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Abstract  

Ozone (O3) is an important greenhouse gas that contributes directly to global warming and has an 

adverse impact on human health and vegetation. The formation of O3 is influenced by the emission 

of precursors, such as oxides of nitrogen (NOx), carbon monoxide (CO), and volatile organic 

compounds (VOCs), the level of radicals for oxidizing the precursors, and the meteorological 

conditions that affect the emissions and chemical processes of the precursors and atmospheric 

transport patterns. While it has been known that urban and industrial regions of China have 

experienced severe O3 pollution, the long-term O3 trend and its drivers are still poorly understood.  

To better understand the factors affecting O3 pollution, it is necessary to investigate reactive 

nitrogen species, which have also not been well understood. Specifically, nitryl chloride (ClNO2) 

and nitrous acid (HONO) can recycle NOx and produce hydroxyl (OH
.
) and chlorine (Cl

.
) radicals 

after their photolysis and thereby affect the reactive nitrogen budget, atmospheric oxidative 

capacity, and the formation of secondary air pollutants. Previous studies have mostly focused on 

the formation of these reactive nitrogen species through the land-based emissions and their 

subsequent impact on haze and photochemical O3 in polluted land area. However, the impact of 

marine emissions, such as sea-salt emission and ship emissions, on the formation of ClNO2 and 

HONO and their subsequent impact on secondary pollution have rarely been evaluated. 

The first part of this thesis analyzes the long-term O3 trend in the lower troposphere in Hong Kong 

and the factors affecting O3 variations. The second part is the validation of the model performance 

of N2O5, ClNO2, and particulate chloride by a Weather Research and Forecasting model coupled 

with Chemistry (WRF-Chem) in early autumn of 2018 and the evaluation of the impact of sea-salt 

chloride on the formation of ClNO2 and O3 in a coastal area of south China. The third part is 

application of a further improved WRF-Chem model with updated reactive nitrogen chemistry to 

evaluate the impact of ship emissions on the O3 and fine particulate matter (PM2.5) in the summer 

of 2017 in Asia. The major results are summarized below. 

The long-term (26 years) O3 and CO measurements at a background site in Hong Kong (Hok Tsui; 

HT) were analyzed. An overall increase was found in the O3 level (0.40 ppbv year-1 (yr-1)). We 

also found a sizeable O3 increase (~20% per decade) in the air from the marine area. Results from 
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modeling showed that recent weather conditions had reduced maritime O3, counteracting the 

impact of growing Southeast Asia's emissions. The ozone trend in another background site (Tap 

Mun; TM) in Hong Kong was also evaluated to support the analysis of ozone trends. For the TM 

site, we found an overall increase rate of O3 by 0.17 ppbv yr-1 during 1999-2019. The significant 

increase in O3 trend showed in different air masses but not displayed in different seasons, 

indicating the contribution of long-range transport of O3 and its precursors at TM site. The number 

of O3 exceedance days and the trend of maximum daily 8-h average (MD8A) O3 during these days 

increased in both sites. The result indicated that extensive ozone pollution still occurred in south 

China, and more measures are needed to mitigate the ozone pollution in this region. In analyzing 

the vertical distribution of O3 measured by ozonesonde, we found that the average O3 mixing ratio 

during 1994–2019 increased by 0.59 ppbv yr-1, 0.41 ppbv yr-1, and 0.29 ppbv yr-1 at 0.5 km, 3km, 

and 6km, respectively. These results reveal an increasing trend in the lower tropospheric O3 on the 

South China coast. The interannual O3 variations were potentially affected by the El Niño event, 

especially at the upper layers. Large springtime O3 increases were also found in South Asia air 

masses by 0.35 ppbv yr-1 and 0.24 ppbv yr-1 below 6km and at the surface, potentially affected by 

the biomass burning emissions in the region. 

We also investigated the impact of sea-salt chloride on O3 formation by a revised WRF-Chem 

model with up-to-date chloride chemistry. This model was applied to examine the effects of sea-

salt chloride through the heterogenous reactions on O3 formation during two O3 episodes in early 

autumn (September 2017 and 2018) over the Hong Kong-Pearl River Delta and surrounding 

maritime regions.  During the maritime inflow phase, the fine particulate Cl- from sea salt 

emissions penetrated deep inland and was depleted by up to 40% through N2O5 heterogeneous 

reaction. This depletion of fine particulate Cl- further leads to elevated ClNO2 mixing ratios (up to 

0.6 ppbv) produced at night. During continental winds, the oceanic particulate Cl- in the coastal 

areas was depleted by 18–33% by the heterogeneous reaction of N2O5, leading to an increase in 

ClNO2 mixing ratio up to 0.8 ppbv in the residual layer (~300 m). The production of ClNO2 from 

sea-salt chloride increased the O3 mixing ratios by up to 2.0 ppbv (4%) over the inland areas during 

marine winds and up to 3.8 ppbv (5.5%) and 6.5 ppbv (7.6%) over the South China Sea. This study 

highlights the considerable impact of reactive nitrogen on O3 formation through the heterogeneous 

reaction in coastal regions. 
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The WRF-Chem model was also applied to evaluate the impact of emissions from international 

shipping on the formation of O3 and PM2.5 during summer in Asia. We found that the ship-derived 

HONO and ClNO2 increased ROx radicals' concentration approximately two to three times in the 

marine boundary layer. The enhanced radicals then increased the O3 and PM2.5 concentrations in 

marine areas, with the ship contributions rising from 9% to 21% and from 7% to 10%, respectively. 

The most considerable ROx enhancement was simulated over the remote ocean with the ship 

contribution increasing from 29% to 50%, which led to increases in ship-contributed O3 and PM2.5 

from 21% to 38% and 13% to 19%, respectively. In coastal cities, the enhanced levels of radicals 

also increased the maximum ship contribution to O3 and averaged PM2.5 concentrations from 5% 

to 11% and from 4% to 8% to 4% to 12%, respectively. These findings indicate that modeling 

studies without considering HONO and ClNO2 can significantly underestimate ship emissions' 

impact on radicals and secondary pollutants. Therefore, it is important that these nitrogen 

compounds be included in future models to evaluate the effects of ship emissions on air quality. 

Overall, this thesis investigates the long-term trend of O3 in the lower troposphere in South Asia 

and illustrates the increase in summertime O3 due to marine emissions. We also evaluate the impact 

of oceanic source of ClNO2 and HONO on the formation of O3. It underscores the importance of 

reactive nitrogen chemistry in assessing the effects of marine emissions. The findings can be used 

as a scientific basis to formulate control policies for ship emissions.   
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(Unit: ppbv) at HT site. The results are from the BASE experiment. The periods 

shaded in green are the "continental outflow" phase. The simulated results for 

using N2O5 uptake from Yu et al. (2020) are shown in blue lines ((c), (f), and (g)). 

