (Ahmadov et 

al., 2012). The current MADE/VBS model only estimates the thermodynamic equilibrium 

between SO4
2-, NO3

-, NH4
+, H2O and corresponding gases, whereas ISORROPIA II 

simulates the equilibrium between SO4
2-, NO3

-, NH4
+, H2O, Na+, Cl-, Ca2+, Mg2+, K+ and 

associated gases. The compositions of sodium, chloride, calcium, magnesium, and 

potassium in dust and sea salt follow those suggested by Wedepohl (1995) and Millero 

(1996) as shown in Table 3-1. 
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Table 3-1. Mass fraction of elements in sea salt and dust 

 In sea salt In dust 

Na 0.307 0.024 

Cl 0.550 - 

Ca 0.012 0.039 

K 0.011 0.021 

Mg 0.036 0.022 

3.2.2 The heterogeneous uptake of N2O5 and production of ClNO2 

The parameterizations of N2O5 heterogeneous uptake and ClNO2 production suggested by 

Bertram and Thornton (2009) was adopted in this study. In the study, they conducted a 

series of lab experiments to investigate the dependence of N2O5 uptake and ClNO2 yield 

on the aerosol compositions, including aerosol water, nitrate and chloride, which is 

expected to be applicable for any aerosols in the atmosphere. The parameterization is the 

only one that considered both N2O5 uptake and ClNO2 yield and they are the most wide-

used ones in the CTMs. The parameterizations have been proved to generally simulate the 

process of N2O5 and ClNO2 by a few studies in the U.S. and in Europe, i.e. Sarwar et al. 

(2012), Archer-Nicolls et al. (2014) and Lowe et al. (2015), and a study in the North 

Hemisphere, i.e. Sarwar et al. (2014).  

According to the parameterizations, the N2O5 heterogeneous uptake coefficient, γ, can be 

calculated with the following equation: 

γ=Ak(1-
1

(
0.06[H2O(l)]

[NO3
- ]

)+1+(
29[Cl

-
]

[NO3
-

]
)
) (Equation 3-1) 

where  A=3.2×10
-8 , k=1.15×10

6
×(1-e(-0.13[H2O(l)])), and [H2O(1)], [NO3

-] and [Cl
-
] are 

the molarities of liquid water, nitrate, and chloride in aerosol volume. The yield of ClNO2, 

ϕ, can be calculated with the following equation: 
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ϕ = (1+
[H2O(l)]

483[Cl
-
]
)
-1

   (Equation 3-2). 

The loss of N2O5 and the production of nitrate and ClNO2 is predicted with Eq. (2-1, 3-1 

and 3-2). The produced ClNO2 is photolyzed, releasing a Cl atom, which further oxidises 

VOCs like an OH radical. 

3.2.3 Chlorine initiated gaseous mechanism 

The Cl-initiated gaseous chemistry used in this study was originally designed for the 

CB05 mechanism by Sarwar et al. (2012), and was modified for the RACM_ESRL 

mechanism (detail reactions are shown in Table 3-2). The RACM_ESRL mechanism is 

the updated Regional Atmospheric Chemistry Mechanism in WRF-Chem based on the 

original version in (Stockwell et al., 1997). The photolysis rates of Cl2, HOCl, ClNO2 and 

formyl chloride (FMCl) were calculated with the absorption cross section and quantum 

yield obtained from Atkinson et al. (2007) and Atkinson et al. (2008).  

The N2O5 heterogeneous uptake, the ClNO2 production, and the Cl-initiated reactions 

were implemented into the MADE/VBS aerosol model, RACM_ESRL gas phase 

mechanism and Madronich photolysis model (Madronich, 1987) in the 

‘RACM_SOA_VBS_KPP’ chemistry option in WRF-Chem. The updated WRF-Chem 

model is validated against the N2O5 and ClNO2 concentration observed in the TMS 

campaign as discussed in Chapter 5.  
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Table 3-2. The chlorine radical initiated gaseous chemistry for the RACM_ESRL mechanism. 

No. Reactions Rate 

RS01 Cl2+hv=2.0 Cl Photolysis rate of Cl2 

RS02 HOCl+hv=HO+Cl Photolysis rate of HOCl 

RS03 ClNO2+hv=Cl+NO2 Photolysis rate of ClNO2 

RS04 FMCl+hv=Cl+CO+HO2 Photolysis rate of FMCl 

RS05 HO+HCl=Cl+H2O 
(6.58D-13*EXP(58.0/TEMP)* 

(TEMP/300.0)**(1.16)) a 

RS06 O3+Cl=ClO+O2 (2.3D-11*EXP(-200.0/TEMP)) 

RS07 ClO+ClO=0.3 Cl2+1.4 Cl+O2 1.63D-14 

RS08 NO+ClO=Cl+NO2 (6.4D-12*EXP(290.0/TEMP)) 

RS09 ClO+HO2=HOCl+O2 (2.7D-12*EXP(220.0/TEMP)) 

RS10 NO2+Cl=ClNO2 KRS10
 b 

RS11 CH4+Cl=HCl+MO2 (6.6D-12*EXP(-1240.0/TEMP)) 

RS12 ETH+Cl=HCl+0.991 ALD+XO2+HO2 (8.3D-11*EXP(-100.0/TEMP)) 

RS13 HC3+Cl=HCl+XO2+0.11 HO2+0.11 ALD 5.0D-11 

RS14 HC5+Cl=HCl+XO2+0.11 HO2+0.11 ALD 5.0D-11 

RS15 HC8+Cl=HCl+XO2+0.11 HO2+0.11 ALD 5.0D-11 

RS16 ETE+Cl=FMCl+2.0 XO2+HO2+HCHO 1.07D-10 

RS17 OLT+Cl=FMCl+ALD+2.0 XO2+HO2 2.5D-10 

RS18 

OLI+Cl=0.3 HCl+0.7 FMCl+ALD+0.3 OLT 

+ 0.1 HC3+0.1 HC5+0.1 HC8+1.7 

XO2+HO2 

3.5D-10 

RS19 
ISO+Cl=0.15HCl+XO2+HO2+0.85FMCl+I

SOP 
4.3D-10 

RS20 FMCl+HO=Cl+CO+H2O 5.0D-13 

RS21 HCHO+Cl=HCl+HO2+CO (8.2D-11*EXP(-34.0/TEMP)) 

RS22 ALD+Cl=HCl+ACO3 1.05D-10 

RS23 TOL+Cl=HCl+XO2+0.88 HO2 6.1D-11 

RS24 XYL+Cl=HCl+XO2+0.84 HO2 1.2D-10 

a TEMP is air temperature.  

b KRS10 =
K0[M]

(1+
K0[M]

K∞
)
 FZ. K0 = 1.8 × 10−31 (

T

300
)

−2.0
. K∞ = 1.0 ×  10−10 (

T

300
)

−1.0
.  F = 0.6.     

Z =
1.0

1.0+(log10(
K0[M]

K∞
))2.0

.  [M] is the atmospheric pressure in molecules cm-3. 
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Chapter 4. Source region identification and air mass history 

analysis for observation campaigns 

This study utilized several analysis methods, including wind observation, large scale 

synoptic analysis, back trajectory model and dispersion model, to identify the potential 

source region and history of the air mass that arrived at sampling sites during three 

observation campaigns.  

The observation campaigns have been conducted in winter of 2013 on the top of Mt. TMS 

in Hong Kong and in summer of 2014 in northern China (at Wangdu and Mt.Tai) to 

measure the concentrations of N2O5, ClNO2, NOy and other relevant species (Wang et al., 

2016b; Tham et al., 2016; Wang et al., 2017). The comprehensive analysis methods for 

identifying the source regions are firstly applied in the campaign in Hong Kong in 2013 

(section 4.1), and then the most advanced analysis method, the coupled model of 

meteorological and dispersion model, is applied in Wangdu campaign (section 4.2) and 

Mt. Tai campaign (section 4.3). A summary is given in section 4.4.  

4.1 Method development and application in TMS campaign 

During the measurement campaign at the top of Mt. TMS in Hong Kong (957 m a.s.l.), 

the concentrations of NOy showed distinct diurnal pattern, see Fig 4-1, in which the 

concentration increased after sunrise, reached the maximum in the afternoon, decreased 

around sunset, and maintained at low level during the nighttime, indicating the effect of 

diurnal evolution of the planetary boundary layer (PBL).  
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The day-to-day variation of NOy generally followed the average diurnal pattern, whereas 

the scale of NOy concentrations varied among the days in the campaign, as shown in Fig 

4-2, suggesting different origin and history of the air mass that arrived at the sampling site 

in these days. 

 To understand the air mass origins and history that affected the NOy, N2O5 and ClNO2 

concentrations during the campaign, comprehensive analysis method, using wind 

measurement data, synoptic figures, back trajectory model, and backward dispersion 

model, is proposed and applied in the data analysis of TMS campaign.  

Fig 4-1. The average diurnal variation of NOy concentration during the TMS observation 

campaign (Nov 15 to Dec 5, 2013) 
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Fig 4-2. The time series of NOy concentration measured in the TMS campaign in winter of 2013 

(adapted from Wang et al. 2016b) 

4.1.1 General analysis 

(1) Wind measurement 

During the campaign, wind measurement results showed that the air mass generally came 

from the direction of North (0◦) to East (90◦), and there were several cases in which the 

wind direction changed continuously (from East to North or from North to East) over time 

indicating the change of the synoptic pattern during such period (Fig 4-3). The wind speed 

at TMS mountaintop site was relatively large, with the largest value over 20 m/s. The 

wind rose map, as shown in Fig 4-4, also showed that the air mass primarily came from 

the North to East sector.  

The wind measurement data (wind speed, wind direction and wind rose map) were only 

able to point out the direction from which the air mass came, but they could not identify 

the source region nor the detail transport history of the air mass which was key 

information for the analysis of the atmospheric pollutants. But, the results of wind 
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observation can be used to validate other analysis methods, including the synoptic analysis, 

back trajectory, and backward dispersion model. 

 

Fig 4-3. The wind measurement results during TMS campaign 

 

Fig 4-4. Wind rose map during the TMS campaign at the observation site 
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(2) Large scale synoptic analysis 

Large scale synoptic graphs provided by some meteorological agencies, e.g., KMA, are 

of great help to analyze the background and large scale meteorological fields, especially 

the changes of the synoptic pattern, the locations of high- and low-pressure centers, the 

isobaric density at surface level and the level of the sampling site during an observation 

campaign.  

During the TMS field experiment, high-pressure centers located at southern China 

dominated the synoptic condition in the Pearl River Delta (PRD) at both surface level and 

920 hPa, resulting in strong prevailing wind in the northern to eastern direction in the 

PRD, as illustrated in Fig 4-5 (surface level) and Fig 4-6 (920 hPa level). The altitude of 

920 hPa level is adopted in this study because that this level is typically between 800 and 

900m, which is the closest level of synoptic graphs compared to the altitude of the TMS 

site (957m a.s.l.).  

However, it is noteworthy that the large scale background synoptic graphs are insufficient 

to determine the detailed meteorological condition in the PRD, due to the low temporal 

and spatial resolution of synoptic graphs and the complexity of air mass flow in this region. 

The air flow in HK-PRD region is subject to the combined effects of the general 

circulation pattern, topography, land-sea breeze, and mountain-valley wind. This 

insufficiency of synoptic graphs then calls for more detailed and sophisticated analysis 

tools. 
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Fig 4-5. Surface level synoptic graphs of East Asia at 00:00 on Nov 15, 20, 25, 30 and Dec 5, 10 

(UTC)  

(Obtained from KMA) 
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Fig 4-6. 920 hPa level synoptic graphs at 00:00 on Nov 15, 20, 25, 30 and Dec 5, 10 

(Obtained from KMA) 
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 (3) Trajectory model 

WRF model was adopted to simulate three-dimensional meteorological fields and the 

PBL heights in the southern China. The WRF model was run in four two-way nested 

domains, with a grid resolution of 27 Km, 9 Km, 3 Km and 1 Km, covering East Asia, 

southern China, PRD, and Hong Kong, respectively. Observational nudging technique 

was adopted to improve the meteorological simulations and meteorological measurement 

data at ~1000 stations were used in this study. Validation of meteorological simulations 

of the WRF was conducted with hourly surface observation data at ~400 stations obtained 

from China Meteorology Administration (CMA) and the Hong Kong Observatory (HKO). 

The mean bias, correlation coefficient, and root mean square error between observations 

and modeling results were computed for temperature (T), RH, latitudinal (U) and 

longitudinal (V) wind speeds (Table 4-1). The results show that WRF model satisfactorily 

simulated the atmospheric conditions during the campaign period.  

Table 4-1.  Statistics of validation results 

 T RH U V 

mean bias -0.80 3.54 0.17 -0.10 

correlation coefficient 0.96 0.89 0.64 0.65 

root mean square error 2.51 11.29 1.73 1.67 

Simulation results from WRF model illustrated that the PRD region primarily experienced 

northern to eastern wind at both surface level and 1000 m a.s.l. level during the campaign, 
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similar to the results in the synoptic analysis. The average simulation wind fields at 

surface level in PRD region are shown in Fig 4-7, which was generated using the wind 

field simulated in the WRF model at the same hour of each day (in total 20 days). 

Nonetheless, there were some cases during the campaign that the wind directions and/or 

wind speeds in PRD were rather different from the average winds. For example, the PRD 

region was dominated by southern winds in some extreme cases. In these extreme cases, 

the temperature, sunlight, and humidity were substantially different from those in average 

conditions, and this would then have vital impacts on atmospheric chemical processes in 

the PRD region.  
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Fig 4-7. Average wind fields in the PRD region at 00:00, 06:00, 12:00 and 18:00 (Local Time) 

With the hourly output from the WRF model, the HYSPLIT model was driven to run in 

trajectory mode for 12 hours backward in time with the releasing height at 50m above 

ground level. The simulation time (12 h) is selected based on the general lifetime of NOx. 

The trajectory simulation results are the three-dimensional locations of the center of the 

air mass at each hour in the past 12 h. The simulated trajectories of the air masses that 

reached TMS site during the whole campaign is shown in Fig 4-8. The source region 

identified by these trajectories were consistent with the wind measurement and the large 

scale synoptic graphs, i.e., the source region in the north to east directions, but the 
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trajectories provided more detailed information, such as the spatial range of the source 

region.  

 

Fig 4-8. Simulated trajectories during the TMS campaign. 

(4) Dispersion model  

The HYSPLIT model was driven by the hourly meteorological fields generated by the 

WRF model and was run 12 hours backward in time with 2500 particles released at 50m 

above ground level and at the location of the measurement site, i.e., the Mt. TMS site. The 
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hourly positions of these particles during the 12-hour period were then used to represent 

the history of air masses that reached the observation site during the campaign.  

The combination of the high resolution meteorological simulations and the adoption of 

particle dispersion mode of the HYSPLIT model is believed to be a better approach in 

understanding the wind flows and origin of the air masses than the use of regular wind 

measurements, synoptic analysis, and single trajectories with coarse wind data because 

the study region (HK-PRD) has complicated air flow due to the complex topography, 

including the land and oceans, mountains and flatlands, built-up urban region and forested 

areas. 

The dispersion results simulated by the WRF-HYSPLIT during the entire observation 

campaign indicated the significant influence from the north to east direction, see Fig 4-9, 

which is consistent with the wind measurement, synoptic analysis, and the trajectory 

simulation. Nevertheless, the dispersion results provided more detailed and quantified 

results, for instance, the particle number in each grid represented the influence of this grid 

on the observation at TMS site.  
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Fig 4-9. Simulated dispersion results for the TMS campaign 

The general analysis of the source region and air mass history with four different methods 

all indicated the considerable impact of the region in the north to east direction on the 

species measured at the TMS site. The dispersion model provided more sophisticated 

information than the routine wind measurement, synoptic analysis and the trajectory 

model.  



39 

 

4.1.2 Analysis of an extreme case 

During the TMS campaign, highest-ever-reported N2O5 and ClNO2 concentrations were 

measured in one night (Dec 3-4, 2013), in which the N2O5 and ClNO2 levels started to 

increase in the middle of the night, rather than increasing after sunrise as in the general 

conditions.  

Here the NOy is used as the proxy air pollutant for the analysis of the extreme case, as 

shown in Fig 4-10. A sudden increase of air pollutants was observed from 01:00 to 07:00 

local time (LT), indicating that there were abrupt changes in air masses that arrived at 

TMS. Besides, during this case, NOx concentration accounted for a significantly low 

portion of NOy, suggesting that the air masses that reached TMS were not freshly emitted 

but relatively aged (Wang et al., 2016b).  

Fig 4-10. Measurement data of NOy, wind direction and wind speed during the extreme case in 

the early morning on Dec 4, 2013. 
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Four analysis methods were adopted to study the air mass history for this extreme case, 

namely wind measurement, synoptic analysis, WRF model coupled with HYSPLIT 

trajectory model and WRF model coupled with HYSPLIT dispersion model. Wind 

direction only showed that the air mass came from the east before the extreme case, while 

the air masses came from the north during the extreme case, see Fig 4-10, while the wind 

speed observation showed a steady increase during the case.  

The synoptic pattern analysis, as shown in Fig 4-11, indicated that before the case, the 

HK-PRD region was dominated by a high-pressure center in the northeast, resulting in the 

easterly winds before the extreme case, while after the case, the HK-PRD region was then 

influenced by a high-pressure center in the north leading to the northerly winds. The 

synoptic analysis provided evidence on a larger scale than the wind measurements.  