Figure 5.3.3. Comparison of simulated and observed average (a) N2O5 and (b) ClNO2 mixing 

ratios each night (18:00-06:00 LST) at HT site in 2018. Error bars represent the 

standard deviation. 

Figure 5.3.4. Comparison of the simulated and observed average of (a) NO and (b) NO2 mixing 

ratio at each night (18:00-06:00 LST) at HT site in 2018 case. Error bars represent 

the standard deviation. 

Figure 5.3.5. Spatial distribution of ClNO2 mixing ratio on September 09, 2018 (14:00 LST). 

Unit is ppbv. Arrows are wind vectors from the BASE experiment.  

Figure 5.3.6. Horizontal distributions of (a) total particulate sea-salt Cl-, (b) coarse particulate 

sea-salt Cl-, and (c) fine particulate sea-salt Cl- at the time of 08:00 LST for the 

marine phase in September 2017. (d), (e), and (f) are the same as (a), (b), and (c), 

respectively, but for the continental phase. Units are μg m-3. Arrows are the wind 

vectors from the BASE experiment. 
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Figure 5.3.7. Horizontal distributions of (a) total particulate sea-salt Cl-, (b) coarse particulate 

sea-salt Cl-, and (c) fine particulate sea-salt Cl- at the time of 08:00 LST for the 

marine phase in September 2017. (d), (e), and (f) are the same as (a), (b), and (c), 

respectively, but for the continental phase. Units are μg m-3. Arrows are the wind 

vectors from the BASE experiment. 

Figure 5.3.8. Horizontal distributions of sodium (Na+) in sea salt. (a) total particulate, (b) coarse 

particulate, and (c) fine particulate at 08:00 LST in the marine phase. (d)(e)(f) are 

the same as (a)(b)(c) but for 12 September. The concentration of sodium was from 

the SSE experiment. Units are μg m-3. Arrows are the wind vectors from the 

BASE experiment. 

Figure 5.3.9. Histogram of (a) chlorine loss (Unit: μg m-3) and (b) ratio of chlorine loss 

(Unit: %) by acid displacement to that by heterogeneous reaction with N2O5 on 

fine and coarse particulate sea-salt Cl- in marine and continental phases at YJ, 

HK, GZ, and JX sites, listed according to ascending distance from the coastline. 

Figure 5.3.10. Horizontal distributions of chlorine loss via the acid replacement on coarse 

particulate sea-salt chloride at (a) 02:00 LST and (b) 08:00 LST in marine phase 

and (c) 02:00 LST and (d) 08:00 LST in continental phase. Units are μg m-3. 

Arrows are the wind vectors from the BASE experiment. 

Figure 5.3.11. Horizontal distributions of HNO3 mixing ratio at 18:00 LST in (a) September 11 

and (b) September 12, 2017, and N2O5 mixing ratio at 08:00 LST in (c) 

September 11 and (d) September 12, 2017. The mixing ratios of HNO3 and N2O5 

were from the SSE experiment. Units are ppbv. Arrows are the wind vectors from 

the BASE experiment. 

Figure 5.3.12. Spatial distribution of fine Cl- from (a) sea-salt emission and (b) anthropogenic 

activities on September 11, 2018 (07:00 LST). Units are μg m-3. Arrows are wind 

vectors from the BASE experiment.  

Figure 5.3.13. Horizontal distributions of ClNO2 mixing ratio produced from sea-salt chloride at 

(a) 02:00 LST and (b) 08:00 LST in the marine phase and (c) 02:00 LST and (a) 

08:00 LST in the continental phase in September 2017. (e), (f), (g), and (h) are the 
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same time as (a), (b), (c), and (d), respectively, but for the vertical distribution of 

ClNO2. The vertical distribution was taken over a longitude of 113°E in the 

marine phase and 114.19°E in the continental phase. Units are ppbv. Arrows 

present the wind vectors, the black lines indicate the planetary boundary layer 

height, and the gray shadow shows the topography high from the BASE 

experiment. 

Figure 5.3.14. Horizontal distributions of ClNO2 mixing ratio produced from anthropogenic 

chloride at (a) 02:00 LST and (b) 08:00 LST in the continental phase. Units are 

ppbv. Arrows and black lines are the wind vectors from the BASE experiment. 

Figure 5.3.15. Horizontal distributions of O3 mixing ratio at (a) 08:00 LST (b), 14:00 LST, and 

(c) 18:00 LST in the marine phase on September 11, 2017. (d), (e), and (f) are the 

same as (a), (b), and (c), but for the O3 enhancement from the photolysis of 

ClNO2. Units are ppbv. Arrows and black lines are the wind vectors from the 

BASE experiment. 

Figure 5.3.16. Same as Figure 5.3.15 but for the continental phase on September 12, 2017. 

Figure 5.3.17. Horizontal distributions of O3 enhancement from the photolysis of ClNO2 

produced from anthropogenic chloride at (a) 14:00 LST and (b) 18:00 LST in the 

continental phase. Units are ppbv. Arrows and black lines are the wind vectors 

from the BASE experiment. 

Figure 5.3.18. Same as Figure 5.3.15 but for the O3 episode on September 11, 2018. 

Figure 5.3.19. Horizontal distributions of ClNO2 mixing ratio produced from sea-salt chloride at 

(a) 02:00 LST and (b) 08:00 LST on September 11, 2018. Units are ppb. Arrows 

and black lines represent the wind vectors from the BASE experiment. 

Figure 5.3.20. Schematic of the transport of sea-salt aerosols and the chemical mechanisms of O3 

formation from sea-salt chloride.  

Figure 6.2.1. (a) NOx emission fluxes from ships (Unit: g m-2 month-1) in July 2017. (b)Model 

domains with six water zones (SCS, East China Sea (ECS), Bohai rim (BR), Sea 

of Japan (SOJ), Bay of Bengal (BOB), and West Pacific Ocean (WPO)), three 

coastal city clusters (Pearl River Delta (PRD), Yangzi River Delta (YRD) and 
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North Central Plain (NCP)) and three maritime observational sites (HT, 

Yonagunijima (Yona) and Ryori). The red dots in PRD, YRD, and NCP represent 

the selected coastal sites. The ranges of latitude and longitude in each water zone 

are listed in Table 6.2.1. 

Figure 6.2.2. Measurement sites. (a) Red dots denote the available surface air-quality monitoring 

stations operated by MEE in July 2018. (b) Blue dots represent the surface 

weather station in NCDC in July 2018. 

Figure 6.2.3. (a) Observations of O3 at China MEE station and two marine sites in Japan and 

modeled O3 mixing ratios with (b) default chemistry and (c) integrated HONO 

and chlorine chemistry (Unit: ppbv). The red circles in (a) and (b) highlight the O3 

simulation in the coastal area. 

Figure 6.3.1. Spatial distribution of the simulation of averaged (a) HONO (Unit: ppbv) and (b) 

nighttime ClNO2 (Unit: pptv, 18:00–06:00 LST) at surface layer (~30 m) in July 

2018 from the BASE case. Arrows present the simulated wind vectors from the 

BASE experiment.  

Figure 6.3.2. (a) Spatial distribution of averaged NO2 (Unit: ppbv) at the surface. Arrows present 

the simulated wind vectors from the BASE experiment.  

Figure 6.3.3. Vertical distribution of averaged (a)(b) HONO (Unit: ppbv) and (c)(d) nighttime 

ClNO2 (Unit: pptv) at cross-section by 113°E and 31°N, respectively in July 2018 

from the BASE experiment. Arrows and the gray shadow present the topography 

high from the BASE experiment. We also highlight the SCS and PRD in (a) and 

the YRD and ECS in (b). 

Figure 6.3.4. Vertical profile of the simulation of averaged HONO and nighttime ClNO2 (Unit: 

pptv) from ship emission and other sources in separated nine regions. Also shown 

are the contribution of ship emission and other sources to averaged HONO and 

nighttime ClNO2 (Unit: %) in the Marine Boundary Layer (MBL, within 600m) in 

separated nine regions.   
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Figure 6.3.5. Spatial distribution of averaged N2O5 (Unit: pptv) during nighttime (18:00 LST-

06:00 LST) at the surface from the BASE experiment in July 2018. Arrows 

present the simulated wind vectors from the BASE experiment. 

Figure 6.3.6. Spatial distribution of averaged N2O5 (Unit: pptv) during nighttime (18:00 LST-

06:00 LST) at the surface from the BASE experiment in July 2018. Arrows 

present the simulated wind vectors from the BASE experiment. 

Figure 6.3.7.  Average daytime ROx variations (06:00-18:00 LST; Unit: pptv) with (a) default 

chemistry (Def-Def_noship), (b) default and additional HONO chemistry 

(HONO-HONO_noship), (c) default and additional chlorine chemistry (Cl-

Cl_noship) and (d) default and integrated HONO and chlorine chemistry (BASE-

BASE_noship).  Arrows present the simulated wind vectors from the BASE 

experiment. 

Figure 6.3.8. Average variations of simulated (a) OH radical (Unit: pptv) during daytime from 

the ship emission with additional HONO chemistry (HONO-HONO_noship) and 

(b) Cl radical (Unit:10-9 pptv) during daytime from the ship emission with 

chlorine chemistry (Cl-Cl_noship).    

Figure 6.3.9. Vertical profile of daytime ROx variations (Unit: pptv) from different chemistry in 

separated regions. 

Figure 6.3.10. Contribution of ship emission with different chemistry to averaged mixing ratios 

of (a) daytime ROx, (b) O3, and (c) PM2.5 (Unit: %). 

Figure 6.3.11. Same as Figure 6.3.7 but for average O3 variations (Unit: ppbv). 

Figure 6.3.12. O3 sensitivity regimes using the (a) Def, (b) HONO, (c) Cl, and (d) Base 

experiments. The classification of O3 sensitivity regime is based on the production 

rates of H2O2 to HNO3, and P(H2O2) /P(HNO3) of <0.06, 0.06–0.2, and >0.2 

correspond to VOC-limited, transition, and NOx-limited conditions, respectively 

(Zhang et al., 2009). 

Figure 6.3.13. Vertical profile of O3 variations (Unit: ppbv) from different chemistry in 

separated regions. 

Figure 6.3.14. Same as Figure 6.3.7 but for average PM2.5 enhancements (Unit: μg m−3). 
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Figure 6.3.15.  Same as Figure 6.3.7 but for averaged fine particulate nitrate enhancement (Unit: 

μg m−3). 

Figure 6.3.16.  Same as Figure 6.3.7 but for averaged fine particulate sulfate enhancement (Unit: 

μg m−3). 

Figure 6.3.17. Contribution of ship emission to the concentration of detailed aerosol species in 

the oceanic area and coastal cities. PSO4, PNO3, PNH4, and PPM represent the 

fine particulate sulfate, fine particulate nitrate, fine particulate ammonia, and 

primary particulate matter. Def_ship and ReNOM_ship represents the difference 

between Def and Def_noship experiments and between BASE and BASE_noship 

experiments, respectively. 
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Chapter 1. Introduction 

1.1 Background  

Ozone (O3), in the atmosphere, is formed from the combination of atomic oxygen (O(3P)) and 

molecular oxygen (O2) (R1-1). In the troposphere, the primary source of O(3P) is from the 

photolysis of nitrogen dioxide (NO2), which also results in the formation of nitric oxide (NO) (R1-

2). The produced NO in turn can readily react with the O3 to regenerate NO2 resulting in a null 

cycle without the evolution of other chemicals (R1-3). Owing to the existence of alternative 

oxidants in the troposphere (i.e., HO2 and RO2), NO can be efficiently converted to NO2 (R1-4 and 

R1-5), leading to the accumulation of O3. In this process, O3 can be formed without the 

consumption of nitrogen oxides (NOx), and this process is referred to as the "NOx cycle". Therefore, 

to better understand O3 formation, it is necessary to understand the formation of these alternative 

oxidants such as HO2 and RO2. HO2 and RO2 are formed by the oxidization of volatile organic 

compounds (VOCs), which is initiated by hydroxyl radicals (OH.) (Atkinson, 2000). This chemical 

cycle, called the "ROx (ROx=OH+HO2+RO2) cycle", produces two molecules of O3 through the 

"NOx cycle" and recycles NO (R1-4 ~ R1-7). The combination of these two chemical cycles is 

shown in Figure 1.1. 

O (3P) + O2 + M → O3 + M                                                                                                   (R1 - 1) 

NO2 + hν → NO + O (3P)                                                                                                      (R1 - 2)  

O3 + NO → NO2 + O2                                                                                                                                                                 (R1 - 3) 

HO2 + NO → OH·+ NO2                                                                                                                                                        (R1 - 4) 

RO2 + NO → RO + NO2                                                                                                            (R1 - 5) 

OH + RH + O2 → RO2 + H2O                                                                                               (R1 - 6) 

RO + O2 → HO2 + carbonyls                                                                                                (R1 - 7) 
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OH + NO2 → HNO3                                                                                                                    (R1 - 8) 

RO2 + NO2 ↔ RO2NO2                                                                                                           (R1 - 9) 

HO2 + HO2 → H2O2 + O2                                                                                                                                                         (R1 - 10) 

HO2 + RO2→ RO2H + O2                                                                                                    (R1 - 11) 

 

Figure 1.1.1. Simplified tropospheric ozone (O3) chemistry (Wang et al., 2017). 