Fig 4-11. The large scale synoptic graphs at 920 hPa level at 20:00 Dec 3 and 08:00 Dec 4, 2013 

(Local Time)  

 

 



41 

 

The results of WRF-HYSPLIT trajectory model showed that before the extreme case 

(00:00, Dec 4, 2013, LT), the air mass that arrived at TMS came from the eastern direction, 

which is mostly over the ocean, as shown in Fig 4-12. During the extreme case, 04:00 Dec 

4, 2013, the air mass also originated from the east, although the trajectory was shorter 

than that before the extreme case, meaning that the dispersion condition in the extreme 

case was more unfavorable as indicated in Fig 4-12. Besides, the trajectory was closer to 

the polluted PRD region compared to the air mass before the case. However, such minor 

difference in the air mass history could not fully explain the significant difference between 

the measured concentrations of N2O5 and ClNO2 before and during the extreme case. It is 

noteworthy that the trajectory mode of HYSPLIT model only calculates the most probable 

pathway of the air mass, with one single point representing the whole air mass.  

 

Fig 4-12. Trajectory simulation results by the WRF-HYSPLIT model for the extreme case 

measured on Dec 4, 2013 at TMS.  
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WRF model coupled with HYSPLIT dispersion model was then adopted to further 

analyze the extreme case. The backward dispersion simulation results, representing the 

history of air masses, indicated that the origin of the air masses that arrived at TMS were 

different before and during this extreme case.  

The air masses that reached at TMS at 00:00 Dec 4, 2013, came from the east of TMS, 

where the sea locates (with limited NOx and chloride emission), as shown in Fig 4-13. 

Nevertheless, a branch of the air masses that reached at TMS at 04:00 Dec 4, 2013 was 

originated from the north of TMS (the PRD region), where high NOx emission region 

locates, as in Fig 4-13.   

It is not common to see two branches of the air masses that merge to form one air mass 

under general weather conditions, but during the abrupt synoptic changes, e.g., under 

typhoon weather or sudden synoptic changes, such phenomena are possible. As in this 

case, the WRF simulation results, see Fig 4-14, showed that the air flow from two different 

directions moved towards HK (TMS).  

The dispersion mode, distinguished from the trajectory mode, provides all the possible 

moving pathways of the air mass, therefore it is more suitable than the trajectory mode 

for the use in such abnormal case. Part of the results in this section (Chapter 4.1) has been 

published in (Wang et al., 2016b).  
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Fig 4-13. Backward dispersion simulation results of the WRF-HYSPLIT model for the extreme 

case measured on Dec 4, 2013 at TMS.  
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Fig 4-14. Wind field in Hong Kong at 03:00 Dec 4, 2013 (LT)  

Highest-ever-reported N2O5 (7.7 ppbv) and ClNO2 (4.7 ppbv) concentrations were 

observed at TMS site, which potentially had significant impacts on the atmospheric 

chemistry in the downwind area of TMS. During the whole campaign, this case was an 

extreme case, because that air pollutants concentrations were at the highest level and that 

the frequency of cases with similar transportation pattern was substantially low. Under 

general conditions, the air masses from high NOx emission region (PRD) were transported 

by northern and north-eastern winds towards the South China Sea and the south-western 

part of PRD, both of which contains a high concentration of chloride. Hence, elevated 

ClNO2 probably could have considerable impacts on the atmospheric chemistry in the 

South China Sea and the south-western part of PRD. It is then interesting to conduct 

modeling study in those areas. A widely used chemical transport model, WRF-Chem, was 

further developed to incorporate the up-to-date heterogeneous N2O5 and ClNO2 processes 
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in this study. The updated WRF-Chem model was applied in southern China (focusing on 

the HK-PRD region) to estimate the abundance of N2O5 and ClNO2 and their impacts on 

the secondary pollution in this region. Please refer to the Chapter 5 for details.  

4.2 Application in Wangdu campaign 

The concentrations of N2O5, ClNO2, other relevant chemical species, e.g., O3, NO, NO2, 

NOy, and meteorological parameters (RH, and air temperature) were measured during the 

Wangdu campaign from Jun 21 to Jul 9, 2014. The time series of the observation are 

shown in Fig 4-15. The observed RH, temperature, N2O5, ClNO2 and other trace gases 

showed distinct variation among different days suggesting the different origin and history 

of the air masses that arrived at the Wangdu site.  

 

Fig 4-15. The observed N2O5, ClNO2, relevant chemical species and meteorological parameters 

in the Wangdu campaign (obtained from Tham et al., 2016) 
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According to the results and analysis in TMS campaign (Chapter 4.1), only the WRF 

coupled with HYSPLIT particle dispersion model is sophisticated enough to characterize 

the movement of air mass during an intensive campaign in a complex terrain. Therefore, 

in the following investigation of the air mass history for the Wangdu campaign, only the 

WRF-HYSPLIT dispersion model will be adopted.  

Four nested domains were adopted for WRF simulations, covering China, northern China, 

the North China Plain (NCP), and the surrounding area of the Wangdu site, with a grid 

size of 27, 9, 3 and 1 Km, respectively. Other settings were the same as those described 

in Chapter 4.1. The simulation results of WRF were validated by hourly surface 

observation data obtained from CMA, including the temperature, RH, wind direction (WD) 

and wind speed (WS). WRF simulations generally reproduced the meteorology conditions 

in the NCP during the campaign (refer to Table 4-2). 

 Table 4-2. Validation of meteorological simulations by WRF. 

 
T 

 (oC) 

RH  

(%) 

 WD  

(o) 

WS  

(m/s) 

Observation Average 24.00 74.31 161.03 1.75 

Simulation Average 23.03 78.03 162.76 2.15 

mean bias -0.96 3.72 1.72 0.39 

root mean square error 2.70 10.67 122.26 1.54 
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Driven by the hourly output from WRF model, HYSPLIT model was run in the dispersion 

mode for 12 hours backward in time, where 2500 particles were released at the sampling 

site and the hourly positions of these particles were tracked during this period and used as 

the history of the air mass.  

4.2.1 Air mass history in the horizontal domain 

Fig 4-16 shows the 12-h backward particle dispersion results at 08:00 (LT) during Jun 21 

– Jul 9, 2014. The backward dispersion results at other time of the day showed comparable 

results. The daily variation of the measured air pollutants at the Wangdu site was closely 

related to the origins and the history of the air mass that arrived at the site.  

The study period could be meteorologically separated into three parts. The first part, Jun 

21-23, air masses came from megacities of Beijing and Tianjin (passing over Baoding) in 

the northeast. The highest ClNO2 level was observed in this period. The second part began 

on Jun 24 and ended on Jul 7 with large majority of air masses originating from the 

southern sector and passing over a portion of urban areas of Shijiazhuang. The ClNO2 

mixing ratios were in the range of tens of pptv to 1.2 ppbv. The last part was Jul 8-9 with 

air masses mostly from the less developed mountainous areas in the northwest sector, and 

the ClNO2 concentrations were at low level. The entire field campaign was therefore 

dominated by air masses from southern regions, which is the typical summertime 

condition in the NCP.  
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Fig 4-16. The 12h backward particle simulation results at 08:00 (LT) on each day during the 

Wangdu campaign.  

(Blue triangle represents WangDu site. Yellow crosses are the power stations in this region.   

Red dots represent the particles, and particles with longer history have lighter color) 

  

  

  

 



49 

 

Fig 4-16. Continued. 
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Fig 4-16. Continued. 
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4.2.2 Air mass history in vertical domain 

The observation of ClNO2 at Wangdu site showed an abnormal diurnal pattern that the 

ClNO2 concentration continued to increase after sunrise, as shown in Fig 4-15, which is 

distinguished from most of the observed results in the previous literature. The chemical 

data pointed to the entrainment of ClNO2-rich air in the residual layer into the surface 

after the sunrise as the cause of the ClNO2 morning peaks (Tham et al., 2016).  

Here the WRF-HYSPLIT model was used for investigating whether the Wangdu site was 

influenced by the entrainment process in the morning. Fig 4-17 shows the fractions of the 

air arriving at the measurements site from various altitudes at different time of day based 

on the simulations of WRF-HYSPLIT. Vertical mixing was limited before sunrise 

(~04:00) so most of the air masses were confined to ground level (< 200 m above ground 

level, a.g.l.). Shortly after sunrise (~05:00), contributions of air masses from the higher 

levels began to increase due to the breakdown of the nocturnal boundary layer (NBL). As 

time advanced, a larger fraction of higher level air masses impacted the surface site. 

Chemical data is consistent with the meteorological analysis. Together with high O3 

(produced in the preceding daytime) and aerosol loadings, significant production of 

ClNO2 above the NBL is expected and indeed has been observed in previous field studies 

(Wagner et al., 2013; Young et al., 2012; Riedel et al., 2013; Wang et al., 2016b). Part of 

the results in this Chapter (4.2) has been published in Tham et al. (2016). 
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Fig 4-17. Fractions of air masses arriving at the measurement site at the different time of the day 

(average condition). It is noted that these fractions were derived from the 1 h backward-in-time 

HYSPLIT simulation results. Red arrows show the decreased contribution of the lower layer 

(<200m) and increased contribution from upper layer (>200m) air masses shortly after sunrise. 

High ClNO2 concentrations were observed at Wangdu site, which was suggested to have 

significant impacts on the oxidative capacity in the daytime. The sustained ClNO2 peak 

in the morning was frequently measured during the campaign indicating the intensive 

production of ClNO2 in the residual layer. It is difficult to confirm whether such 

phenomena can happen in other areas, which calls for the investigation using chemical 

transport model incorporated with detailed N2O5 and ClNO2 chemistry. Besides, the 

observation of N2O5 and ClNO2 at Wangdu site, a site located in northern China, together 

with the measurement of N2O5 and ClNO2 at TMS site, a site in southern China, suggest 

that the production of ClNO2 through the heterogeneous uptake of N2O5 is a universal 

phenomenon in China, and it is of interest to conduct chemical transport model simulation 

for whole China to investigate the possibility of such chemical process and the potential 

impact on atmospheric chemistry. The reader is referred to the Chapter 6 for details.  
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4.3 Application in Mt. Tai campaign 

In the Mt. Tai campaign, N2O5, ClNO2, O3, NOx, NOy, PM2.5, RH, and temperature were 

observed at the top of Mt.Tai in the NCP, and the measurement results are given in Fig 4-

18. The time series of ClNO2 showed several sharp peaks in some of nights during the 

campaign and lower but noticeable levels in the other nights, indicating different source 

regions and air mass history that influenced the measurement site.  

 

Fig 4-18. The measured N2O5, ClNO2, relevant species and meteorological parameters in the 

Mt.Tai campaign (obtained from Wang et al., 2017) 
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WRF model was utilized to provide the meteorological fields in this study. Four domains, 

covering China, northern China, the North China Plain, and Mount Tai and its adjacent 

area, were used for the WRF model, with the grid resolution being 27, 9, 3 and 1 Km, 

respectively. The high spatial resolution was adopted to represent the complex terrain in 

this mountainous region.  

During the Mt. Tai campaign, the air pollutants captured at the site mostly originated from 

the south direction, and in a few days the air mass came from the northeast, as illustrated 

in the 12 h backward WRF-HYSPLIT dispersion model results at 08:00 (LT) on each day 

during the campaign (Jul 21 – Aug 21, 2014) in Fig 4-19. The backward dispersion results 

at other time of the day showed similar results. In the cases when the air mass came from 

the northeast direction or when the dispersion condition was unfavorable (e.g. on August 

9), the levels of ClNO2 generally showed higher levels than the cases when the air mass 

originated from the south direction, probably because that large point source of NOx and 

chloride existed in the northeast direction and near the Mt.Tai, and the ClNO2 was 

accumulated under unfavorable dispersion condition. Part of the results have been 

published in Wang et al. (2017) which focused on the ClNO2 observation results in Mt.Tai 

campaign and in Yang et al. (2017) which investigated the OVOC measurement results 

in Mt. Tai campaign. 



55 

 

  
Fig 4-19. The 12h backward particle simulation results at 08:00 (LT) on each day during the 

Mt.Tai campaign. (Blue triangle represents Mt.Tai site. Yellow dots represent the particles, and 

particles with longer history have lighter color).   
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Fig 4-19. Continued. 
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Fig 4-19. Continued. 
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4.4 Summary 

This study used wind measurement, synoptic figure analysis, trajectory model coupled 

with WRF model, and dispersion model with WRF model to analyze the air mass 

movement and the potential source region for three observation campaigns of N2O5 and 

ClNO2 in China. 

The comprehensive analysis method was applied in the TMS campaign in winter of 2013. 

The wind measurement indicated that the air masses mostly came from the northeast. The 

synoptic analysis suggested that a high-pressure center located in southern China 

dominated the synoptic condition in the PRD, resulting in northern to eastern wind. Both 

the trajectory and dispersion mode of HYSPLIT driven by WRF showed that the regions 

that had considerable influence on the measurement site located in the northeast. The 

trajectory mode demonstrated the average movement of the air mass that arrived at the 

measurement site, while the dispersion mode provided more details of the air mass history. 

An extreme case was detected in the night of Dec 3-4, 2013, in which the pollutants 

abruptly increased in midnight. Wind observation showed that the air mass came from the 

east, where sea locates, before the case and from the north, where high NOx emission 

region (PRD) locates, during the case, but the wind measurement only provided the 

information at a local scale. The synoptic analysis showed that the location of the high-

pressure center was different before and during the case resulting in the eastern wind 

before the case and northern to north-eastern after the case, but the synoptic figure only 

showed the general changes at a large scale. The WRF with HYSPLIT trajectory model 
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showed that the air mass came from the east before the case and turned slightly to the 

north during the case, which could not fully explain the changes of the air pollutants 

measured at the site. The WRF with HYSPLIT dispersion model results indicated that the 

air masses came from the east of TMS (ocean) before the case, while a branch of the air 

masses was originated from the north of TMS (polluted PRD), which explained the 

sudden changes of the air pollutants measured at the site.  

The WRF-HYSPLIT dispersion model was employed for the Wangdu and Mt. Tai 

campaigns in summer of 2014. The analysis for Wangdu campaign suggested that the air 

mass history was closely related to the variation of the observed ClNO2. The WRF-

HYSPLIT also helped the interpretation of the sustained peak of ClNO2 in the morning at 

Wangdu. The results of WRF-HYSPLIT revealed that during the nighttime, the air masses 

that affected the site mostly originated from the surface level due to the ‘cap’ effect of the 

NBL, but in the early morning, with the breakdown of NBL, the contribution of the air in 

the residual layer to the ground-based measurement significantly increased, bringing the 

ClNO2-laden air into the surface and supported the sustained peak of ClNO2. The WRF-

HYSPLIT model also helped the analysis of the ClNO2 measured at Mt. Tai. The air from 

the northeast of Mt. Tai generally resulted in higher ClNO2 probably due to the large point 

sources (e.g., power plants and industry) in that direction, while the air mass from the 

south led to lower ClNO2 for less intensive emission of NOx and chloride in that area.  

Part of the results for the TMS campaign have been published in Wang et al. (2016b), and 

those for the Wangdu campaign have been published in Tham et al. (2016), and those for 

the Mt.Tai campaign have been published in Wang et al. (2017) and Yang et al. (2017).  
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Chapter 5. Validation and application of WRF-Chem model for 

the simulation of N2O5 and ClNO2 chemistry in winter season in 

southern China   

This study implemented the latest version of a widely-used aerosol thermodynamics 

model, ISORROPIA II (Fountoukis and Nenes, 2007) into the MADE/VBS aerosol model. 

ISORROPIA II has the ability to simulate the equilibrium between hydrogen chloride 

(HCl) and chloride which is critical for the simulation of N2O5 heterogeneous uptake and 

Cl activation. However, this capacity is not considered in the current MADE/VBS model 

in WRF-Chem (Grell et al., 2005; Ahmadov et al., 2012). Up-to-date parameterization 

for N2O5 uptake and ClNO2 production (Bertram and Thornton, 2009) and chlorine 

chemistry (Sarwar et al., 2012) were also incorporated into WRF-Chem. The revised 

WRF-Chem was applied in southern China.  

The model setup is shown in Section 5.1. Performance of the WRF-Chem model in the 

simulation of several air pollutants is evaluated in Section 5.2. In Section 5.3, the updated 

WRF-Chem is validated with the N2O5 and ClNO2 measured in TMS campagin. The 

simulated spatial distribution of N2O5 and ClNO2 in southern China is shown in Section 

5.4. The impacts of N2O5 uptake and Cl activation on NOx, total nitrate and O3 are 

evaluated in Section 5.5, and the impacts on NOy partitioning in Section 5.6. The 

sensitivity of the ClNO2 concentration to chlorine emissions is estimated in Section 5.7. 

A summary is given in Section 5.8.  
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5.1 Model setup   

5.1.1 Data used in model simulation 

N2O5 and ClNO2 concentrations were measured at TMS in Hong Kong with a chemical 

ionization mass spectrometer between Nov 15 and Dec 5, 2013 (Wang et al., 2016b). The 

measurements were made on a mountain top in the south-eastern PRD at an altitude of 

957m. Other major air pollutants, including PM2.5, NO2, and O3, were also measured at 

the TMS site and 11 general (non-roadside) monitoring stations of the Hong Kong 

Environmental Protection Department (HKEPD; available at 

http://epic.epd.gov.hk/EPICDI/air/station/). Hourly measurement data were used to 

validate the performance of the WRF-Chem simulations.  