O3 formation is non-linearly dependent on the intensity of its precursors, such as NOx and VOCs 

(Sillman, 1999). Air parcels with low NOx/VOCs are commonly known as "NOx-limited"(R 1-8 

and R1-9), and a small increase in NOx can result in a large increase in O3. Likewise, Air parcels 

with low VOCs/NOx are known as "VOC-limited" (R1-10 and R1-11).  

Apart from the O3 precursors, O3 formation is also related to meteorological factors, such as solar 

radiation, temperature, and large-regional wind patterns, affecting the chemical production of 

ozone (Wang et al., 1998, Camalier et al., 2007). The long-term ozone trend and drivers are quite 

complicated in different regions. In recent decades, China has experienced a rapid development 

with increased emissions from anthropogenic activities (Xu et al., 2008, Wang et al., 2009), which 

resulted in extensive O3 pollution (Wang et al., 2017). To effectively control ozone pollution, the 

Chinese government has published a series of regulations, leading to a considerable reduction in 

O3 precursors. However, owing to the non-linear dependence on the intensity of its precursors, the 
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O3 level in many rural areas has still increased (Liu and Wang, 2020). Therefore, investigation of 

the long-term trend of O3 observations and identifying the key factors of O3 increase are essential 

steps for making science-based regulations to mitigate O3 pollution.  

As mentioned above, the degradation of VOCs requires oxidizing agents, which also play an 

important role in "cleaning" the pollutants in the atmosphere (Monks, 2005). Traditionally, the 

primary oxidants in the troposphere are OH and O3. Recently, new sources of radical precursors 

have emerged, such as the relatively lesser-known daytime sources nitrous acid (HONO) 

(Kleffmann, 2007) and the nighttime source nitryl chloride (ClNO2) (Osthoff et al., 2008). 

Photolysis of HONO can significantly enhance the oxidative processes by producing OH radical 

(R1-12). The released OH radical oxidizes VOCs and convert nitric NO into NO2 without 

consuming O3, leading to the generation of O3 (R1-13 to R1-17). Photolysis of ClNO2 can release 

chlorine atom (R1-18), which can react with VOCs and enhance the photochemical formation of 

ozone in a mechanism similar to that generating the OH radical (Riedel et al., 2012). The photolysis 

of HONO and ClNO2 mainly occur in the early morning when other radical sources—for example, 

ozone and formaldehyde photolysis—are still small. It is therefore of great importance to 

investigate the formation sources of those two species.  

HONO + hν → OH·+ NO                                                                                                 (R1 - 12) 

OH· + VOC → RO2 + H2O                                                                                               (R1 - 13) 

RO2 + NO → NO2 + HO2 + OVOC                                                                                    (R1 - 14) 

HO2 + NO → NO2 + OH·                                                                                                 (R1 - 15) 

NO2 + hν → NO + O(3P)                                                                                                       (R1 - 16) 

O(3P) + O2 → O3                                                                                                                  (R1 - 17) 

ClNO2 + hν → Cl·+ NO2                                                                                                                                                    (R1 - 18) 

Previous studies have demonstrated the potential impact of oceanic emissions on the production 

of ClNO2 and HONO. A study reported the high concentration of measured ClNO2 at a coastal site 

in Hong Kong during maritime (Tham et al., 2014). The high level of ClNO2 measured at a 
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suburban site in Europe also originated from the marine air masses (Phillips et al., 2012). These 

studies suggested the potential production of ClNO2 from oceanic emissions, such as sea salt 

emissions and ship emissions. The high conversion rate of NO2 to HONO originated at the sea 

surface (Zha et al., 2014), which also revealed the potential production of HONO from oceanic 

emissions. Many numerical studies have demonstrated the impact of HONO and ClNO2 on ozone 

and other secondary pollutants produced by land-based emission (Sarwar et al., 2008, Sarwar et 

al., 2012, Sarwar et al., 2014, Zhang et al., 2017b). However, little work has been devoted to 

quantifying HONO and ClNO2 production through oceanic emissions and the subsequent impact 

on O3 and secondary pollution. A numerical study has reported that the production of Cl2 by sea-

salt particles can be photolyzed to release Cl radicals and subsequently lead to a noticeable increase 

of O3 in the coastal area of Los Angeles (Knipping and Dabdub, 2003). The production of ClNO2 

from the sea salt aerosol and its relevant impacts on ozone and other secondary pollutants are also 

meaningful to mitigate its adverse effect on air quality and human health. Another oceanic 

emission is from international shipping. The emission from shipping activities has witnessed a 

dramatic increase in recent years, which significantly contributed to the anthropogenic NOx budget 

in the troposphere (UNCTAD, 2019, McDuffie et al., 2020b). However, the production of HONO 

and ClNO2 from ship-related NOx and its subsequent impact on ozone and secondary pollution 

have rarely been analyzed. Therefore, it is of great importance to evaluate the effect of these two 

oceanic emissions on the production of HONO and ClNO2 and its subsequent impact on the 

formation of O3 and other secondary air pollutants.     

1.2 Objectives  

The objectives of this thesis are summarized as follows:  

1. Analyze the long-term trend of tropospheric ozone in south China and examine the key factors 

(weather patterns, emissions of ozone precursors, and regional transport patterns) contributing to 

ozone variations. 

2. Evaluate the impact of oceanic emissions (sea-salt emissions and ship emissions) on the 

production of HONO and ClNO2 and its subsequent impact on the formation of ozone and other 

secondary pollutants through reactive nitrogen chemistry. 
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1.3 Organization of the thesis 

This thesis includes seven chapters. The first chapter gives an introduction and outlines the need 

for this study. In chapter 2, the literature review of previous studies is summarized. Chapter 3 

introduces the system and basic mechanism of the widely adopted chemical transport model 

(WRF-Chem) and the input data of the gridded emission inventory of the model. Chapter 4 

analyzes the long-term trend of surface ozone in two background sites and the vertical ozonesonde 

data in Hong Kong and evaluates the impact of weather patterns and emissions to the increasing 

summertime ozone and the potential attributions to the increasing springtime ozone. Chapter 5 

illustrates the impact of sea-salt chloride on O3 formation through reactive nitrogen chemistry 

during two ozone episodes in southern China. Chapter 6 demonstrates the impact of ship emissions 

on the formation of O3 and particles in summertime Asia with an emphasis on the important role 

of HONO and ClNO2. Summary and future work are given in chapter 7. 
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Chapter 2. Literature review  

2.1 Long-term trend of ozone and causes of ozone variations  

As an important greenhouse gas, tropospheric ozone (O3) directly contributes to global warming, 

with an estimated globally-averaged radiative forcing of 0.40 ± 0.20 W m-2 (IPCC, 2013).  High 

concentrations of O3 at the surface have an adverse effect on human health and can result in health 

conditions such as asthma, emphysema, and chronic bronchitis (NRC, 1992, Fowler et al., 2008, 

Fleming et al., 2018, Norval et al., 2011). A high level of surface O3 also has adverse effects on 

vegetation, including affecting the crop yields, forest growth, and species composition (Van 

Dingenen et al., 2009, Fuhrer et al., 1997), hence influencing the ecosystem (Karnosky et al., 2005).  

The long-term ozone trend and its drivers are complicated in different regions. In many developed 

countries, such as North America, Europe, and Japan, the ozone trends have decreased in recent 

decades (Cooper et al., 2012, Parrish et al., 2009, Logan et al., 2012, Oltmans et al., 2013b, Jonson 

et al., 2006). In these regions, numerous long-term ozone monitoring sites were established in the 

1980s and 1990s, owing to the development of monitoring instruments (Cooper et al., 2014). 

Studies related to the long-term trend of surface ozone were almost published after 1990. In North 

America, surface ozone has been reported to increase in air masses originating from the west coast 

of the US from 1990 to 2010 (Parrish et al., 2012). In recent years, in response to the decreased 

emissions in domestic ozone precursors, decreased surface ozone trends were observed across the 

eastern United States (Simon et al., 2015, Lefohn et al., 2010, Cooper et al., 2012). The 

summertime surface ozone has decreased strongly, especially in the eastern US during extreme 

events (Lefohn et al., 2010, Simon et al., 2015). However, the ozone levels in rural areas of the 

western United States showed trends upward during 1980–2014 (Lin et al., 2017). The springtime 

ozone in the rural sites of the west of the United States also increased due to the large-scale 

transport of ozone precursors from east Asia (Cooper et al., 2012), indicating the complicated 

drivers for long-term ozone. In Europe, ozone generally increased through most of the 1990s but 

has leveled off since 2000 (Logan et al., 2012, Parrish et al., 2012, Oltmans et al., 2013a). In recent 

years, decreased ozone trends were also observed across western Europe (EEA, 2016). 
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However, the ozone trend in some developing countries, such as China and India, still increased 

rapidly (Wang et al., 2009, Xu et al., 2008). In China, the surface ozone has risen significantly in 

recent decades (Xu et al., 2008, Xu et al., 2015a, Ma et al., 2016, Sun et al., 2019, Wang et al., 

2009, Wang et al., 2019b). Xu et al. (2008) illustrated an increased trend of extreme values and 

variability in six periods of observed ozone data from 1991 to 2006 at Lin'an, a background site in 

the Yangtze River Delta (YRD) region. Xu et al. (2015a) demonstrated a positive trend in the 

surface ozone at Mt. Waliguan site for 1994 to 2013 by 0.25 ± 0.17 ppbv yr−1, with significant 

contributions by the mountain-valley breezes. Similarly, Ma et al. (2016) reported a positive trend 

in the maximum daily average 8-hour concentration of ozone at Shangdianzi by 1.1 ppbv yr −1 for 

2003–2015. Sun et al. (2016) reported the summertime surface O3 data from 2003–2015 at Mt. Tai, 

the highest mountain over the NCP, with a significant increase of 1.7 ppbv yr−1 for June and an 

average increase of 2.1 ppbv yr−1 for July–August. Wang et al. (2009) reported a significant 

increasing trend of 0.58 ppbv yr−1 from 1994 to 2007 at a coastal site in Hong Kong due to the 

increase in emissions of ozone precursors in upwind source regions, which were further studied 

for the years from1994 to 2018 and reported an increasing trend by 0.35 ppbv yr−1 (Wang et al., 

2019b).  Due to the regulation by the Chinese government after 2012, the emissions of ozone 

precursors have decreased in recent years (Li et al., 2019). However, the ozone trend in China was 

still found to increase, especially in some urban areas (Liu and Wang, 2020, Lu et al., 2020). More 

studies are required to understand the trend of surface ozone and relevant drivers. 

Apart from the surface ozone data, vertical measurements of ozone are also needed. In contrast to 

the routinely monitored surface ozone data, the vertical profile of ozone data is limited to 

ozonesonde, lidar sites, and aircraft monitoring (Cooper et al., 2014), making it challenging to 

collect vertical ozone data for long periods.  Despite the difficulties, many studies have reported 

stable or decreasing trends in the vertical profile of ozone in developed countries, such as Europe, 

North America, and Japan (Akimoto, 1994, Logan, 1994, Oltmans et al., 1998, Monks, 2000). In 

contrast to the decreased trend in developed countries, the tropospheric ozone in China still 

increased (Wang et al., 2012, Ding et al., 2008a, Chan et al., 1998). Chan et al. (1998) found that 

the seasonal variations in the first tropospheric ozone column measured by ozonesonde in Hong 

Kong were due to the local meteorological conditions (temperature, solar radiation, and regional 

wind flows). Ding et al. (2008b) found a strong positive trend by 2 % yr−1 in the lower tropospheric 

ozone, based on the ozone profile from the MOZAIC (Measurement of Ozone and Water Vapor 
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by Airbus In Service Aircraft) program over Beijing in the NCP region, from the period of 1995–

2005. Wang et al. (2012) reported a similar increasing trend of lower tropospheric ozone by 3.1 % 

yr-1 from 2002 to 2010 in Beijing. Other studies have also used the satellite-based data to assess 

the ozone column trends (Shen et al., 2019b) and the characteristics of ozone formation (Wu and 

Xie, 2017) in China. 

The vertical O3 distribution can be affected by emissions and dynamic processes, and the high O3 

level in upper boundary layers can affect the surface O3 by downdrafts (Wang et al., 2012). For 

example, Chan et al. (2002) have reported that the peak springtime O3 in Hong Kong can be 

attributed to Southeast Asia's biomass burning emissions. Tang et al. (2017) has demonstrated that 

the O3 production in the lower troposphere was also sensitive to the emission ratio of NOx/VOCs 

but exhibit different sensitivities compared to the surface layer. Stratosphere–troposphere 

exchange (STE) events are an important factor of the ozone budget in the upper troposphere and 

lower stratosphere (Zeng and Pyle, 2005). A recent study showed that the deep STE events had a 

potential effect on the lower tropospheric ozone (Shen et al., 2019a), the frequency of which was 

related to large-scale climate events, such as the El Niño Southern Oscillation (ENSO). 