Four sets of anthropogenic emission inventories covering different areas were adopted in 

this study. For mainland China, the Multi-resolution Emission Inventory for China (MEIC; 

available at http://meicmodel.org) was used, which was developed by Tsinghua 

University for the year 2010. For the PRD, the anthropogenic emission inventory (EI) 

developed by the South China University of Technology was applied. The anthropogenic 

EI developed by HKEPD was used over Hong Kong. INTEX-B EI(Zhang et al., 2009) 

was adopted for other Asian regions. For natural emissions, the parameterization of  

biogenic emission proposed by (Guenther et al., 1994), the parameterization of dust 

emission proposed by (Shaw et al., 2008) and the parameterization of sea salt emission 

proposed by (Gong, 2003) were adopted in this study.  

http://epic.epd.gov.hk/EPICDI/air/station/
http://meicmodel.org/
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Chlorine emissions are not included in most EIs, but they are critical for the simulation of 

N2O5 uptake and Cl activation. In this study, the Reactive Chlorine Emission Inventory 

(RCEI, Keene et al., 1999), with a resolution of 1ox1o
, was adopted to provide chlorine 

emissions, including emissions from biomass burning and anthropogenic activities (e.g., 

coal combustion). Global chlorine emissions from biomass burning and anthropogenic 

activities are estimated to be ~6.3 Tg Cl yr-1 and ~6.6 Tg Cl yr-1, respectively. The RCEI 

inventory is the only available chlorine EI that currently covers China, and it is subject to 

some, probably large, uncertainties for representing Cl emissions in the HK-PRD region 

due to its low spatial resolution and the fact that it was compiled for the year 1990. Coal 

consumption and SO2 emissions from coal-fired power plants in China increased by 479% 

and 56% from 1990 to 2010, respectively (Liu et al., 2015). Therefore, it is expected that 

chlorine emissions from coal combustion, which form a large proportion of anthropogenic 

chlorine (Keene et al., 1999), also increased significantly over that period. Two sensitivity 

simulations were conducted by adjusting the chlorine emissions to test the dependence of 

ClNO2 on the varied chlorine emissions; the results are shown in Section 3.5.  

Three-hourly meteorological measurements, including atmospheric pressure, temperature, 

RH, wind direction and wind speed, at ~2500 surface meteorological stations and twelve-

hourly data at ~250 sounding stations, were obtained from the CMA and HKO and were 

adopted in Four-Dimensional Data Assimilation to improve the model performance of the 

meteorological fields using observational nudging techniques (Zhang et al., 2016). The 

FNL Operational Global Analysis dataset provided by the NCEP (available at 

http://rda.ucar.edu/datasets/ds083.2/) was used for analysis nudging. Observational and 

http://rda.ucar.edu/datasets/ds083.2/
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analytical nudging techniques have been shown to improve the performance of 

meteorological simulation in both northern China (Zhang et al., 2015) and southern China 

(Zhang et al., 2016). Hourly datasets from ~500 surface meteorological stations obtained 

from the CMA were used to validate the meteorological simulations.  

5.1.2 Setup of simulation cases 

The model configurations of WRF-Chem used in this study are shown in Table 5-1. We 

used the Noah model to simulate the land surface process, the YSU module to simulate 

the PBL processes, the Purdue Lin scheme to predict the microphysics, the Grell 3-D 

ensemble module to simulate cumulus, the RRTMG model to predict shortwave and 

longwave radiation and the RACM_ESRL, MADE/VBS and Madronich modules to 

simulate gas-phase chemistry, aerosol processes, and photolysis.  

Model simulations were conducted in four domains covering East Asia, southern China, 

the PRD and Hong Kong, with spatial resolutions of 27, 9, 3, and 1 Km, respectively (see 

Fig 5-1a). High grid resolutions were adopted in this study to capture the extremely 

inhomogeneous terrain, with land and sea, mountain and plain, urban and forested areas, 

as shown in the terrain map of domain 2 (southern China) in Fig 5-1b. The red dotted line 

in Fig 5-1b represents the vertical cross-section domain that intercepts the most polluted 

part of the PRD and follows the prevailing (northeast) wind direction. The vertical domain 

is used to illustrate the vertical distribution of the N2O5 and ClNO2 concentrations and the 

impacts of N2O5 uptake processes in southern China. Thirty vertical model layers were 

adopted, of which eight layers are below 1000m (approximately the height of PBL at noon) 

to provide more detailed information within the PBL.  
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Fig 5-1. (a) Domain settings of WRF-chem simulations, and (b) the terrain in domain 2 

(southern China). The red dotted line represents the vertical domain that intercepts the most 

polluted PRD region along the prevailing wind direction (northeast). TMS is the location of the 

site where N2O5 and ClNO2 were measured. HK and PRD are the general locations of Hong 

Kong and Pearl River Delta region. 

Table 5-1. Model configuration 

WRF-Chem modules Parameterization options Reference 

Land surface Noah Land Surface Model (Chen and Dudhia, 2001) 

PBL scheme YSU (Hong et al., 2006)  

Microphysics Purdue Lin Scheme (Lin et al., 1983) 

Cumulus Grell 3-D ensemble (Grell and Dévényi, 2002) 

Shortwave and 

longwave radiation 
RRTMG (Iacono et al., 2008) 

Gas chemistry RACM_ESRL 
Updated version based on 

(Stockwell et al., 1997)  

Aerosol MADE/VBS (Ahmadov et al., 2012) 

Photolysis Madronich (Madronich, 1987) 

Three simulation cases, shown in Table 5-2, were conducted from Nov 15 to Dec 5, 2013, 

during which ClNO2 and N2O5 levels were measured at the TMS site. All simulations 

used ISORROPIA II as the aerosol thermodynamics module. Note that the Base case did 
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not include N2O5 heterogeneous uptake (or ClNO2 chemistry). The HET+Cl case included 

the complete N2O5 uptake and Cl activation processes, i.e., N2O5 loss on aerosol, ClNO2 

production and gaseous chlorine reactions. Differences in chemical concentrations 

between the Base and HET+Cl cases, i.e., HET+Cl-Base, represent the impacts of N2O5 

uptake and Cl activation. To estimate the relative contribution of N2O5 uptake versus Cl 

activation to O3 and NOy partitioning, the HET case was also conducted, which included 

N2O5 uptake but not ClNO2 production (i.e., ClNO2 yield, ϕ, was set to 0) and therefore 

producing the only nitrate from N2O5 uptake. The changes from the Base case to the HET 

case (HET-Base) represent the impacts of N2O5 heterogeneous uptake, whereas the 

changes from the HET case to the HET+Cl case (HET+Cl-HET), represent the impacts 

of Cl activation.  

Table 5-2. Simulation cases 

Cases Aerosol thermodynamics N2O5 and ClNO2 chemistry 

Base ISORROPIA II None 

HET ISORROPIA II N2O5 heterogeneous uptake, no ClNO2 production 

HET+Cl ISORROPIA II 
N2O5 heterogeneous uptake, ClNO2 production, and 

gas phase Cl reactions 

5.2 Model performance of WRF-Chem without N2O5 uptake process 

 The meteorological simulation determines the simulations of the transport of the air 

pollutants and therefore is crucial to the simulations of the spatial distributions of the 

atmospheric chemical species and their impacts. The performance of the meteorological 

module during the study period has been validated in Chapter 4.1, which showed that 

atmospheric flow and other meteorological parameters were satisfactorily simulated.  
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The chemical simulation results of WRF-Chem without N2O5 heterogeneous uptake and 

Cl activation, i.e., the Base case, were validated against hourly observations of several 

major air pollutants measured at 11 HKEPD stations and the TMS site. PM2.5, NO2, and 

O3 were selected as the validation species because they act as the reaction surface (PM2.5) 

or precursors (NO2 and O3) for N2O5 and ClNO2 production. As shown in Table 5-3, the 

validation results for HKEPD stations indicate that Base case simulated the major air 

pollutants reasonably well in this region but overestimated PM2.5, slightly underestimated 

NO2 and underestimated O3. The Base case also generally reproduced the observed 

temporal variations of PM2.5, NO2, and O3 at the HKEPD stations and the TMS site (Fig 

5-2 a, b, c), and simulated the level of aerosol surface area density and particulate nitrate 

at TMS (Fig 5-2 d, e). It should be noted that the technique for measuring NO2 by the 

HKEPD, which is similar to that used in the regular air monitoring networks in North 

America and Europe, employs catalytic conversion which over-measures NO2 (Xu et al., 

2013). In addition, the observation was made at the highest point of HK, and the 

meteorological conditions in this area were very complex. Our WRF-Chem simulation 

already adopted the observational nudging techniques to improve the meteorological 

simulation, but it is still a very challenging task to fully predict the complicated air flow 

and the air pollutant concentrations. 

The discrepancy between the simulated and observed major air pollutants in this area is 

expected to affect the simulations of N2O5 and ClNO2, which will be discussed in Section 

5.2.1. The model performance of major air pollutants of the Base case is within the 
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acceptable range and is similar to the previous applications of WRF-Chem (e.g. Zhang et 

al., 2016; Zhang et al., 2015; Li et al., 2011b).   

Table 5-3. Comparison of chemical simulation with observation for Base case and HET+Cl case 

 Base HET+Cl 

 
PM2.5 

(µg m-3) 

NO2 

(ppb) 

O3 

(ppb) 

1-h daily 

maximum O3 

(ppb) 

PM2.5 

(µg m-3) 

NO2 

(ppb) 

O3 

(ppb) 

1-h daily 

maximum 

O3 (ppb) 

Observation 

Average 
37.43 33.67 28.29 50.98 37.43 33.67 28.29 50.98 

Simulation 

Average 
48.08 28.81 15.06 34.04 49.63 26.48 17.30 38.34 

Normalized 

Mean Bias 
28.5% -14.4% -46.8% -33.2% 32.6% -21.4% -38.8% -24.8% 

Fac2a 0.69 0.71 0.46 0.86 0.69 0.70 0.50 0.92 

a: Fac2 is defined as the fraction of the simulations that are within a factor of two of the 

observations.  

The simulated fine chloride concentrations in the Base case were compared with 

observations from several campaigns, as shown in Table 5-4. Tan et al. (2009) reported 

average concentrations of 1.19 µg m-3 and 8.37 µg m-3 at an urban site in Guangzhou (GZ) 

in the PRD on normal days and hazy days in winter, respectively; in comparison, the Base 

case simulated an average level of 2.51 µg m-3 at that location. Tao et al. (2014) reported 

an average level of 3.30 µg m-3 in winter at the station of South China Institute of 

Environmental Science (SCIES) in Guangzhou; Base case predicted 2.13 µg m-3 at this 

location. At the Tung Chung (TC) site in Hong Kong, where an average level of 1.10 µg 

m-3 of chloride in PM2.5 was previously measured in late autumn and early winter, while 

the Base case simulated 0.32 µg m-3. At the TMS site, an average level 0.37 µg m-3 of 
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chloride was observed during the campaign (which was also the simulation period of this 

study), while the Base case predicted 0.14 µg m-3. The simulated chloride in the Base case 

was in order with observations over the PRD, but it still underpredicted the observed 

chloride level due to the expected underestimates of chlorine sources in the EI applied. 

 

Fig 5-2. Hourly observed and simulated (Base case and HET+Cl case) (a) PM2.5, (b) NO2, and 

(c) O3 concentrations during the entire simulation period at the monitoring stations and at TMS, 

and (d) surface area density and (e) nitrate concentration at TMS.  
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Fig 5-2. Continued. 

 

Table 5-4. Comparison of measured and simulated (Base) chloride 

Location Period Measurement (µg m-3) Simulation (µg m-3) 

GZ 2007/12/31 to 2008/1/12 normal day 1.19 a 2.51 

GZ 2007/12/31 to 2008/1/12 haze day 8.37 a 2.51 

SCIES, GZ 2009-2010 winter 3.30 b 2.13 

TC, HK 2011/10/25 to 2011/12/7 1.10 c 0.32 

TMS, HK 2013/11/15 to 2013/12/5 0.37 d 0.14 

a: Tan et al., 2009; b: Tao et al., 2014; c: unpublished data; d: Wang et al., 2016. 
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The simulated ratio of aerosol surface area to volume ranged between 0.5*107 m-1 and 

2.5*107 m-1 (Fig 5-3), which is comparable to the value (2.67*107 m-1) used in the 

parameterization of N2O5 uptake coefficient on aerosol proposed by (Bertram and 

Thornton, 2009). 

 

Fig 5-3. Average simulated ratio of surface area to volume (m-1) for the particles within the PBL 

Overall, the validations of the meteorological and chemical simulations suggest that the 

model is capable of capturing the general characteristics of airflow and key atmospheric 

chemical processes and hence can provide a basis for further simulation of the 

distributions of the N2O5 and ClNO2 concentrations, and the impacts of N2O5 uptake and 

Cl activation on NOy partitioning and O3 production.  
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5.3 Validation of the updated WRF-Chem model with N2O5 and ClNO2 

observation 

The average observed and simulated (HET+Cl case) concentrations of N2O5 and ClNO2 

were calculated for each night, as shown in Fig 5-4. The mean observed N2O5 

concentrations for each night varied from 0.02 to 0.74 ppb during the study period. As to 

the simulation results, the average simulated N2O5 values from the HET+Cl case were 

between 0.02 and 0.35 ppb. Compared to the observations, the simulation in the HET+Cl 

case reproduced the order of N2O5 concentrations but underestimated them within a factor 

of three. Differences between the HET case and HET+Cl case in the simulated N2O5 were 

unnoticeable. The simulated and observed hourly concentrations of N2O5 are shown in 

Fig 5-5, indicating that the HET and HET+Cl case generally captured the temporal 

variations of N2O5.  

For ClNO2, the average observed concentrations varied from 0.01 to 0.39 ppb. And the 

simulated mean values for each night during the campaign varied between 0.05 and 0.42 

ppb. The simulation in HET+Cl case reproduced the magnitude of order of ClNO2 

concentrations with an overestimate mostly within a factor of four. The simulated and 

observed hourly values of ClNO2 are demonstrated in Fig 5-5, which showed that revised 

WRF-Chem model generally captured the temporal variations of ClNO2 during the 

campaign.  
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Fig 5-4. Comparison of simulated and observed average (a) N2O5 and (b) ClNO2 concentrations 

at each night at TMS site. Error bars represent the standard deviation. 

 

Fig 5-5. Hourly concentrations of observed and simulated (a) N2O5 and (b) ClNO2 

concentrations at TMS site.  
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The underpredicted N2O5 and overpredicted ClNO2 values in the HET+Cl case point to 

the underestimation of the sources, the overestimation of the sink of N2O5 and the 

overestimation of the production of ClNO2. As shown in section 5.1, the simulated NO2 

and O3 levels in the HK-PRD region are lower than the observations, which results in 

lower production of N2O5; the simulated PM2.5 concentrations are higher than the 

observed values which would lead to an overestimate of N2O5 heterogeneous loss. The 

observation-derived N2O5 uptake coefficients at the TMS site (Brown et al., 2016)  varied 

from 0.004 to 0.029 with an average value of 0.014, whilst the simulated uptake 

coefficients ranged from 0.008 to 0.031 with an average of 0.019, which suggests that the 

HET+Cl simulation generally overestimates N2O5 uptake coefficients, which causes 

further overestimation of the loss of N2O5. The reactive uptake coefficient could be 

overestimated because the parameterization used in this study does not consider the 

inhibition of organic coating to the uptake coefficient (Bertram and Thornton, 2009). The 

overestimated loss of N2O5 on aerosol inherently overestimated the production of ClNO2. 

The parameterizations used in this study are likely to overestimate the ClNO2 yield (Kim 

et al., 2014; Ryder et al., 2015), which would further overestimate the production of 

ClNO2. In addition, the overpredicted ClNO2 could also be due to the ignorance of 

possible ClNO2 sinks (Roberts et al., 2008).  

Discrepancies between the measured and simulated N2O5 and ClNO2 levels have also 

been reported in previous model studies. Lowe et al. (2015) used the same 

parameterizations for N2O5 uptake as in this study and showed slightly higher average 

simulated N2O5 values along two flight tracks but a factor of 1-2 lower simulated N2O5 in 
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another flight. They noted that the underestimated N2O5 could be attributed to 

inaccuracies in the meteorological simulation. Sarwar et al. (2012) used the 

parameterization for N2O5 uptake proposed by (Davis et al., 2008) and by (Bertram and 

Thornton, 2009) and yielded a slightly higher simulated peak value of ClNO2 than the 

observed value in field studies conducted at different times from the model simulations. 

The authors attributed the overestimate of ClNO2 to the overestimated N2O5 uptake in the 

parameterizations. Sarwar et al. (2014) predicted lower peak values of ClNO2 than the 

observations and suggested that the underestimated ClNO2 could be attributed to a 

relatively low model resolution (108 Km).  

5.4 Simulation of N2O5 and ClNO2 in southern China with validated 

WRF-Chem 

5.4.1 Spatial distribution of average simulated N2O5 and ClNO2  

Fig 5-6 a and c show the average mixing ratios of N2O5 and ClNO2 during the nighttime 

(18:00-07:00, LT) within the lowest 1000 m (the approximate height of the PBL at noon) 

in southern China in the HET+Cl case. Elevated levels of N2O5 (>0.10 ppb) and ClNO2 

(>0.25 ppb) were predicted in the areas downwind of the PRD, as a result of the transport 

of pollutant enriched air masses towards the southwest of the PRD by the prevailing north-

easterly winds. The areas with the highest simulated N2O5 and ClNO2 values did not cover 

the TMS site at which the highest ever reported N2O5 and ClNO2 values were observed 

(Brown et al., 2016; Wang et al., 2016), which supports the speculation that the locations 

downwind of the PRD under the dominant north-easterly winds may frequently have 
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higher levels of ClNO2. The simulated yield of ClNO2 during the nighttime ranged from 

0.1 to 0.7 within PBL (Fig 5-7), which is consistent with previous observation study (0.1 

to 0.65) (Osthoff et al., 2008) and modelling study (0.0 to 0.9) (Sarwar et al., 2012).  

 

Fig 5-6. Horizontal distributions of (a) N2O5 and (c) ClNO2 average mixing ratios (ppb) during 

nighttime (18:00-07:00 LT) within the PBL from HET+Cl case; vertical distributions of (b) 

N2O5 and (d) ClNO2 average mixing ratios (ppb) during nighttime (18:00-07:00 LT) in the 

domain intercepting PRD and along the prevailing wind direction from HET+Cl case. Red 

arrows represent the prevailing wind direction. The black shades in vertical plots represent 

terrain features. 
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Fig 5-7. The average simulated yield of ClNO2 within the PBL during the simulation period. 

The vertical distributions of N2O5 and ClNO2 in the vertical domain are shown in Fig 5-6 

b and d. Elevated levels of N2O5 (> 0.10 ppb) were predicted up to around 1000 m a.g.l., 

with the highest N2O5 level (>0.25 ppb) mostly between 400-800m a.g.l., probably due to 

the reactions of NO3 with NO and VOCs in the lowest several hundred meters over the 

urban area, as shown in Fig 5-8.  Elevated levels of ClNO2 (>0.25 ppb) were simulated 

up to 1000 m a.g.l., with the highest ClNO2 values (>1.00 ppb) mostly concentrated within 

the near-surface layer of 0-200 m a.g.l. The vertical distribution of ClNO2 was consistent 

with the vertical profile of chloride, as shown in Fig 5-9. The simulated vertical 

distribution of N2O5 and ClNO2 are similar to those from previous observation and 

modelling studies. Stutz et al. (2004) calculated the steady-state N2O5 concentrations 

based on the measured vertical profile of NO2 and NO3 and found elevated values (up to 

300 ppt) aloft (~110m). Brown et al. (2007a) measured N2O5 vertical profile within the 

nocturnal boundary layer (<300 m) on a tower in Boulder, U.S. and found the peak value 

(~700 ppt) at ~200m a.g.l. Brown et al. (2007b) reported N2O5 vertical measurements 
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from an aircraft in U.S. and the average results showed the peak concentrations (~160 ppt) 

at ~200m a.g.l.  (Sarwar et al., 2012) simulated the distributions of N2O5 and ClNO2 with 

CMAQ, and found that N2O5 peaked at 200-400 m a.g.l., and ClNO2 peaked at the surface 

and stretched up to 400 m a.g.l. in several U.S. cities at dawn.   

 

Fig 5-8. Vertical distributions of NO (ppb) average mixing ratios during the study period in the 

domain intercepting PRD and along the prevailing wind from Base case 

  

Fig 5-9. Vertical distributions of chloride (µg m-3) average concentrations during the study 

period in the domain intercepting PRD and along the prevailing wind from Base case 
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5.4.2 Dynamic evolutions in cases with typical and extreme meteorological 

conditions 

The time evolution of the spatial distribution of ClNO2 in two cases were examined. In 

the typical case (the night of Dec 1-2), southern China was dominated by consistent north-

easterly winds which represented the average dynamic conditions during the study period, 

while in the extreme case (the night of Dec 3-4), the air flow over the region abruptly 

changed.  

Note that in this extreme case, the highest-ever-reported ClNO2 levels were observed at 

the TMS site, and the back trajectories and observations of chemical species pointed to 

the transport to the site of well-processed plumes from the PRD with enriched 

anthropogenic chloride and other pollutants (Wang et al., 2016b).  

In the typical case, consistent north-easterly winds controlled southern China throughout 

the night (Fig 5-10). At the beginning of the night (18:00, LT), ClNO2 began to build up 

near the urban area (Fig 5-10a) and near the surface (Fig 5-10b); at midnight (00:00, LT), 

the air with an elevated level of ClNO2 moved to coastal areas of the HK-PRD region (Fig 

5-10c) and accumulated near the surface (Fig 5-10d); at dawn (06:00, LT), the elevated 

ClNO2 concentration was predicted over the South China Sea (Fig 5-10e), and pumped 

up to higher altitudes with the highest value near the surface (Fig 5-10f), which is due to 

the higher boundary layer height over the ocean during nighttime, as demonstrated in Fig 

5-11.   
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Fig 5-10. Horizontal distributions of ClNO2 concentrations (ppb) at (a) 18:00 Dec 1, (c) 00:00 

Dec 2, and (e) 06:00 Dec 2, LT within the PBL from HET+Cl case; vertical distributions of 

ClNO2 concentrations (ppb) at (b) 18:00 Dec 1, (d) 00:00 Dec 2, and (f) 06:00 Dec 2, LT in the 

domain intercepting PRD and along the prevailing wind direction from HET+Cl case. 
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Fig 5-11. Boundary layer height in southern China at 06:00 Dec 2 as simulated in WRF-Chem 

In the extreme case, at the beginning of the evening (18:00, LT), southern China had 

unfavorable dispersion conditions over the land, including inconsistent wind directions 

and low wind speeds. The air pollutants emitted from the PRD slowly swirled over it, as 

shown in Fig 5-12a, resulting in a longer ‘cooking’ time for ClNO2 production. The 

vertical distribution (Fig 5-12b) shows that ClNO2-enriched air stretched from the ground 

up to 800m a.g.l. The enhanced production of ClNO2 is believed to be partially responsible 

for the highest ClNO2 mixing ratios measured at the TMS site at this night.  

At midnight (00:00, LT), inconsistent wind directions presented between land and sea 

areas: northerly winds dominated over the land area, while north-easterly winds 

dominated over the sea, leading to the relatively slow motion of the ClNO2-enriched 
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plume from the land towards the ocean (Fig 5-12c). The vertical distribution (Fig 5-12d) 

suggests that ClNO2 built up within the residue layer.  

At dawn (06:00, LT), the north-easterly wind regained control over the land areas, and 

the air with the elevated level of ClNO2 (>2.00 ppb) was driven towards the ocean, as 

shown in Fig 5-12e. The vertical distribution (Fig 5-12f) shows that the peak ClNO2 

concentration was predicted to be in the residue layer at ~300m a.g.l.  

The changes of wind flow over the region during this night resulted in abnormal changes 

in the history of the air masses that arrived at the observation site and led to the abrupt 

changes in the air pollutants concentrations observed there (see (Wang et al., 2016b) for 

details).  

From these results, it can be seen that the vertical distributions of ClNO2 demonstrated 

distinct features in the two cases. To understand the underlying cause, it is of significance 

to measure the vertical profiles of ClNO2 under various meteorological conditions. In 

addition, during the extreme event, the location with the highest predicted ClNO2 (>2.00 

ppb) was not at the TMS site (>1.00 ppb), but was located in the western parts of the PRD 

(i.e., the cities of Jiangmen and Zhaoqing), which supports the contention that the ClNO2 

concentrations at other locations could be even higher than those observed at the TMS 

site (Wang et al., 2016b). It would be of great interest to conduct measurements in the 

areas where the highest ClNO2 concentrations are predicted.  
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Fig 5-12. The same as in Fig 5-10, except at the night of Dec 3-4. 
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5.5 Impacts of N2O5 heterogeneous uptake and Cl activation on NOx, 

total nitrate and O3  

5.5.1 Impacts in the horizontal and vertical domains 

Fig 5-13 shows the simulation results for the average NO, NO2, total nitrate and O3 

concentrations within the PBL (<1000m) during the entire simulation period in the Base 

case, and the difference in the results between the HET+Cl and Base cases in the 

horizontal domain.  

Relatively high levels of NO (up to 26.18 ppb; Fig 5-13a), NO2 (up to 29.18 ppb; Fig 5-

13c), total nitrate (up to 23.43 µg m-3; Fig 5-13e), and O3 concentrations (up to 44.50 ppb; 

Fig 5-13g) were predicted in southern China in the Base case. With the prevailing north-

easterly wind, the pollutants emitted from the PRD were transported towards the 

southwest, resulting in the most polluted regions being the PRD and its south-westerly 

downwind areas.  

The spatial distributions of maxima of NO (Fig 5-14a), NO2 (Fig 5-14c) and total nitrate 

(Fig 5-14e) were similar to those of their daily-averages, whereas the spatial distribution 

of 1-hr maxima O3 (higher in PRD and its downwind areas; Fig 5-14g) was different from 

its daily average (higher in rural and remote region; Fig 5-13g). 

After addition of the N2O5 uptake and Cl activation processes, the NO (Fig 5-13b) and 

NO2 (Fig 5-13d) levels were significantly decreased in the entire domain by up to 1.93 

ppb (~ 7.4%) and 4.73 ppb (~ 16.2%), respectively. The regions with greater impacts on 
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the NO and NO2 due to the added processes were mostly urban and suburban areas with 

large emissions of NOx. A significant portion of NOx was transformed into total nitrate, 

which increased by as much as 13.45 µg m-3 (~ 57.4%) through the heterogeneous uptake 

of N2O5 (see Fig 5-13f). As can be seen in Fig 5-13h, the N2O5 uptake and Cl activation 

noticeably increased O3 levels across southern China, with a maximum increase up to 7.23 

ppb (~16.3%).The average impacts of N2O5 uptake and Cl activation on daily maxima of 

NO, NO2, total nitrate and O3 were shown in Fig 5-14b, d, f and h, which were with similar 

spatial patterns as the averaged results of the entire simulation period.  

The incorporation of N2O5 uptake and Cl activation improved the model performance for 

daily O3 and 1-h maximum O3, as demonstrated in Table 5-3 in Section 5.2. The averaged 

observed concentration of O3 was 28.29 ppb while the simulated O3 from Base case was 

15.06 ppb and that from the HET+Cl case was increased to17.30 ppb. The 1-h maximum 

O3 from observation was 50.98 ppb, and the simulated ones from Base and HET+Cl cases 

were 34.04 and 38.34 ppb, respectively. But the HET+Cl case did not improve the 

simulations of PM2.5 and NO2 which could be due to various reasons, e.g., emission 

inventory, etc.  

It is worth noting that in addition to the urban and suburban areas where the air pollution 

is severe, the pollutant concentrations over the rural and coastal areas were also 

significantly affected by the added N2O5 uptake and ClNO2 production processes, 

suggesting the need to consider the N2O5 and ClNO2 chemistry in regulating the air 

pollution occurs in the rural and coastal regions. 
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Fig 5-13. Horizontal distributions of (a) NO (ppb), (c) NO2 (ppb), (e) total nitrate (µg m-3) and 

(g) O3 (ppb) average concentrations during the study period within the PBL from Base case; the 

average impacts of N2O5 uptake and Cl activation on (b) NO (ppb), (d) NO2 (ppb), (f) total 

nitrate (µg m-3) and (h) O3 (ppb) average concentrations during the simulation period in the 

horizontal domain within the PBL. 
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Fig 5-14. Horizontal distributions of average daily-maximum concentrations of (a) NO (ppb), (c) 

NO2 (ppb), (e) total nitrate (µg m-3) and (g) O3 (ppb) during the study period within the PBL 

from Base case; the average impacts of N2O5 uptake and Cl activation on daily-maximum 

concentration of (b) NO (ppb), (d) NO2 (ppb), (f) total nitrate (µg m-3) and (h) O3 (ppb) during 

the simulation period in the horizontal domain within the PBL. 
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Fig 5-15 shows the average simulated NO, NO2, total nitrate and O3 values in the Base 

case, and the difference in the results between the Base and HET+Cl cases in the vertical 

domain.  

NO and NO2 were concentrated within 800 m a.g.l. over the PRD and in downwind areas 

(see Fig 5-15a and c). Total nitrate accumulated near the ground and stretched up to 800 

m a.g.l. (Fig 5-15e). Due to the titration effect of NO, relatively low average values of O3 

were simulated over urban areas (Fig 5-15g).  

As shown in Fig 5-15b and 7d, the N2O5 uptake and Cl activation decreased the NO and 

NO2 levels across the vertical domain, with the largest impacts seen in the near-surface 

layer (0-400 m a.g.l.) over the PRD. The lost NO and NO2 were mostly transformed into 

total nitrate, which increased remarkably in the near-surface layer (Fig 5-15f). The 

impacts of N2O5 uptake and Cl activation on the O3 level varied with altitude: the O3 

increased throughout the lowest 800 m with the largest enhancement near the ground, 

whereas it decreased above 1000 m a.g.l. (Fig 5-15h). The changes in the O3 were 

attributed to the combined effects of NOx loss due to N2O5 uptake and Cl atom production 

due to Cl activation, both of which have nonlinear impacts on O3 production.  

As to the relative contribution of N2O5 uptake versus Cl activation on the NO, NO2, total 

nitrate and O3 concentrations, the detailed discussion will be demonstrated in the 

following section.  
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Fig 5-15. Vertical distributions of (a) NO (ppb), (c) NO2 (ppb), (e) total nitrate (µg m-3) and (g) 

O3 (ppb) average concentrations during the study period in the domain intercepting PRD and 

along the prevailing wind from Base case; the average impacts of N2O5 uptake and Cl activation 

on (b) NO (ppb), (d) NO2 (ppb), (f) total nitrate (µg m-3) and (h) O3 (ppb) average concentrations 

during the simulation period in the vertical domain. 
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5.5.2 Relative contribution of N2O5 heterogeneous uptake versus Cl activation 

The differences in the simulations between Base and HET cases represent the effects of 

N2O5 uptake, while those between HET and HET+Cl cases represent the effects of Cl 

activation. As in Fig 5-16 a and c, the mere consideration of nitrate production from N2O5 

uptake led to decreases in NO and NO2 by up to 1.11 ppb and 4.28 ppb, respectively. Most 

of the lost NOx was transformed into total nitrate which increased by up to 14.92 µg m-3 

(Fig 5-16e). These results are similar to those of Lowe et al. (2015), who suggested that 

the nitrate in PM10 was enhanced by up to 31.4% after considering the uptake of N2O5. 

The N2O5 uptake increased the O3 levels by as much as 3.10 ppb in both urban and rural 

areas in the PRD and decreased the O3 by up to 1.47 ppb in remote areas (Fig 5-16g), 

which are similar to the findings of (Riemer et al., 2003) indicating that the N2O5 uptake 

resulted in an increase in the O3 level in high NOx areas and a decrease in low NOx areas.  

The Cl activation decreased the total nitrate by up to 2.35 µg m-3 (Fig 5-16f) because a 

fraction of N2O5 was consumed to produce ClNO2 in competition with nitrate production. 

The simulated O3 was significantly increased by as much as 4.54 ppb (Fig 5-16h), which 

could be attributed to the release of NO2 that subsequently undergo photolysis and form 

O3, and the effects of Cl radicals that initiate VOCs degradation and O3 formation (Simon 

et al., 2009). The increase in O3 further enhanced the oxidation of NO into NO2 which 

decreased NO by up to 0.96 ppb (Fig 5-16b) and increased NO2 in urban areas by up to 

0.72 ppb (Fig 5-16d). The O3 increase also increased the OH levels which enhanced the 

loss of NO2 through its reaction with OH, resulting in the decrease of NO2 in suburban 

and rural regions (Fig 5-16d). 
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Fig 5-16. Average impacts of N2O5 heterogeneous uptake on (a) NO (ppb), (c) NO2 (ppb), (e) 

total nitrate (µg m-3) and (g) O3 (ppb) average concentrations during the simulation period in the 

horizontal domain within the PBL; average impacts of Cl activation on (b) NO (ppb), (d) NO2 

(ppb), (f) total nitrate (µg m-3) and (h) O3 (ppb) average concentrations during the simulation 

period in the horizontal domain within the PBL. 
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5.6 Impacts of N2O5 uptake and Cl activation on NOy partitioning 

The composition and partitioning of NOy affect the spatial range that nitrogenous species 

can reach after emission, and are therefore of great importance in atmospheric chemistry 

(Bertram et al., 2013). The average concentration of NOy altered modestly within the PBL 

over domain 2 with the addition of N2O5 uptake and Cl activation (12.24 ppb and 11.42 

ppb in the Base and HET+Cl cases, respectively).  

The fractions of each species in NOy, however, were substantially affected. The NOy 

partition was calculated over domain 2 for the Base and HET+Cl cases (see Fig 5-17). 

The percentage of N2O5 in NOy decreased from 7.80% in the Base case to 1.01% in the 

HET+Cl case, and that for NO3 decreased from 0.38% to 0.09%. The N2O5 uptake and Cl 

activation reduced the fraction of NO from 9.59% to 6.84% and that of NO2 from 51.07% 

to 35.17%. The percentage of total nitrate (nitrate + HNO3) in NOy was significantly 

increased from 27.5% (=9.6%+17.9%) to 48.6% (=16.0%+32.6%). The added processes 

also introduced a new NOy species, ClNO2, which accounted for 3.47% in the HET+Cl 

case.  