Simultaneously, ENSO circulation also impacts the intensification of springtime wildfires in Asia, 

affecting the vertical ozone distribution in Asia and the North Pacific (Xue et al., 2020). It is 

therefore of great importance to analyze the trend of vertical O3, which can explore the potential 

factors of surface ozone and interactions between climate, emissions, and ozone variations.  

Numerous studies have focused on the impact of ozone precursors' emissions and weather patterns 

on ozone formation. Cooper et al. (2012) reported that the decreased ozone trend on the eastern 

coast of North America resulted from the decrease in domestic emissions. On the other hand, the 

upward trends of ozone levels in rural areas of the western United States were attributed to 

increases in Asian emissions (Cooper et al., 2010, Gaudel et al., 2018, Jacob et al., 1999) and 

enhanced biomass burning emissions (Westerling et al., 2006, Jaffe and Wigder, 2012). Wang et 

al. (2019c) also illustrated that the positive trend in the summertime ozone at a background site in 

Hong Kong was attributed to the increasing emissions of ozone precursors in upwind regions. The 

atmospheric circulation patterns  (such as El Niño and La Niña wind patterns) can also affect the 

tropospheric ozone by long-range transport patterns (Lin et al., 2014, Xu et al., 2018, Okamoto et 

al., 2018) and stratosphere-to-troposphere exchange. Lin et al. (2014) reported that the decadal 
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variability of climate patterns caused the changes in the flow of ozone-rich air from Eurasia and 

contributed to a decrease in ozone during spring and an increase in ozone concentrations during 

autumn at a remote site in Hawaii. Xu et al. (2018) showed that the ozone variability was positively 

correlated with the climate index in a mountainous site due to the impact of atmospheric circulation 

on ozone variations at high elevations. The weather patterns and local meteorological parameters 

also affected tropospheric ozone (Wang et al., 1998, Wang et al., 2009).    

Since high ozone concentrations are a key threat to human health, many investigations have been 

conducted to understand the factors causing ozone pollution. Previous studies have reported that 

ozone concentrations are impacted by meteorological conditions, emissions, and regional transport. 

High temperatures and intense solar radiations can facilitate O3 formation by accelerating the 

ozone chemical production rate and enhancing O3 precursor emissions from biological activities 

(i.e., vegetation and soil emission) (Jacob and Winner, 2009). High temperatures in the urban area 

also intensified the urban heat island effect, which also contributed to worsened ozone pollution 

(Wang et al., 2018c). Low wind speed and relative humidity are also related to the O3 formation 

(Zhang et al., 2015, Kavassalis and Murphy, 2017). O3 concentrations are also climatologically 

affected by the regional-scale wind patterns. Wang et al. (2001) reported that the “convergence” 

wind flow might re-circulate/transport nearby urban plumes and cause high-ozone events in Hong 

Kong. Ling et al. (2013) exhibited that tropical cyclone weather patterns were most conducive to 

O3 episodes, and other studies have also investigate the association of typhoon with ozone 

episodes(Han et al., 2020, Shu et al., 2020). Wang et al. (2018c) also indicated that sea-land 

breezes circulations intruded the continental air into the marine atmosphere and magnified the area 

of overspread ozone pollution by ~8 times on the coast of Hong Kong. However, long-term 

analysis of the relation between the formation mechanism of ozone pollution and meteorological 

factors is still needed.     

2.2 ClNO2 and HONO chemistry in the troposphere 

ClNO2 is produced by the heterogeneous uptake and subsequent reaction of dinitrogen pentoxide 

with chlorine-containing aerosols (R 2-4). Owing to the thermal instability of N2O5, the production 

of N2O5 occurs as an equilibrium reaction with nitrate radicals (NO3) (R 2-2), which is an important 

nocturnal pathway of NOx loss in the presence of O3 (R 2-1). As a competing reaction of R 2-4, 
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the hydrolysis of N2O5 on the surface of water-containing aerosol can also produce nitrate in a 

slow reaction rate (R 2-3). The net reaction of R 2-3 and R 2-4 is the R 2-5. 

O3 + NO2 → NO3                                                                                                                   (R 2-1) 

NO3 + NO2 ↔ N2O5                                                                                                               (R 2-2) 

N2O5 (g) + H2O (aq) → 2HNO3 (aq)                                                                                      (R 2-3) 

N2O5 (g) + HCl (aq) → HNO3 (aq) +ClNO2 (g)                                                                     (R 2-4) 

N2O5 (g) + (1-ɸ) H2O (aq) + ɸ HCl (aq) → (1-ɸ) 2HNO3 (aq) + ɸ HNO3 (aq) + ɸ ClNO2 (g) 

                                                                                                                                                (R 2-5) 

The rate constant of the loss of N2O5 is implemented as a first-order reaction in the following way 

(Riemer et al., 2003, Dentener and Crutzen, 1993):  

𝑘𝑁2𝑂5
=  

1

4
 ∙  𝑐𝑁2𝑂5

∙ 𝑆 ∙  𝛾𝑁2𝑂5                                                                                               (E 2-1) 

where, 𝑐𝑁2𝑂5
 is the mean molecular velocity of N2O5 (Unit: m s−1), and S is the aerosol surface 

area density, calculated from the size-resolved particle number concentrations assuming spherical 

particles (Unit: µm2 cm−3). γN2O5 represents the heterogeneous uptake coefficient of N2O5. The 

values of γN2O5 have been found to range from 5 × 10−4 to 0.11, dependent on temperature, relative 

humidity, and aerosol composition (Brown et al., 2006, Bertram and Thornton, 2009a, Riedel et 

al., 2012, Phillips et al., 2016). The yield of ClNO2 (ϕ(ClNO2)), relative to N2O5 uptake, is 

expected to only depend on water and the presence of aerosol phase chloride (Bertram and 

Thornton, 2009a), which is also defined as a value between 0 and 1(Thornton et al., 2010, Wagner 

et al., 2013, McDuffie et al., 2018a). As 𝑐𝑁2𝑂5
 and S were well determined in previous studies, the 

treatment of γN2O5 was critical for the uptake of N2O5 and the yield of ClNO2. A parameterization 

for ϕ(ClNO2) based on these expected dependencies has been derived in previous laboratory-based 

studies (Behnke et al., 1997, Bertram and Thornton, 2009a, Roberts et al., 2009, Yu et al., 2020b). 