The decrease in the NO3 level caused by N2O5 heterogeneous uptake would suppress the 

night-time chemistry of NO3 and VOCs. The N2O5 uptake transferred a significant portion 

of NOx to total nitrate, reducing the lifetime and reaching range of NOx-enriched plumes 

and thus affecting the NOx-VOCs-O3 photochemistry. The new species in the HET+Cl 

case, ClNO2, contributed a non-negligible part of NOy, and extended the lifetime and 

reaching range of reactive nitrogen.  
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Fig 5-17. Average NOy partitioning during the study period in southern China within the PBL as 

simulated in (a) Base and (b) HET+Cl case 
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5.7 Sensitivity of ClNO2 concentration to chlorine emission  

The production of ClNO2 depends on the chloride concentration in aerosol according to 

the parameterization used in this study (Bertram and Thornton, 2009). The only available 

chlorine EI for China is taken from a global dataset with a relatively low resolution (1ox1o) 

and for the year of 1990 (Keene et al., 1999). To test the sensitivity of the ClNO2 

production to Cl emissions, two simulations was conducted in which the RCEI emission 

was reduced by half (HET+Cl+0.5RCEI) and doubled (HET+Cl+2.0RCEI). The 

simulations show that the ambient chloride concentrations responded almost linearly to 

the applied chlorine emissions (data not shown). The simulated ClNO2 has a similar 

temporal pattern in different Cl emissions (Fig 5-18). The ClNO2 concentrations have a 

positive but not linear correlation to Cl emission changes. As shown in Fig 5-19, halving 

the Cl emissions leads to a 31% reduction in the simulated ClNO2 level, whereas doubling 

the Cl emissions results in an average 31% increase of ClNO2. The results indicate that 

simulation of ClNO2 production is sensitive to chlorine emission. Therefore, future 

studies are needed to develop an up-to-date anthropogenic chlorine EI in China to better 

model ClNO2 production and to quantify its impact on atmospheric chemistry and air 

quality. Previous research on chlorine emission could be used as a reference to develop 

chlorine EI in China. Chang et al. (2002) compiled a chlorine EI for Houston including 

the emissions from cooling towers, sea salt, point sources and various water treatments. 

Sarwar and Bhave (2007) integrated a chlorine EI for eastern U.S. with sources of various 

industrial point sources, area sources, cooling towers and swimming pools.  
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Fig 5-18. Hourly ClNO2 from simulations with original, half and twice RCEI emission 

 

Fig 5-19. Scatter plots of ClNO2 (ppb) from simulations with half (HET+Cl+0.5RCEI) and 

twice (HET+Cl+2.0RCEI) RCEI emissions against ClNO2 (ppb) from simulations with original 

RCEI emissions (HET+Cl). 
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5.8 Summary 

In this study, a chemical transport model (WRF-Chem) was further developed by 

incorporation of a widely-used aerosol thermodynamics model (ISORROPIA II), 

parameterization of heterogeneous uptake of N2O5 and ClNO2 production, and gas-phase 

chlorine chemistry.  

The revised model was validated with the N2O5 and ClNO2 concentrations observed at 

TMS in winter of 2013. The revised model was able to capture the temporal patterns and 

the magnitudes of the observed N2O5 and ClNO2 at TMS in Hong Kong, but tended to 

underpredict N2O5 and overpredict ClNO2 because of the underestimates of N2O5 sources 

and overestimates of the N2O5 sink and ClNO2 production. 

The validated WRF-Chem was then used to simulate the spatial distributions of N2O5 and 

ClNO2 and the impacts on O3 and NOy partitioning over the HK-PRD region where high 

levels of N2O5 and ClNO2 had been observed. Model simulations show that under average 

conditions, high values of N2O5 and ClNO2 are concentrated in the southwest region to 

the urban areas of the PRD and vertically peak within the layer of 400-800 m a.g.l. and 0-

200 m a.g.l, respectively. At the night of Dec 3-4 when the highest ever-reported ClNO2 

(4.7 ppb) was observed, the model suggested that the high levels of ClNO2 were 

concentrated in the residue layer (~300m a.g.l.) above the study region. The model 

simulations suggested that the region downwind of the urban PRD may experience higher 

levels of ClNO2 than that observed at the TMS site.  N2O5 uptake and Cl activation 

significantly decreased the levels of NO and NO2 by up to 1.93 ppb (~7.4%) and 4.73 ppb 
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(~16.2%), respectively, but increased the total nitrate level by as much as 13.45 µg m-3 (~ 

57.4%) and the O3 by up to 7.23 ppb (~16.3%) within the PBL.  

Our results demonstrate the significant impacts of N2O5 uptake and ClNO2 production on 

NOx lifetime, secondary nitrate production, and O3 formation and underscore the 

necessity of considering these processes in air quality models. Our simulations of ClNO2 

levels over southern China are sensitive to chlorine emissions, which suggests the need to 

develop a more reliable emission inventory of chlorine for better quantification of the 

N2O5 and ClNO2 chemistry and their impacts over China. The results have been published 

in Li et al. (2016). 
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Chapter 6. Simulation of the abundance of N2O5 and ClNO2 and 

the impact on secondary air pollution in summer season in 

China 

This study adopted the updated WRF-Chem in which the heterogeneous uptake of N2O5 

and the ClNO2 production had been implemented (Chapter 5), to extend the study region 

from southern China in Chapter 5 to the entire country, and to change the study period 

from winter season to summer season.  

The investigation of the N2O5 and ClNO2 chemistry in southern China (Chapter 5) 

suggested that the adopted chlorine emission inventory (RCEI), compiled for the year of 

1990 with a resolution of 1 degree, contains significant uncertainty and more updated 

emission inventory of chlorine with higher resolution is needed for the study of the N2O5 

and ClNO2 chemistry in China.  

In Section 6.1, a new chlorine emission inventory is proposed. The model setup is shown 

in Section 6.2. The validation results of the revised model of the routine air pollutants, 

PM2.5, NO2, and O3, are demonstrated in Section 6.3. The simulated N2O5 and ClNO2 

distribution at the Wangdu site and across China are shown in Section 6.4, and the 

possibility of the occurrence of ClNO2 morning peak is also discussed in this section for 

the location of Wangdu and the city clusters. In Section 6.5, the role of the N2O5 uptake 

and ClNO2 production in the formation of the secondary air pollutants is explored. A 

summary is given in Section 6.6.  
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6.1 Reactive chlorine emission inventory for China 

6.1.1 Brief review of the reactive chlorine emission 

Reactive chlorine is defined as the species that contains chlorine and has considerably 

shorter lifetime compared to the CFCs (Graedel and Keene, 1995), and the majority of 

which is the inorganic chlorine, including gaseous HCl and aerosol chloride. The emission 

of inorganic chlorine comprises both natural and anthropogenic sources of chlorine. Sea 

salt emission is one of the dominant sources of chlorine and contributes 98.3% (1785 out 

of 1815 Tg Cl yr-1) of chlorine emission globally, although most of it returns back to the 

ocean (Keene et al., 1999). The coal burning and biomass burning are the major 

anthropogenic sources around the world (Keene et al., 1999), contributing 35.7% (4.6 out 

of 12.9 Tg Cl yr-1) and 48.8% (6.3 out of 12.9 Tg Cl yr-1), respectively, to the total 

anthropogenic sources of chlorine. Other sources include the emissions from water and 

waste treatment activity, swimming pool, etc.  

Keene et al. (1999) and the reference therein calculated the emissions of reactive chlorine 

from various natural (mostly sea salt) and anthropogenic sources (coal combustion, 

biomass burning, incineration, etc.) and compiled an anthropogenic emission inventory at 

the global scale on the basis of the year 1990. National emission inventory of chlorine is 

available in some countries, for instance, United States  (https://www.epa.gov/air-

emissions-inventories/national-emissions-inventory-nei) and United Kingdom 

(http://naei.beis.gov.uk/). Sarwar et al. (2014) used chloride emission from biomass 

burning in a global chlorine emission dataset, RCEI. Lowe et al. (2015) and Archer-

https://www.epa.gov/air-emissions-inventories/national-emissions-inventory-nei
https://www.epa.gov/air-emissions-inventories/national-emissions-inventory-nei
http://naei.beis.gov.uk/
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Nicholls et al. (2014) used the HCl emission from anthropogenic sources in the UK 

national EI. Sarwar et al. (2012) used HCl and chloride emission from anthropogenic 

sources in the US national EI. 

The RCEI dataset is the only available chlorine emission inventory for China, which was 

compiled on the basis of the year 1990 and has a resolution of 1 degree, approximately 

100 Km. However, the emission of air pollutants in China have experienced substantial 

changes since 1990 (Liu et al., 2015; Lu et al., 2010; Lu et al., 2011). To represent the 

situation of current emission and better simulate the N2O5 and ClNO2 in China, a new set 

of chlorine emission data is desired.  

6.1.2 Compilation and validation of RCEI-China 

As estimated in the RCEI, coal burning and biomass burning dominate the anthropogenic 

reactive chlorine emission in China. Besides, in the TMS study, Wang et al. (2016b) 

suggested that coal-burning activities were attributed to the elevated chloride measured at 

a mountaintop site. In the Wangdu study, Tham et al. (2016) observed chloride aerosol 

along with other relevant species, and estimated the source of chloride by calculating the 

correlation of chloride with the tracer for coal burning and biomass burning, and 

concluded that the coal burning was the dominant source of chloride at that site, with 

additional contribution from biomass burning. Therefore, in this study, the Reactive 

Chlorine Emission Inventory for China (RCEI-China) was compiled for the 

anthropogenic sources and biomass burning emissions.  
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The estimation of chlorine emission from coal burning is calculated by multiplying the 

activity level (i.e., the coal consumption data, CC) and the emission factor (EF): 

EHCl=CC*EFHCl  (R6-1) 

EFHCl=(36.5/35.5)*Cl*(1-η)  (R6-2) 

where Cl denotes the chlorine content in coal, η represents the removal efficiency of the 

control technology. The coal consumption can be either retrieved from statistic data, or 

derived from the available emission of an air pollutant from the coal burning. The latter 

method is adopted in this study. Emission data of sulfur dioxide in the Multi-resolution 

Emission Inventory of China, developed in Tsinghua University (http://meicmodel.org/), 

is chosen to derive the coal consumption in China since the emission of sulfur dioxide in 

China is mostly (~90%) attributed to coal consumption (Lu et al., 2011). In this study, all 

the SO2 is treated to be emitted from coal burning, thus, the coal consumption (CC) can 

be quantified according to the SO2 emission (ESO2) and the emission factor of SO2, 

following the equation R6-3 and R6-4: 

ESO2 =CC*EFSO2  (R6-3) 

EFSO2 =2*S*(1-SR)*(1-η) (R6-4) 

where S denotes the sulfur content in coal (1%), while SR represents the sulfur retention 

rate (10%), and η is the removal efficiency of the control technology and is considered to 

be the same as that in reaction R6-2 (McCulloch et al., 1999). Combining the equations 

R6-1 to R6-4, the emission of chlorine can be calculated by: 

𝐸𝐻𝐶𝑙 =
𝐸𝑆𝑂2

2∗0.01∗0.9
∗

𝐶𝑙∗36.5

35.5
 (R6-5) 
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The chlorine content in the coal varies in different types of coal. Zhang et al. (2012) 

reported values of chlorine content ranging from 40 to 407 mg/kg in the coals sampled in 

177 mines in China. Ren et al. (1999) measured 137 samples of coal produced in China 

and found the content of chlorine between 59 and 1865 mg/kg. In this study, the highest 

value in the literature obtained, 1865 mg/kg (i.e., 0.1865%), was used to account for other 

possible chlorine sources that are not included in this study, such as water treatment, waste 

treatment, agricultural activities, salty land, swimming pools, etc.  

The estimation of chlorine emission from biomass burning in this study followed the 

method used in RCEI study (Lobert et al., 1999), i.e., calculating the chlorine emission 

based on the emission of CO. The emission of chlorine is estimated to be 7.4*10-3 times 

of the moles of the CO emission in the RCEI study. The emission of CO from biomass 

burning used in this study is retrieved from the high-resolution global emission inventory, 

EDGAR emission inventory (http://edgar.jrc.ec.europa.eu/), including the CO emission 

from agricultural waste burning and large scale biomass burning.  

Integrating both the emission of chlorine from coal and biomass burning, a new monthly 

emission inventory was compiled for reactive chlorine for China, RCEI-China, see Fig 6-

1. Chlorine emission in China exhibits a distinguished regional pattern, and the five major 

city clusters, NCP, YRD, PRD, Central China (CC) and Sichuan Basin (SCB), emit 

intensive chlorine throughout the year. The spatial pattern from RCEI-China is consistent 

with the global dataset, RCEI, as shown in Fig 6-2. The RCEI-China shows higher 

emission intensity in the five city clusters (>0.05 µg m-2s-1) than the RCEI (<0.04 µg m-
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2s-1), and RCEI-China provides very fine details due to the higher resolution (0.25x0.25 

degree) compared to RCEI (1x1 degree). 

 

Fig 6-1. Chorine emission intensity in China from RCEI-China in (a) June, (b) December. 

 

Fig 6-2. Chlorine emission intensity in China from RCEI 

The average intensity of chlorine emission in China from RCEI and RCEI-China is shown 

in Fig 6-3. The RCEI dataset is an annual dataset (therefore presenting no seasonal 

variation) and estimates a national average of 0.0073 µg m-2s-1. The newly developed 

RCEI-China demonstrates distinct monthly changes, with highest emission in December 

(0.0109 µg m-2s-1) and the lowest in May (0.0077 µg m-2s-1). As to the seasonal variation, 

the chlorine emission in the winter season (December, January, and February) is the 
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highest (averagely 0.0101 µg m-2s-1). The chlorine emission during spring (March, April, 

and May; 0.0083 µg m-2s-1), and summer (June, July and August; 0.0084 µg m-2s-1) are 

comparable and establish the lowest bound of the seasonal chlorine emission. The chlorine 

emission in Autumn (September, October, and November; 0.0089 µg m-2s-1) is at modest 

level.  

 

Fig 6-3. National average chlorine emission intensity of RCEI-China and RCEI at each month of 

the year. 

The newly developed RCEI-China inventory is validated with the chloride measurement 

during a campaign at Wangdu site in northern China in the summer of 2014. The RCEI 

and the RCEI-China chlorine emission inventory were used in the WRF-Chem model, 

and the comparison of the simulated results with the observation is shown in Fig 6-4. The 

simulated chloride with RCEI-China at Wangdu site showed more satisfactory results 

than the simulation with the RCEI compared to observed concentrations, suggesting that 

the RCEI-China is acceptable for the use in China to explore the chlorine chemistry.  
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Fig 6-4. The comparison of simulated chloride with RCEI and RCEI-china emission inventory 

against the observed concentration at Wangdu. 

 

6.2 Model setup 

6.2.1 Data 

The Wangdu campaign was conducted during Jun 20 and Jul 9, 2014, in northern China 

to measure the N2O5 and ClNO2 concentrations with a chemical ionization mass 

spectrometer (Tham et al., 2016). Other major air pollutants, including PM2.5, NO2, and 

O3, were also measured at the Wangdu site and the national environmental observation 

sites. Hourly measurement data were used to validate the WRF-Chem simulation results.  

Multiple sets of anthropogenic EIs covering different areas were adopted in this study. 

For mainland China, MEIC dataset developed by Tsinghua University for the year 2013 
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was used. For the regions outside of China, the Emissions Database for Global 

Atmospheric Research (EDGAR v4.2; http://edgar.jrc.ec.europa.eu/) was adopted. The 

updated emission inventory, the RCEI-China, was applied for the emission of chlorine 

species. For natural emissions, the Model of Emissions of Gases and Aerosols from 

Nature version 2.1 (MEGAN2.1) proposed by Guenther et al. (2012) and the sea salt 

emission parameterization proposed by Gong (2003) were adopted in this study.  

Three-hourly meteorological measurements, including atmospheric pressure, temperature, 

RH, wind direction and wind speed, and twelve-hourly sounding data obtained from the 

CMA were adopted in Four-Dimensional Data Assimilation to improve the model 

performance of the meteorological fields using observational nudging techniques. The 

FNL Operational Global Analysis dataset provided by the NCEP (available at 

http://rda.ucar.edu/datasets/ds083.2/) was used for analysis nudging. Hourly datasets from 

~500 surface meteorological observation stations obtained from the CMA were used to 

validate the meteorological simulations.  

6.2.2 Setup of simulation cases 

The selection of the parameterizations in WRF-Chem is the same as those in Chapter 5. 

We used the Noah model to simulate the land surface process, the YSU module to 

simulate the PBL processes, the Purdue Lin scheme to predict the microphysics, the Grell 

3-D ensemble module to simulate cumulus, the RRTMG model to predict shortwave and 

longwave radiation and the modified RACM_ESRL, MADE/VBS and Madronich 

modules to simulate gas-phase chemistry, aerosol processes, and photolysis.  

http://edgar.jrc.ec.europa.eu/
http://rda.ucar.edu/datasets/ds083.2/
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Model simulations were conducted in one domain covering East China with a grid size of 

27 Km. Thirty vertical model layers were adopted, of which eight layers are below 1000m 

(approximately the height of PBL at noon) to provide more detailed information within 

the PBL. Three simulation cases were conducted to simulate the abundance of N2O5 and 

ClNO2, and to evaluate the impacts of the N2O5 uptake processes in summer in China, as 

shown in Table 6-1. 

Table 6-1. Simulations cases 

Case N2O5 heterogeneous processes 

Base No 

HET N2O5 heterogeneous uptake, no ClNO2 production 

HETCl N2O5 heterogeneous uptake, ClNO2 production, and gas phase Cl reactions 

6.3 Model performance of WRF-Chem with N2O5 uptake processes 

The simulation of meteorological parameters has been validated in Chapter 4.2 for 2014 

Wangdu campaign, and the results showed that WRF simulations generally reproduced 

the meteorology conditions during the campaign. The chemical simulation of the WRF-

Chem model (HETCl case) was evaluated with the measurement data at the national 

observation sites (Table 6-2), and with the Wangdu campaign data, Fig 6-5 for the routine 

measurement data and Fig 6-6 for N2O5 and ClNO2 measurement results.  
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Table 6-2. Statistics of chemical simulation performance  

 PM2.5 (μg m-3) NO2 (ppb) O3 (ppb) 

Obs-ave 46.30 16.07 33.99 

Sim-ave 107.01 22.77 33.87 

Mean-bias 60.71 6.70 -0.12 

NMB 131.1% 41.7% -0.3% 

FAC2 0.41 0.51 0.51 

The model performance statistics results showed that during the period of the Wangdu 

campaign, PM2.5 was overestimated with simulated average and observation average 

being 107.01 and 46.30 μg m-3, respectively, which could be attributed to the emission 

inventory and the coarse grid resolution (27 Km). The simulated NO2 is also higher than 

the observed concentration by 41.7%. The simulation of O3 well reproduced the 

observations.   

As shown in Fig 6-5, the model performance of the routine air pollutants at Wangdu site 

suggested that the the settings of WRF-Chem well simulated the level and the temporal 

variation of the routine air pollutants, including NO2, total VOC, and O3, but 

overestimated the PM2.5 concentration.  

It’s noteworthy that the simulation performance of the routine pollutants depend on many 

factors, including the emission inventory of NOx, SO2, NH3, VOC, PM2.5 and PM10, the 

chemical parameterizations, the physical parameterizations, the meteorology, the land 

data, the radiation, the N2O5 and ClNO2 process parameterizations, etc. It’s still a 

challenging task to fully reproduce the atmospheric chemistry among the modeling 

community. This study, however, mainly focuses on investigating the role of the N2O5 

and ClNO2 chemistry in the atmospheric chemistry.  
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Fig 6-5. Comparison of observed and simulated (HETCl case) (a) NO2, (b) TVOC, (c) O3, and 

(d) PM2.5 at Wangdu site during 2014 campaign.  
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As to the N2O5 and ClNO2 simulation, the temporal variations of both species were 

generally simulated, but the level of N2O5 and ClNO2 were overestimated, see Fig 6-6. 

Such discrepancies between the measured and simulated N2O5 and ClNO2 have also been 

reported due to the complexity of the prediction of N2O5 and ClNO2, which depends on 

the accuracy of primary pollutant emission, N2O5 uptake coefficient and ClNO2 yield, and 

also the prediction of meteorology, O3 formation and particulate matter formation. In the 

study in southern China (Chapter 5 and Li et al., 2016), the N2O5 was underestimated and 

the ClNO2 was overestimated at the site of Mt. TMS.  Zhang et al. (2017) reported the 

simulation of N2O5 and ClNO2 in China and also found overestimated N2O5 and ClNO2 

at the site of Wangdu. As discussed in the Chapter 5, the previous works conducted in 

Europe and the US also showed discrepancies of the observed and predicted N2O5 and 

ClNO2. The possible reasons of the overestimation of N2O5 and ClNO2 at the location of 

Wangdu include (1) coarse grid resolution; (2) overestimation of PM2.5 at Wangdu site 

and over the domain; (3) overestimation of NOx concentration over the domain and in 

some cases at Wangdu site; and (4) the uncertainty in the parameterization of N2O5 uptake 

and ClNO2 yield. The overestimated ClNO2 at Wangdu site suggest that the impacts of 

the N2O5 and ClNO2 chemistry discussed in this chapter represent the upper limit.  

Overall, the WRF-Chem simulation (HETCl case) generally reproduce the main 

characteristics of meteorological parameters and chemical species, hence provides a basis 

for the investigation of the role of N2O5 and ClNO2 chemistry in the formation of 

secondary air pollutants in China.  
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Fig 6-6. Hourly observed and simulated (HETCl) concentration of N2O5 and ClNO2 at Wangdu 

in 2014 campaign 

6.4 Simulation of N2O5 and ClNO2 in the HETCl case 

6.4.1 Simulated N2O5 and ClNO2 at the location of Wangdu site 

The daily ClNO2 concentrations simulated with the revised WRF-Chem at the location of 

Wangdu site showed that 10 out of 18 days, the increase of the simulated ClNO2 were 

found at around 07:00 LT (sun rose between 05 and 06:00). This pattern of ClNO2 was 

detected during the Wangdu campaign, and is distinct from the ‘conventional’ pattern in 

which the concentration of ClNO2 decreases soon after the sunrise. The average diurnal 

variation of ClNO2 and the relevant species was examined, see Fig 6-7a, and the averaged 
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pattern of the ClNO2, chloride and the SO2 all showed sharp increase after sunrise, which 

is probably not due to the morning rush hours because traffic source is not the major 

source of chloride (Keene et al., 1999) and SO2 (Lu et al., 2011).  

As suggested in Tham et al. (2016) and discussed in Chapter 4.2, the sustained peak of 

ClNO2 at Wangdu in the early morning was probably because of the intrusion of the 

residual layer air with elevated ClNO2 to the surface. Here the simulated profile of ClNO2 

and other relevant species at Wangdu are presented in Fig 6-7b. The vertical profile of 

ClNO2 showed that the average level at the surface was around 1.5ppb, and that at 200-

300m a.g.l. was around 2.0 ppb, meaning that the layer of maximum concentrations was 

in the residual layer. The vertical profile of N2O5 also demonstrated similar profile, 

although the chloride showed maximum values at the surface.  

 

Fig 6-7. (a) Simulated diurnal variation of ClNO2, N2O5, chloride, SO2 and ClNO2 photolysis 

rate at the Wangdu site, and (b) the average vertical profile of ClNO2, N2O5, chloride and SO2. 
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To further examine the evolution of the ClNO2 vertical profile, the 10 days with abrupt 

increase of ClNO2 at surface in the early morning (noted with Y) were separated from the 

other 8 days (noted with N), and the evolution of vertical profiles from 05:00 to 08:00 

were distinguished, as shown in Fig 6-8.  

 

Fig 6-8. Evolution of ClNO2 vertical distribution in the early morning at the location of Wangdu 

in (a) the days with sustained peak, and (b) the days without a sustained peak.  

In the days with sustained ClNO2 in the morning (Fig 6-8a), the vertical profile of ClNO2 

at Wangdu site demonstrated distinct inverse features within the 300m a.g.l. near sunrise 

(05:00 and 06:00; with ~1.8ppb at the surface and >3.5ppb at ~300m a.g.l.) and even after 

sunrise (07:00), and the ClNO2 concentration showed the same level at 08:00 within the 

lower 400m (approximately the PBLH at this hour). In the days without the sustained 

ClNO2 (Fig 6-8b), the profile of ClNO2 showed different characteristics. The vertical 

distribution at 05:00 and 06:00 also showed lower values (~2.5ppb) at the surface and 

higher values aloft (~3.0ppb), but the difference between the surface and aloft was much 

smaller compared to that in the days with sustained ClNO2. At the time of 07:00, the 

ClNO2 profile did not show the inverse feature, suggesting that vertical profile of ClNO2 

probably led to the occurrence of the sustained peak in the early morning. 
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The factors that influence the vertical profile of ClNO2 will then be analyzed. The vertical 

profile of ClNO2 is generally determined by the profile of the precursors (N2O5 and 

chloride), the mechanism of chemical loss, and physical loss (deposition, dispersion, and 

vertical mixing). The profile of N2O5 generally showed the highest value in the residual 

layer, as in Fig 6-7b, over the regions with noticeable NO concentration, e.g., the urban 

and suburban areas, because the reaction with NO is the main direct loss pathway of NO3 

radical and is one of the indirect pathways of N2O5. The vertical profile of chloride varies 

from region to region and depends on altitudes at which emission occurs. In the area where 

power plant and industry are the main source of chloride, the emission of chloride is 

generally at level of tens to a few hundred meters above ground level; in the area in which 

the ground level biomass burning or residential coal burning is the dominant source, the 

chloride is expected to peak at surface level.  

The chemical loss of ClNO2 is negligible during nighttime and the loss during daytime is 

due to photolysis. The physical loss of ClNO2 mainly refers to dry deposition, diffusion, 

and vertical mixing. ClNO2 is not water-soluble so the wet deposition is negligible. The 

dry deposition of gases in the troposphere depends on the molecular weight. The diffusion 

of traces gases is determined by the movement of air mass, and that of ClNO2 is similar 

to other gases, and hence the general methodology is applicable to trace the movement 

and the dispersion of the air mass with ClNO2, as discussed in Chapter 4. The vertical 

mixing of air masses has been studied in other atmospheric researches, and is mostly 

dominated by the turbulent mixing which can be simulated in the planetary boundary layer 

parameterizations, e.g., YSU and MYJ in the WRF model.  
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With the variation of the precursors emission and the loss pathways in different region at 

different time, the spatial and temporal distribution of ClNO2 and its precursor, N2O5 and 

chloride, is expected to vary among regions.  

6.4.2 Spatial distribution of simulated N2O5 and ClNO2 in China 

Fig 6-9 shows the simulated distribution of chloride, N2O5, and ClNO2 in China in the 

summer season. The simulated chloride with radius lower than 2.5 µm concentrated 

(>1µg/m3 within the boundary layer) over the city clusters, including the NCP, YRD, PRD 

and another two fast developing regions in China, CC and SCB. The simulated N2O5 

concentrations also showed relatively high values in those city clusters. As a result, the 

ClNO2 in these five city clusters were elevated within the planetary boundary layer. The 

temporal variation of ClNO2 in these city clusters will be discussed in the next section.  

The concentrations of N2O5 and ClNO2 in southern China were lower than those simulated 

in winter (see Chapter 5 for the WRF-Chem results in southern China in the winter of 

2013) The underlying causes include (1) the emission of NOx is higher in winter hence 

the formation of N2O5 and ClNO2 is higher in winter; (2) the solar radiation is weaker in 

winter than that in summer, so the photolysis of N2O5 is decreased in winter compared to 

that in summer; (3) the temperature is lower in winter season hence the loss of N2O5 

through the thermal dissociation is weaker.  

The applications of the updated air quality models with the N2O5 and ClNO2 chemistry 

are still very limited in Asia and around the world. The comparison between the observed 

and simulated ClNO2 concentrations is still a very challenging science question. Apart 
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from the general affecting factors like emission inventory, the simulation of N2O5 and 

ClNO2 also demands the accurate representation of the heterogeneous uptake process of 

N2O5 and the subsequent production of ClNO2. Very recent research in HK, US and 

Europe showed that the currently available parameterizations of N2O5 uptake and ClNO2 

production are subject to uncertainties and require adjustments. Efforts are being made to 

improve the prediction of the two species and hopefully more realistic treatment would 

be available soon. 

 

Fig 6-9. Simulated night-time averaged chloride, N2O5, and ClNO2 within the boundary layer in 

2014 summer in China.  

6.4.3 The simulated characteristics of ClNO2 in the five city clusters 

The simulated concentrations of ClNO2 were at high levels in the five city clusters in 

China. In this section, the temporal variation and the vertical distribution of the simulated 

ClNO2 were analyzed for the city clusters.  

Fig 6-10a depicts night-time average vertical profile of simulated ClNO2 over the five 

main regions. All of the profiles showed an inverse trend in the lowest ~100m, which is 

the same as the simulated profile of ClNO2 in PRD in southern China (Chapter 5.2.2) and 

at Wangdu site in northern China (Chapter 6.3.1), suggesting the strong production of the 
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ClNO2 in the residual layer across the country. The inverse of the ClNO2 profile is less 

intense compared to that at Wangdu site. The simulated ClNO2 concentrations in NCP 

(~1.4 ppb in the residual layer) were larger than those in other regions, and those in PRD 

(~0.3 ppb in the residual layer) showed the lowest level, while the simulated results of 

ClNO2 in CC, SC and YRD are comparable and about 1.0ppb.  

The temporal variation of the ClNO2 in five city clusters showed a clear diurnal pattern 

(Fig 6-10b). The ClNO2 peaked near sunrise at 05:00-06:00, and declined sharply after 

the sunrise, and started to build up right after sunset at 18:00-19:00. The diurnal pattern 

did not show the sustained peak over the five city clusters, probably due to the less intense 

reverse of the ClNO2 vertical profile.  

 

Fig 6-10. (a) Night time average vertical distribution of ClNO2 in five city clusters in 2014 

summer and (b) average diurnal distribution of ClNO2 in five city clusters in 2014 summer. 
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6.5 The roles of N2O5 uptake processes in the secondary air pollution 

During the Wangdu campaign in the NCP in summer 2014, O3 and particulate pollution 

in the northern China is severe, the maximum concentration of O3 and PM2.5 was 146 ppb 

and 220 µg m-3, respectively (Tham et al., 2016). In the simulation results from the 

original WRF-Chem, the average daily maximum concentrations of O3 also showed 

elevated level, as much as 84.0 ppb, across the domain, see Fig 6-11, and the simulated 

total nitrate also depicted high values over the five city clusters with the highest 

concentration being 38.1 µg m-3 (Fig 6-11).  

The N2O5 and ClNO2 processes have crucial impacts on radical budget, the chemistry 

initiated by NO3 and Cl, lifetime of NOx, and formation of secondary pollutants. The 

addition of the N2O5 uptake (without the ClNO2) removed two molecules of NO2, and one 

molecule of O3 from the atmosphere for per reacted N2O5 molecule, suggesting that the 

N2O5 uptake process is a removal process of O3 and NOx . The loss of NOx from the N2O5 

uptake will lead to O3 decrease in rural/remote areas (the NOx-sensitive region) and O3 

increase in polluted suburban and urban areas with relatively high NOx emission (the 

VOC-sensitive region). As in Fig 6-11, the simulated O3 decreased across the domain due 

to the N2O5 uptake during the period of the Wangdu campaign. The results were different 

from the findings in Chapter 5 in which O3 increased in urban area and decreased in 

remote region. The difference is probably due to the seasonal difference of anthropogenic 

NOx emission, which is higher in winter than in summer, and biogenic VOC emission, 

which is higher in summer than in winter, hence the O3 formation in winter in urban and 
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suburban regions (as in Chapter 5) is more likely to be strong VOC-limited (in which the 

O3 increases with the loss of NOx), while O3 in summer is more likely to be less VOC-

limited or even mixed-limited (in which O3 decrease with the loss of NOx).  

The further production of ClNO2 after the N2O5 uptake process, i.e., the HETCl case 

compared to HET case, consistently increased the production of O3 in the domain with 

the largest effect over the NCP and CC. Because the photolysis of ClNO2 releases the Cl 

radical into the atmosphere and the Cl radical reacts with the VOCs and forms RO2 and 

HO2 leading to the formation of O3 (Simon et al., 2009; Simon et al., 2010). In addition, 

the photolysis of ClNO2 recycles NO2 which is photolyzed to form one molecule of O3.  

Heterogeneous uptake of N2O5 transformed NOx into secondary nitrate, acting as one of 

the main loss pathways of NOx and one of the major sources of secondary nitrate. 

Simulated impact of N2O5 uptake (without ClNO2 production) on the secondary nitrate 

was shown in Fig 6-11, and the impact was positive across the country, in particular over 

the city clusters, with the maximum impact being 13.7 µg m-3. The production of ClNO2 

subtracted the formation of secondary nitrate so the total nitrate was simulated to decrease 

due to the ClNO2 production over the domain, and with the biggest reduction was over 

the city clusters, corresponding to the place with high ClNO2 production.  
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Fig 6-11. The simulated O3 and total nitrate from the Basic case, the impact of N2O5 uptake on 

O3 and total nitrate, and the impact of the heterogeneous ClNO2 production on O3 and total 

nitrate during the period of the Wangdu campaign in the summer of 2014 

6.6 Summary 

In this study, the research on N2O5 and ClNO2 in southern China in winter was extended 

to the whole country in summer. The updated WRF-Chem was applied to simulate the 

abundance of the N2O5 and ClNO2 in China during the Wangdu campaign, and to explore 

the effects of N2O5 and ClNO2 processes on the secondary atmospheric pollution.  

The revised WRF-Chem model could reproduce the level and temporal variation of 

routine air pollutants, suggesting that the model could be used for investigating the 

heterogeneous nitrogen chemistry. The simulated N2O5 and ClNO2 were within the same 
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order of the magnitude as the measured ones, and the simulation performance is similar 

to that of the previous chemical transport model studies on N2O5 and ClNO2.  

The peak value of ClNO2 was simulated to present after the sunrise at Wangdu site, which 

is consistent with the observation at this site. The main cause is probably the significant 

production of ClNO2 in the residual layer, which is transported to the ground level after 

the breakdown of the NBL in the early morning.  