The details of the parameterization will be discussed in section 3.2.1. 

The first measurement of ClNO2 was performed by Osthoff et al. (2008), who reported a ClNO2 

mixing ratio exceeding 1.0 ppbv off the coast of Texas in 2006. After that, ambient ClNO2 was 



11 

 

widely measured in both continental and coastal/marine environments (Osthoff et al., 2008, Riedel 

et al., 2012, Riedel et al., 2014, Phillips et al., 2012, Phillips et al., 2016, Tham et al., 2018), with 

a reported maximum of 4.7 ppbv (1min average), measured in December 2013 in Southern China 

(Wang et al., 2016). The production of ClNO2 was initially believed to be positively related to the 

presence of sea-salt chloride and NOx sources from ship plumes and urban and industrial emissions 

(Behnke et al., 1997, Keene et al., 1999). Further studies that measured ClNO2 in the mid-

continental US (Thornton et al., 2010, Riedel et al., 2012) and more recently in China (Tham et 

al., 2018, Wang et al., 2016) revealed the importance of anthropogenic sources of particulate 

chloride and sea salt chloride transported inland.  

The formation mechanisms of HONO have been established by previous research. HONO can be 

formed by the homogeneous gas-phase reaction of NO and OH. (R 2-6) and the heterogeneous 

reactions of NO2 on humid surfaces, such as the aerosol (R 2-7) and ground surfaces (R 2-8). It is 

commonly accepted that the major HONO source during nighttime was from the heterogeneous 

conversions, but the relative contribution from different ground and particles is still under debate 

(Kleffmann, 2007, Kleffmann et al., 2005). The parameterization for the heterogeneous conversion 

of NO2 will be further discussed in 3.2.2. Other homogenous reactions have also been suggested 

to explain the correlation between observed HONO and NO in the atmosphere during nighttime 

(R 2-9 and R 2-10). However, recent laboratory and model studies have revealed the negligible 

contributions of these two homogenous sources to the atmospheric HONO concentration.  

 NO + OH·                       HONO                                                                                         (R 2-6) 

2NO2 + H2O                           HONO +HNO3                                                                        (R 2-7) 

2NO2 + H2O                           HONO +HNO3                                                                        (R 2-8) 

NO + HNO3                           HONO +NO2                                                                           (R 2-9) 

NO + NO2 +H2O                        2HONO                                                                               (R 2-10) 

While the heterogeneous reaction of NO2 on the humid ground can explain the nighttime source 

of HONO, the daytime HONO sources are still a subject of controversial discussion. Several new 

HONO sources from gas-phase reactions have been proposed, such as the photolysis of HNO3 

(Huber, 2004), ortho-substituted nitroaromatics (Bejan et al., 2006), and the reactions between 

aerosol surface 

ground surface 

surface 

surface 

surface 
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photoexcited NO2 and water vapor oxide (Li et al., 2008, Kleffmann, 2007) and between NOx and 

HOx radicals (Ye et al., 2015). Recent aircraft observations and laboratory measurements also 

suggested that particulate nitrate (PNO3) in the atmosphere can be photolyzed to produce HONO 

and NO2 (R 2-11) (Ye et al., 2016, Ye et al., 2017). Besides chemical formation, HONO can also 

be directly emitted via vehicle exhausts, with the ratio of HONO to NOx being 0.29-1.7% 

(Kirchstetter et al., 1996, Rappenglück et al., 2013, Kurtenbach et al., 2001, Xu et al., 2015b, Guo 

et al., 2020, Sun et al., 2020, Yang et al., 2020) and also from biological processes,  such as the 

soil bacteria in forested regions (Maljanen et al., 2013, Oswald et al., 2013, Su et al., 2011) and 

fresh wildfire plumes (Theys et al., 2020). 

PNO3 → 0.67HONO + 0.33 NO2                                                                                          (R 2-11) 

The field measurements for HONO have been extensively conducted in the past several decades 

over land (i.e., urban (Calvert et al., 1994, Qin et al., 2009), rural (Li et al., 2012), forest (Sörgel 

et al., 2015, Ren et al., 2010), mountain (Zhou et al., 2007), polar (Kleffmann and Wiesen, 2008)) 

and coastal/marine regions (Cui et al., 2019, Wojtal et al., 2011). However, the HONO 

concentrations in the marine boundary layer (polluted coastal area and open ocean) from modeling 

are still underestimated compared to the measured HONO concentrations. The underestimations 

in the marine HONO concentrations are potentially due to the inadequacy in the marine-derived 

HONO sources (Cui et al., 2019, Wen et al., 2019, Yang et al., 2020). 

2.3 Contribution of oceanic emissions to the production of reactive nitrogen species   

As the ocean covers more than 70 percent of the earth's surface, the impact of oceanic emissions 

on atmospheric chemistry and air quality needs to be evaluated (Knipping and Dabdub, 2003, 

Lawrence and Crutzen, 1999).  The production of sea salt emissions is mostly produced during the 

collision of sea waves related to wind speed and sea surface temperature (Jaeglé et al., 2011). As 

the dominant source of particulate chloride (Cl-), it has been established that sea-salt aerosols 

contribute significantly to the production of ClNO2 (Wang et al., 2019c, Osthoff et al., 2008). 

Further, high levels of  ClNO2 measured in a rural site in Europe originating from marine areas 

under the onshore winds also indicated the broad impact of sea-salt chloride (Phillips et al., 2016). 

Recent studies have also revealed the significant role of anthropogenic chloride in the production 
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of ClNO2 in inland areas (Li et al., 2016b). The anthropogenic chloride is mostly emitted from 

concentrated anthropogenic activities, such as coal combustion, industrial processes, biomass 

burning, and municipal solid waste incineration (Fu et al., 2018a), which can be efficiently 

regulated by policy. As a natural emission, the sea-salt chloride cannot be easily regulated and its 

impact is more widely spread in both coastal/marine and inland areas (Wang et al., 2019c). 

Investigation of the relevant chemical processes of sea-salt chloride is a feasible way to control its 

potentially adverse impact on air quality. Characterizing and comparing the separated contribution 

of sea-salt and anthropogenic chloride in different locations is also of great importance to 

understand the major sources of measured ClNO2 and to give implications to control the potential 

impacts of chlorine chemistry on air quality.     