Simulated N2O5, and ClNO2 were at elevated levels in China, especially over the city 

clusters, suggesting the potential effect of the N2O5 and ClNO2 process on the atmospheric 

chemistry. Simulations of temporal variation and vertical distribution of ClNO2 in the five 

city clusters showed that the ClNO2 over NCP was the highest and was the lowest in the 

PRD, while those in YRD, CC and SC were at median levels. The N2O5 uptake decreased 

the O3 and increased the total nitrate across the domain, while the ClNO2 production 

enhanced O3 and reduced total nitrate throughout the country.  
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Chapter 7. Impact of the HONO, N2O5 and ClNO2 chemistry 

on the sensitivity of O3 production to its precursor emission 

In this chapter, a revised WRF-Chem model (Zhang et al., 2017), which was implemented 

with various emission and production of HONO, the heterogeneous uptake of N2O5 and 

the production of ClNO2, and the gaseous phase chlorine radical chemistry, was adopted 

to evaluate the role of the HONO, N2O5 and ClNO2 chemistry in the O3 and aerosol 

formation.  

The revised WRF-Chem model has been thoroughly validated in detail by Zhang et al. 

(2017). The comparison of the WRF-Chem simulation results with the observed values of 

O3 and NO2 showed that the revised WRF-Chem model improved the simulation of O3 

and NO2 in East China. The simulation of HONO, N2O5 and ClNO2 from the WRF-Chem 

model was also validated by comparing with the field measured concentrations from 

various measurement campaign in East Asia, which demonstrated that the revised model 

with the nitrogen chemistry is able to reproduce the levels of the three nitrogen species, 

and hence can be used to explore the effects of nitrogen chemistry on the determination 

of O3 sensitivity.  

The detailed setup of the model simulations is described in section 7.1. In section 7.2, the 

impacts of the new nitrogen chemistry on the ROx radicals and NOx will be shown, and 

the effects of the new nitrogen chemistry on the determination of O3 sensitive regime will 

be demonstrated in section 7.3. The isopleth of O3 derived from the sensitive simulations 
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will be discussed and the implication of the research for the current and future O3 control 

strategy will be explored in section 7.4. A summary is given in section 7.5. 

7.1 Model Setup 

7.1.1 Data 

In this study, the Multi-resolution Emission Inventory for China (MEIC; 

http://meicmodel.org/) in 2013 with a resolution of 0.25° × 0.25° was adopted and 

emission inventory for Asia (MIX; http://meicmodel.org/) in 2010 with a resolution of 

0.25° × 0.25° was also used. As to the chlorine source, the new set of anthropogenic 

chlorine emission inventory, RCEI-China (Chapter 6.1) was applied. NCEP FNL data 

were used as the initial and boundary meteorological data 

(https://rda.ucar.edu/datasets/ds083.2/). The output from the Model for Ozone and 

Related Chemical Tracers model was used as the initial and boundary chemical data 

(Emmons et al., 2010).  

7.1.2 Setup of simulation cases 

The original WRF-Chem (v3.6.1) and a revised version of WRF-Chem were utilized in 

this study. The original model includes the gaseous formation of HONO from OH and 

NO and the gaseous reaction between N2O5 and water vapor. The reactive nitrogen oxides 

mechanism, ReNOM, which contains the ‘new’ chemistry of HONO and N2O5/ClNO2, 

was implemented in the CBMZ_MOSAIC chemical module in the WRF-Chem. The 

incorporated HONO chemistry includes direct emission of HONO from traffic exhaust, 

soil bacteria activity, and ocean surface, and heterogeneous production of HONO on the 
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ground surface and aerosol surface, and the added N2O5/ClNO2 chemistry consists of the 

heterogeneous uptake of N2O5 on aerosol surface, subsequent heterogeneous production 

of ClNO2, photolysis of ClNO2, and gaseous reactions of Cl radical and VOCs (Zhang et 

al., 2017). The revised model increases/improves the prediction of O3 in east China, in 

which the HONO chemistry dominates the contribution over the N2O5/ClNO2 chemistry, 

and the reader is referred to Zhang et al. (2017) for the details of the model development 

and the thorough validation of the revised model.  

The original WRF-Chem (Base) and the updated WRF-Chem (ReNOM) were used to run 

for one month in July 2014 for the domain of east Asia with 100% NOx and anthropogenic 

VOC (AVOC) emission, as shown in the emission matrix (the blue square in Fig 7-1). 

The difference of ROx and NOx between the Base and ReNOM cases represent the impact 

of the NOy chemistry on these species, as shown in section 3.1.  

Sensitivity runs were conducted with the original and revised models (the Base and 

ReNOM cases) for one month in July 2014 by reducing the AVOC or NOx emissions for 

50% as suggested by Sillman and West (2009) as shown in the emission scenarios matrix 

(the red triangle in Fig 7-1). The cases of Base, Base-50%NOx and Base-50%AVOC will 

be used to determine the sensitivity of O3 production with the original model. The changes 

from ReNOM to ReNOM-50%NOx and ReNOM-50%AVOC were used to determine the 

O3 sensitivity using the revised WRF-Chem. The results are given in section 3.2. 

Sensitivity simulations were undertaken with original and revised model (the Base and 

ReNOM) for three-days (Jul 28-30, 2014 during which the O3 levels were elevated in east 
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China) by reducing the NOx and/or AVOC emissions by 0%, 25%, 50%, 75%, and 100% 

(in total 25 cases) as depicted in the emission scenarios (the black crosses in Fig 7-1). The 

peak O3 concentrations for the main cities will be used to generate the O3 isopleth figure, 

which is used to design O3 control strategy (section 3.3) and to evaluate the effectiveness 

of the current policy (section 3.4).  

 

Fig 7-1. The emission matrix for the WRF-Chem simulations. The blue square is emission 

scenario for the evaluation of the changes of ROx and NOx due to the NOy chemistry. The red 

triangles represent the emission reduction scenarios used for the determination of the O3 

sensitivity regime. The black crosses represent the emission scenarios used for the O3 isopleth 

analysis.  
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7.2 Effect of nitrogen chemistry on the simulation of ROx and NOx  

The WRF-Chem with ‘new’ nitrogen chemistry (ReNOM case) simulated elevated 

concentrations of HONO (diurnal average >1 ppb) at surface over the five city clusters, 

NCP, YRD, PRD, CC and SCB as shown in Fig 7-2a. The simulated ClNO2 were 

concentrated over NCP, YRD, CC and SCB (nighttime average >0.3ppb) at ground level 

(Fig 7-2b).  

The simulated HONO from the Base case was at negligible level because only the 

formation of HONO form gaseous reaction of OH and NO is included in the Base case. 

As to the ClNO2, there was no ClNO2 formation process included in the original WRF-

Chem. The difference between the HONO and ClNO2 in the Base and ReNOM cases 

suggested that the ReNOM case significantly increased the level of HONO and ClNO2.  

The added HONO and N2O5/ClNO2 chemistry substantially changed the photochemical 

characteristics in east Asia. The ROx radicals increased as much as 20.50 ppt (~54.93%) 

across the domain in the ReNOM case compared to the Base case (Fig 7-3a and b). The 

areas with significant ROx increase were mostly over the city clusters especially in NCP 

and YRD, because the enhancement of HONO and ClNO2 were mostly over urban areas, 

particularly in NCP and YRD. 

The NOx concentration was reduced by up to 12.71 ppb (~15.26%) in the ReNOM case 

(Fig 7-3c and d), highlighting the role of the ‘new’ nitrogen chemistry in controlling the 

NOx lifetime and therefore the photochemistry. The photolysis of HONO and ClNO2 also 

recycled the NO/NO2, and hence partly offset the removal of the NOx.  



126 

 

 

Fig 7-2. (a) Diurnal average HONO and (b) nighttime average ClNO2 simulation simulated in 

ReNOM case with 100% NOx and AVOC emission. 

 

Fig 7-3. The daytime average (10:00-17:00) concentrations of (a) ROx radical and (c) NOx, and 

the impacts of NOy chemistry on (b) ROx radical and (d) NOx. 
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7.3 The determination of O3 sensitivity to its precursor emission using 

the original and revised WRF-Chem 

The effect of the NOy chemistry on the ROx and NOx affects the O3 sensitivity to the 

precursors, which can be determined by comparing the difference of O3 concentration 

between the simulation with original emission and the simulations with reduced 

NOx/AVOC emission (Sillman and West, 2009). The changes of O3 concentration due to 

the NOx/AVOC emission reduction are shown in Fig 7-4, in which the O3 concentration 

of daytime average (10:00-17:00, LT) was used as the indicator. In the Base cases, the 

NOx reduction leads to O3 increase in urban areas, and decrease in rural regions, and no 

significant changes over remote area and ocean (Fig 7-4b), while the reduction of AVOC 

emission results in the O3 decrease mostly in the urban area (Fig 7-4c). The pattern of O3 

changes was reshaped in the ReNOM case (Fig 7-4e and f). In particular, the region with 

O3 increase due to the NOx reduction significantly shrunk.  

To quantitatively evaluate the effect of the nitrogen chemistry on the O3 sensitivity, the 

definition of the O3 sensitivity regime in a grid used in Sillman and West (2009) was 

adopted: A location of NOx-sensitive (VOC-sensitive) means that at this location the O3 

decreases by at least 5 ppb due to the reduced NOx emission (VOC emission) and if the 

decrease of O3 in response to reduced NOx emission (VOC emission) is at least twice as 

large as the decrease in O3 due to the reduced VOC emission (NOx emission). One site is 

determined as in VOC-sensitive regime if O3 is reduced by more than 5 ppb in response 

to decreased VOC emission and if O3 enhances in response to the reduced NOx emission. 



128 

 

A region is defined as in mixed-sensitive regime provided O3 drops by equal or more than 

5 ppb due to either reduced VOC or NOx emission and if the reduction of O3 because of 

the decreased VOC and the NOx emission differ by less than a factor of two. An area is 

dominated by the regime of NOx titration if the O3 enhances by more than 5 ppb due to 

the NOx emission reduction but decrease less than 5 ppb because of the VOC emission 

reduction. A grid that demonstrates less than 5 ppb changes due to the reduction of either 

NOx or VOC emission is determined as having no sensitivity.  

The determined O3 sensitivity in east Asia by the original WRF-Chem is shown in Fig 7-

5a and Table 7-1. Most of the grids (~80%) in the modelling domain, mostly over remote 

area or ocean, showed no sensitivity to the precursor emission in the Base case. Among 

the remaining grids, which are the grids influenced by the anthropogenic emissions, the 

NOx-sensitive grids dominate the rural regions, while the urban areas (where NOx 

concentration is elevated in Fig 7-3c) were mostly determined as VOC-sensitive, and the 

suburban regions were diagnosed as the mixed-sensitive region. NOx-sensitive grids 

accounted for 63.13% of the grids with human influence, while the portions of mixed and 

VOC-sensitive were 16.94% and 19.66%, and the NOx-titration only appeared in a few 

grids. The determined O3 regime by the Base case is consistent with the previous studies 

which used the model without the comprehensive nitrogen chemistry. Liu et al. (2010) 

used CMAQ model to study the O3 sensitivity through emission reduction sensitivity runs 

and suggested the VOC-sensitive characteristics in the metropolitan areas and NOx-

sensitive in others in China in July 2008. Li et al. (2011a) applied the CMAQ model to 

study the O3 formation regime in the YRD in July 2007 and concluded that the urban area 
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of Shanghai was VOC-sensitive region while the rural part of it was NOx-sensitive. Tie et 

al. (2013) simulated strong VOC-limited regime in shanghai and its surrounding region 

using the WRF-Chem model. Wang et al. (2010) conducted the sensitivity studies of O3 

formation for PRD in Oct 2004 with the CMAQ model and the results demonstrated VOC-

sensitive feature in the central PRD and NOx-limited characteristics in the south-western 

PRD.  

The addition of the NOy chemistry significantly changed the O3-sensitivity regime in east 

Asia (Fig 7-5b and Table 7-1). Most of the grids were still the region with no O3 sensitivity 

in the ReNOM case. But for the rest grids, the percentages of NOx-sensitive and VOC-

sensitive region dropped from 63.13% to 57.59% and from 19.66% to 17.16%, 

respectively, while the region of mixed-sensitive increased from 16.94% to 24.90%, 

compared to the results from the Base case. The grids with NOx-titration remained 

negligible in ReNOM case. In the urban area, the O3-sensitivity to its precursor emission 

was mostly VOC-sensitive in Base case, but a significant part of it changed to mixed-

sensitive after considering the nitrogen chemistry. Such changes are due to the increase 

of the radicals in the urban atmosphere and the increase of VOC oxidation, so the limiting 

factor, i.e. VOC, in the O3 formation in urban area is relieved because of the NOy 

chemistry. In the regions where high soil HONO is simulated, the grid is changed from 

NOx-sensitive in Base case to mixed-sensitive (coastal east Asia), VOC-sensitive (urban 

Japan) or no sensitivity (rural Taiwan and Japan). It is probably because the soil source 

of HONO added molecules of NO into the atmospheric chemical system, which reduces 

the dependence of O3 formation on the NOx level. The overall impact of the NOy 
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chemistry on the O3-regime determination is changing the O3-sensitivity in ~40% grids 

with influence of anthropogenic emission and increasing the importance of the mixed-

sensitive regime. The significance of the mixed-sensitive (transition) regime in the O3 

production is also emphasized by another observation -based study conducted in Beijing. 

Liu et al. (2012) investigated the ROx budget and the O3 formation based on the 

observation of NOx, VOCs, HONO, O3, etc., at an urban site in Beijing in summertime, 

and found the O3 formation to be in a transition (mixed-sensitive) regime, instead of the 

NOx- or VOC-sensitive regimes. 

 

 
Fig 7-4. Simulated daytime average O3 in July 2014 by (a) Base and (d) ReNOM; the changes of 

O3 because of 50% reduction in NOx in (b) Base and (e) ReNOM; the changes of O3 due to 50% 

reduction of VOC in (c) Base and (f) ReNOM. 
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Fig 7-5. The determined O3 sensitivity regime for east Asia by (a) Base and (b) ReNOM case, 

and (c) the changes of O3 sensitivity due to the NOy chesmitry in the region. 

 

Table 7-1. The grids and the proportion of the O3 sensitivity regime area in east Asia  

 Base ReNOM 

 
grid 

(27*27 Km2) 
percentage 

grid 

(27*27 Km2) 
percentage 

NOx-sensitive 4363 63.13% 3647 57.59% 

mixed-sensitive 1171 16.94% 1577 24.90% 

VOC-sensitive 1359 19.66% 1087 17.16% 

NOx-titration 18 0.26% 22 0.35% 
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7.4 Implication for O3 control strategy  

The influence of the NOy chemistry on the O3-sensitivity regime affects the design of the 

control strategy using chemical transport models. Twenty-five sensitivity simulations 

were run with the original and updated WRF-Chem by reducing the NOx and/or AVOC 

emission for 0%, 25%, 50%, 75% and 100% in the period of Jul 28-30, 2014, in which 

the O3 were elevated in east China (Figure not shown). The isopleth of the average daily-

maximum values of O3 concentrations from the 25 sensitivity runs with Base and ReNOM 

models are shown in Fig 7-6 for 8 major cities in the regions in which the NOy chemistry 

has strong influence during the simulation period, i.e. NCP and YRD, including Beijing 

(BJ), Tianjin (TJ), Shijiazhuang (SJZ), Jinan (JN), Zhengzhou (ZZ), Hefei (HF), Nanjing 

(NJ) and Shanghai (SH).  

In the Base cases, the simulated O3 values with the emission of 100% NOx and 100% 

AVOC for the 6 out of 8 cities, except for ZZ and HF, were above the ridge line (strong 

VOC-sensitive region). Provided only the NOx control is implemented, most of the cities 

are expected to experience an increase of O3, the so-called NOx disbenefit, before the 

decrease of O3 (Fig 7-6), highlighting the nonlinear relationship of the O3 production to 

the NOx emission in the urban area. If just the AVOC emission is reduced, the peak value 

of O3 concentrations in the urban area will be reduced, but the overall production of O3, 

which is determined by the NOx emission, remain the same (Sillman, 1999), suggesting 

that the reduction of AVOC curbs the production of O3 in the city and results in enhanced 

production of O3 in the downwind region. The efficient and effective strategy is to employ 
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NOx control and the parallel AVOC control in these regions, and the reduction ratio of 

NOx: AVOC should be designed according to the pattern of the isopleth of the O3 peak 

levels to avoid the negative effect of NOx reduction. Previous modeling studies, which 

simulated strong VOC-limited regime in the city centers and even the surrounding regions, 

also suggested the combination of NOx and AVOC reduction to control the O3 pollution 

in urban areas while avoiding the increase of O3 in the early stage (e.g. Ou et al., 2016).  

The pattern of the O3 isopleth was clearly altered due to the nitrogen chemistry as shown 

in ReNOM case. The O3 concentrations with 100% NOx and AVOC emission were mostly, 

except for SH, on or near the ridge line (mixed- or slightly VOC-sensitive region). 

Compared to the Base cases, only one city (SH) would have significant enhancement of 

O3 concentration before the decrease of O3 level due to the NOx reduction, indicating that 

the negative effect of NOx reduction is less than previous expected. In light of such results, 

either NOx or AVOC reduction can decrease the O3 level in most cities in NCP and YRD, 

which provides more elasticity in designing the control strategy. In an observation-based 

study, transition (mixed-sensitive) regime was determined in urban Beijing, and their 

results implied that NOx and AVOC emission control policy can be flexibly designed to 

achieve the O3 control objective (Liu et al., 2012). More attention can be paid to the NOx 

control, since the NOx control in urban area is beneficial to control both the urban and 

regional O3 pollution (Ou et al., 2016; Sillman, 1999), and to simultaneously mitigate the 

particulate nitrate pollution (Xue et al., 2013).  
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Fig 7-6. The simulated isopleth of peak O3 concentration for BJ, TJ, SJZ, JN, ZZ, HF, NJ and 

SH from Base and ReNOM cases. The blue and green lines represent the ridge line of the 

isopleth. The red lines denote the expectation of the emission control measure in 13th FYP.  
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 Fig 7-6. Continued. 
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7.5 Evaluation of the current emission reduction policy 

The O3 isopleth can also be used to predict the efficacy of the emission reduction policy. 

During the 13th Five Year Plan (FYP; 2015-2020), the emission of NOx and AVOC is 

expected to reduce by 15% and 10%, respectively according to the national regulation 

(State Council of China Government, 2016). The expected changes of O3 peak values 

under the 13th FYP policy are demonstrated in the red line in Fig 7-6 and Table 7-2 for 

the eight major cities, in which the emission in 2013 (the year of the emission dataset used 

in this study) was assumed to be the same as that in 2015 for there is no accurate data that 

is publicly available. The O3 peak value in most of cities was expected to reduce by 1.9 

ppb to 4.9 ppb (or 1.8% to 4.8%) under the current policy as simulated in Base case, while 

for JN and SH, the maximum O3 concentration was predicted to increase slightly by 1.1 

ppb and 0.3 ppb (1.1% and 0.3%), respectively. The average change of the 8 cities in Base 

case is a reduction of 2.2 ppb (2.1%). In the ReNOM cases, the predicted changes of O3 

peak concentrations were significantly enhanced compared to those in Base cases. All 

cities showed decrease of the O3 by 1.9 ppb to 15.6 ppb (or 2.2% to 12.9%) during the 

13th FYP, and the mean decrease of these cities is 9.4 ppb (8.1%) which is a factor of ~4 

higher than the prediction in the Base cases, indicating that the current emission reduction 

policy is more effective in controlling the O3 peak levels than previously expected. 

However, the simulated concentrations of O3 in these cities in 2020 in Base cases and 

ReNOM cases (especially in BJ and NJ) are still higher than the national standard of the 

maximum hourly concentration, i.e. 200 µg/m3 (~100 ppb), suggesting the necessity of 

further reduction of the NOx and/or AVOC.  
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It’s noteworthy that the sensitivity of O3 formation varies spatially and temporally (Xing 

et al., 2011), further studies on the O3 sensitivity to the precursors using the updated 

chemical transport model which considers the comprehensive nitrogen chemistry are 

demanded for different cities/regions to evaluate the current and near-future policy in 

controlling the O3 pollution.  

Table 7-2. The predicted changes of O3 concentration in eight cities in NCP and YRD 

 

Base ReNOM 

2013 

(ppb) 

2020 

(ppb) 

changes 

(ppb) 

changes 

(percentage) 

2013 

(ppb) 

2020 

(ppb) 

changes 

(ppb) 

changes 

(percentage) 

BJ 126.9 123.1 -3.8 -3.0% 146.4 132.3 -14.1 -9.6% 

TJ 107.5 105.6 -1.9 -1.8% 121.2 105.6 -15.6 -12.9% 

SJZ 109.1 106.9 -2.2 -2.0% 123.6 111.3 -12.3 -9.9% 

JN 95.4 96.5 1.1 1.1% 105.5 100.2 -5.3 -5.0% 

ZZ 101.5 96.6 -4.9 -4.8% 109.7 100.0 -9.7 -8.9% 

HF 98.4 95.5 -2.9 -2.9% 108.1 97.7 -10.4 -9.7% 

NJ 115.7 112.5 -3.2 -2.8% 127.5 121.5 -6.0 -4.7% 

SH 78.2 78.5 0.3 0.3% 86.8 84.9 -1.9 -2.2% 

Avg* 104.1 101.9 -2.2 -2.1% 116.1 106.7 -9.4 -8.1% 

*Avg denotes the average of the eight cities.  

7.6 Summary 

In this study, a revised WRF-Chem which was incorporated with the ‘new’ reactive 

nitrogen chemistry was utilized to predict the impacts of nitrogen chemistry on the level 

of the odd hydrogen radicals and NOx and on the prediction of O3 sensitivity regime in 

China in summer season. The implication for the design of the pollution control strategy 

and the evaluation of the current control policy are also explored in this study.  
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The simulation results showed that the nitrogen chemistry significantly increased the level 

of ROx radicals as much as 54.93% and reduced the concentration of NOx up to 15.26%. 

The spatial patterns of the O3 sensitivity regime simulated by the original and revised 

WRF-Chem were considerably different across the domain, and around 40% of the area, 

in which O3 formation is influenced by anthropogenic emissions, changed the O3 

sensitivity regime because of the nitrogen chemistry. The changes of O3 sensitivity regime 

were mostly from VOC-sensitive to mixed-sensitive and from NOx-sensitive to mixed-

sensitive, highlighting the significance of the mixed-sensitive regime.  

Our simulations indicated that the nitrogen chemistry changes the O3 isopleths in the 

major cities in NCP and YRD in China, and the nitrogen chemistry mainly drove the major 

cities from the strong VOC-sensitive regime to the VOC-sensitive or even mixed-

sensitive regime. Such changes implied different strategy in controlling the O3 pollution 

in these cities. The O3 isopleths from the original WRF-Chem suggested the combined 

reduction policy of NOx and VOC while avoiding the initial increase of O3. The revised 

WRF-Chem indicated that the reduction policy can be flexibly designed in most cities and 

more focus can be on the NOx to simultaneously control the particulate nitrate pollution.   

This study also evaluated the effectiveness of the current policy, and the results suggested 

that further reduction of NOx and VOC is required to achieve the air pollution control 

objectives, and the further study of the O3 sensitivity to its precursors with the most 

updated chemical transport model is needed for the cities that still suffer the O3 pollution.  



139 

 

Chapter 8. Summary and future work 

8.1 Summary of this thesis 

In this study, meteorological analysis and dispersion model were used to examine the 

source region of N2O5 and ClNO2 observed in three field campaigns in China. WRF-Chem 

model was further developed to include the N2O5 and ClNO2 processes, and the revised 

model was validated with the N2O5 and ClNO2 concentrations measured in TMS campaign. 

The validated WRF-Chem model was applied in southern China and in the whole country 

to investigate the spatial and temporal distribution of N2O5 and ClNO2, their roles in the 

formation of secondary air pollution. A revised WRF-Chem model with HONO and 

ClNO2 chemistry was applied to explore the potential effects of the nitrogen chemistry on 

the determination of the O3 sensitivity regime.  

8.1.1 Identification of source region for observation campaigns  

This study used wind measurement, synoptic analysis, trajectory and dispersion model to 

analyze the air mass movement and the potential source region for three campaigns. For 

the campaign at TMS, all the analysis methods indicated that the air masses mostly came 

from the northeast of the measurement site. An extreme case was detected in the TMS 

campaign in which the air pollutants abruptly increased at midnight. The WRF with 

HYSPLIT dispersion model indicated that the air masses came from the east (the ocean) 

before the case, while a branch of the air masses was originated from the north of TMS 

(the polluted PRD region) during the extreme case, which explained the sudden increase 
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of the air pollutants measured at TMS. The WRF-HYSPLIT model was employed for the 

Wangdu and Mt. Tai campaigns. The results of WRF-HYSPLIT revealed that during the 

nighttime, the air masses that affected the site mostly originated from the surface level 

due to the ‘cap’ effect of the NBL, but in the early morning, with the breakdown of the 

NBL, the contribution of the air in the upper level to the ground-based measurement 

significantly increased, bringing the ClNO2-laden air in the residual air into the surface 

and supported the sustained peak of ClNO2.  

8.1.2 Development, validation and application of WRF-Chem model in 

southern China for the investigation of N2O5 and ClNO2 chemistry 

WRF-Chem model was developed to incorporate a widely-used aerosol thermodynamics 

model (ISORROPIA II), the parameterization of heterogeneous uptake of N2O5 and 

ClNO2 production, and gas-phase chlorine chemistry. The revised model was able to 

capture the temporal patterns and the magnitudes of the N2O5 and ClNO2 observed in TMS 

campaign, but tended to underpredict N2O5 and overpredict ClNO2 because of the 

underestimates of N2O5 sources and overestimates of the N2O5 sink and ClNO2 production.  

The validated WRF-Chem was applied in HK-PRD region in the period of the TMS 

campaign. Model simulations show that under average conditions, the highest values of 

N2O5 and ClNO2 are concentrated in the southwest region to the urban areas of the PRD 

(instead of over the HK region) and vertically peak within the layer of 400-800 m a.g.l. 

and 0-200 m a.g.l, respectively. At the night of Dec 3-4 when the highest ever-reported 

ClNO2 (4.7 ppb) was observed, the model suggested that the high levels of ClNO2 were 

concentrated in the residue layer (~300m a.g.l.). N2O5 uptake and Cl activation 
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significantly decreased the levels of NO and NO2 by up to 1.93 ppb (~7.4%) and 4.73 ppb 

(~16.2%), respectively, but increased the total nitrate by as much as 13.45 µg m-3 (~ 57.4%) 

and the O3 by up to 7.23 ppb (~16.3%) within the PBL.  

The model results demonstrate the significant impacts of N2O5 and ClNO2 on NOx lifetime, 

secondary nitrate production, and O3 formation and underscore the necessity of 

considering these processes in air quality models. The simulations of ClNO2 levels over 

southern China are sensitive to chlorine emissions, which suggests the need to develop a 

more reliable emission inventory of chlorine for better quantification of the N2O5/ClNO2 

chemistry and their impacts over China.  

8.1.3 Effect of N2O5 and ClNO2 in China in summer season 

The research on the impact of N2O5 uptake and ClNO2 production in southern China in 

winter was extended to the whole country during the period of Wangdu campaign. The 

updated WRF-Chem model was able to reproduce the concentration level and the 

temporal variation of the routine air pollutants, including PM2.5, NO2, and O3, across the 

country. The simulated N2O5 and ClNO2 concentrations were within the same order of the 

magnitude as the measured ones, and the simulation performance is similar to that of the 

previous chemical transport model studies on N2O5 and ClNO2.  

The peak value of ClNO2 was simulated after the sunrise at Wangdu site, which is 

consistent with the observation results at this site. The main cause was probably the 

significant production of ClNO2 in the residual layer, which was transported to the ground 
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level after the breakdown of the nocturnal boundary layer in the early morning, leading to 

the sustained ClNO2 peak at the ground level site in the morning.  

The simulated N2O5, and ClNO2 were elevated in China, especially over the city clusters, 

suggesting the potential effect of the N2O5 and ClNO2 process on the atmospheric 

chemistry. The average temporal variation and vertical distribution of ClNO2 in the five 

city clusters showed that the ClNO2 over NCP was the highest and that in PRD was the 

lowest, while those in YRD, CC and SCB were at median levels. The sustained peak of 

ClNO2 at Wangdu site were not predicted over the five city clusters. The uptake of N2O5 

and production of ClNO2 resulted in a significant influence on the formation of secondary 

air pollutants (O3 and nitrate). The N2O5 uptake decreased the O3 and increased the total 

nitrate across the domain, while the ClNO2 production enhanced O3 and reduced total 

nitrate throughout the country.  

8.1.4 Influence of the reactive nitrogen chemistry on the O3 sensitivity  

The simulation results of a revised WRF-Chem which was incorporated with the HONO 

and ClNO2 chemistry showed that the nitrogen chemistry significantly increased the level 

of ROx radicals as much as 54.93% and reduced the concentration of NOx up to 15.26%.  

The spatial patterns of the O3 sensitivity regime simulated by the original and revised 

WRF-Chem were considerably different across the domain, and around 40% of the area, 

in which O3 formation is influenced by anthropogenic emissions, changed the O3 

sensitivity regime because of the nitrogen chemistry. The changes of the O3 sensitivity 
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regime were mostly from VOC-sensitive to mixed-sensitive and from NOx-sensitive to 

mixed-sensitive, highlighting the significance of the mixed-sensitive regime.  

Our simulations indicated that the nitrogen chemistry strongly changes the O3 isopleth in 

the major cities in NCP and YRD in China, and the nitrogen chemistry mainly drove the 

major cities from the strong VOC-sensitive regime to the modest VOC-sensitive or even 

mixed-sensitive regime. Such changes implied different strategy in controlling the O3 

pollution in these cities. The O3 isopleths from the original WRF-Chem suggested the 

combined reduction policy of NOx and VOC while avoiding the initial increase of O3. The 

revised WRF-Chem indicated that the reduction policy could be flexibly designed in most 

cities and more focus can be on the NOx to simultaneously control the particulate pollution.   

This study also evaluated the effectiveness of the current policy and the results suggested 

that further reduction of the precursors is required to achieve the control objectives, and 

the further study of the O3 sensitivity to its precursors with the most updated chemical 

transport model is demanded for the cities that still suffer from the O3 pollution.  

8.2 Future work 

8.2.1 Role of the reactive nitrogen chemistry in the formation of secondary 

aerosol during the severe haze pollution 

The reactive nitrogen chemistry significantly influences the budget of the nitrogen oxides, 

the oxidative capacity, and the formation of O3, through the heterogeneous uptake of NO2 

and N2O5 on aerosol and the production and photolysis of HONO and ClNO2 (Zhang et 

al., 2017). The potential effect of the nitrogen chemistry on the production of secondary 
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aerosol, including the secondary inorganic aerosol (SIA) and secondary organic aerosol 

(SOA), has not been properly investigated.  

This thesis studied the influence of N2O5 and ClNO2 chemistry on the formation of 

secondary nitrate during winter in southern China and during summer in China, both of 

which were not characterized by the high loading of particulate matter. During the winter 

season in the northern China, the intensive and widespread activity of coal and wood 

combustion resulted in severe haze pollution (Zhang et al., 2015), featured by the elevated 

level of the secondary aerosol. Many studies have been conducted to reveal the formation 

mechanism of the severe haze in northern China in winter  (Liu et al., 2016; Wang et al., 

2016a), but most of the previous studies concentrated on the formation of sulfate aerosol, 

and very few research focused on the nitrate aerosol and the impact of the HONO and 

N2O5 chemistry.  

Besides, SOA also attracts a great amount of attention for its high concentration, vast 

sources, and complicated formation mechanism. SOA is generally formed through the 

degradation of volatile organic compounds and the subsequent gas-particle portioning 

(Hallquist et al., 2009). The degradation of VOC is driven by the atmospheric oxidants, 

including the OH, NO3, O3, and Cl, all of which are affected by the reactive nitrogen 

chemistry as demonstrated in this thesis. However, the role of nitrogen chemistry in the 

SOA formation has not been evaluated. It would be of great interest to evaluate the effect 

of the HONO and N2O5 chemistry on the formation of SOA, especially during the severe 

haze events.  
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8.2.2 Impact of the meteorological simulation on the prediction of the N2O5 

and ClNO2 chemistry 

This thesis mainly addresses the role of the chemical processes in the prediction of N2O5 

and ClNO2, while the meteorological (physical) processes are also crucial to the 

simulation of the N2O5 and ClNO2 chemistry.  

The N2O5 and ClNO2 chemistry affects the oxidative capacity through the photolysis of 

ClNO2 which is determined by the prediction of the radiative forcing. The radiative budget 

is strongly influenced by the cloud simulation, the feedback of aerosol loadings, the cross 

section and quantum yields of the relevant species (Madronich, 1987; Barker, 2000).  

Therefore, it is of help to look into the meteorological (physical) processes and investigate 

their influence on the simulation of N2O5 and ClNO2.  

As discussed in Chapter 4.2 and Chapter 6 of this thesis, the vertical distribution of the 

ClNO2 probably affects the temporal variation of ClNO2 at the ground surface. The 

vertical distribution of the trace species in the boundary layer depends on the 

emission/production of the species and the turbulence mixing (Shin and Hong, 2011). The 

emission/production of ClNO2 has attracted much attention and is covered in this thesis, 

while the influence of the turbulence mixing simulation on the vertical distribution of 

ClNO2 and other relevant species has not been studied, which calls for further studies on 

the performance of various boundary layer parameterizations in modeling the vertical 

profile of ClNO2.  
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8.2.3 Impact of the halogen chemistry on the atmospheric chemistry in the 

troposphere  

Halogen chemistry plays a central role in the formation of the O3 hole in the stratosphere 

(Molina and Rowland, 1974). The halogen species (chlorine, bromine and iodine) in the 

troposphere are also present at non-negligible levels over marine and coastal regions 

(Saiz-Lopez et al., 2007) and even mid-continental regions (Thornton et al., 2010). The 

chlorine chemistry enhances the oxidative capacity and the production of O3 over the 

polluted region as demonstrated in this thesis. The combined effect of the halogen 

chemistry on the O3 is reported to be destructive across the troposphere (Simpson et al., 

2015; Saiz-Lopez and von Glasow, 2012). However, a hemispheric chemical transport 

model, incorporated with the complete halogen chemistry, tends to underestimate the O3 

compared to the observations at the background sites (Sarwar et al., 2015), indicating the 

uncertainty of the previous research and the further need to evaluate the role of halogen 

chemistry in the tropospheric chemistry. 
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