For evaluation of the impact of sea-salt chloride on ClNO2, an accurate estimation of sea salt 

emission is necessary. The simulated production of sea-salt aerosol (SSA) can be affected by the 

parameterization for the production of SSA (Tsyro et al., 2011), the deposition (Chen et al., 2016) 

and the chemical loss of SSA (Simpson et al., 2015) in model. Tsyro et al. (2011) reported that 

uncertainties in producing the modeled rates of SSA production were caused by the source function 

and size distribution of SSA, which are both related to the meteorological parameterization scheme 

(10 m wind speed) and the resolution of the models. Most sea salt aerosols are removed rapidly by 

deposition (Simpson et al., 2015). The characteristics of SSA deposition depend on transport 

patterns, such as marine inflow (Chen et al., 2016), coastal recirculation (Levy et al., 2009), and 

the particle sizes of sea salt (Grythe et al., 2014). A small fraction of SSA can be lost by acid 

displacement with nitric (HNO3) and sulfuric acids (H2SO4) to hydrogen chloride (HCl) and 

heterogeneous reaction with N2O5 to ClNO2 (Simpson et al., 2015, Wang et al., 2019c).  

Another important oceanic emission is from international shipping. Exhaust emissions by ocean-

going ships affect the chemical compositions of the marine atmosphere and have a significant 

impact on climate, air quality, and human health (Eyring et al., 2010, Liu et al., 2016, Corbett et 

al., 2007, Andersson et al., 2009). The key air pollutants emitted by ship vessels include various 

gases, such as sulfur dioxide (SO2) and nitrogen oxides (NOx = NO + NO2), and particulate matter 

(PM) (Eyring et al., 2005, Moldanová et al., 2009). Emissions of NOx and other O3 precursors 

(VOCs and CO) from shipping contribute to tropospheric O3 burden and OH radical, thereby 

influencing the global radiative forcing and oxidative power (Lawrence and Crutzen, 1999). Ship-
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generated aerosols also impact the radiation budget by scattering and absorbing solar and thermal 

radiation directly and by altering cloud properties (Eyring et al., 2010, Fuglestvedt et al., 2009, 

Lawrence and Crutzen, 1999, Liu et al., 2016, Devasthale et al., 2006). Emissions in ports and near 

the coastline also influence the air quality in coastal cities (Zhang et al., 2017c, Liu et al., 2018a) 

and threaten public health (Liu et al., 2016, Campling et al., 2013). With increasing international 

shipborne trade, ship emissions are expected to continuously grow at a rate of 3.5% over the 2019-

2024 period (UNCTAD, 2019), and their impact on the environment is of increasing concern.  

Recent studies have demonstrated potentially important roles of HONO and ClNO2 in the 

atmospheric oxidation chemistry as radical precursors and nitrogen reservoirs (Fu et al., 2019, Li 

et al., 2016b, Sarwar et al., 2014, Simon et al., 2009b, Zhang et al., 2017b). HONO is emitted 

directly in combustion and soil (Kleffmann et al., 2005), or produced by heterogeneous reactions 

of NO2 on various surfaces (Finlayson-Pitts et al., 2003, Ndour et al., 2008, Monge et al., 2010b) 

and by photolysis of nitrate aerosol (Ye et al., 2017, Ye et al., 2016); ClNO2 is formed from 

reactions of N2O5, which is produced from NO2 react with O3, on chloride-containing aerosol at 

night (Bertram and Thornton, 2009b). Photolysis of HONO and ClNO2 by sunlight produces OH 

or Cl radicals and recycles NO2, hence affecting the oxidation capacity and production of 

secondary pollutants (Osthoff et al., 2008, Wang et al., 2016). Ships can directly emit HONO (Sun 

et al., 2020), and its emitted NOx can produce HONO and ClNO2 via heterogeneous reactions on 

sea-salt and ship-emitted particles. While the production and impact of HONO and ClNO2 from 

land-based emissions have been demonstrated over land areas, there have been few studies of the 

production of these two reactive nitrogen species from international shipping and their subsequent 

atmospheric impacts. Previous field studies have measured elevated mixing ratios of HONO (0.2 

ppbv) in a marine site of the Bohai rim in northern China (Wen et al., 2019) and of HONO (126 

ppt) and ClNO2 (1.97 ppbv) in a coastal site of southern China (Tham et al., 2014, Zha et al., 2014). 

These observations suggest the potential contribution of ship emission to the high levels of new 

reactive nitrogen species.  

2.4 Impacts of reactive nitrogen species on O3 formation  

The photodissociation of ClNO2 will release NO2 and chlorine radicals, thereby leading to O3 

formation during the morning hours (Riedel et al., 2012).  Many numerical studies have evaluated 
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the impact of chlorine chemistry on the formation of O3 and secondary pollutants. Simon et al. 

(2009a) incorporated the formation mechanism of ClNO2 and its photolysis reactions into the 

CAMx model and reported modest increases in ozone concentrations by up to 1.0-1.5 ppbv on the 

coast of Texas. Sarwar et al. (2012) implemented the parameterization of ClNO2 from Bertram 

and Thornton (2009a) into the CMAQ model and reported a modest enhancement in monthly mean 

8-h ozone (up to 1–2 ppbv or 3–4 %) and large increases (up to 13 ppbv) in isolated episodes in 

the United States. This study was further extended to the northern hemisphere and reported an 

enhancement in the monthly mean daily maximum of 8 h ozone by up to 7.0 ppbv (Sarwar et al., 

2014). In China, owing to the large emissions of NOx and VOCs, several modeling studies have 

reported the significant impact of ClNO2 on O3 formation. For example, Li et al. (2016b) reported 

the contribution of ClNO2 chemistry on O3 formation by up to 16.3% (7.2 ppbv) over the south 

coast of China during winter 2013. Zhang et al. (2017b) simulated the impact of chlorine chemistry 

on O3 formation in whole continental China for the summer of 2014 and reported an O3 increases 

by 2.4-3.3 ppbv (or 5-6%) in three polluted land areas. Recently, Wang et al. (2019b) have also 

reported the noticeable impact of ClNO2 chemistry on the O3 formation in Europe (7 ppbv). 

As an important source of OH radicals, the photolysis of HONO can also enhance the formation 

of O3, which has also been extensively discussed by modeling studies. According to the results 

from box models, where the calculation of HONO was constrained by field measurement, the 

photolysis of HONO contributed to the daytime HOx production by up to 87 % at a roadside site 

(Yun et al., 2017), 56 % in an urban site (Ren et al., 2003), 40% in a rural site (Acker et al., 2006), 

and 30 % in a forested site (Kleffmann et al., 2005). In regional chemical transport models, the O3 

concentration was reported to increase less than 10.0 ppbv due to the HONO chemistry in North 

America and European countries (Sarwar et al., 2008, Li et al., 2010). In China, a significant O3 

increase by up to 30 ppbv in Beijing (Li et al., 2011) and 25 ppbv in Hong Kong (Zhang et al., 

2016). More recently, when photolysis of nitrate was considered as an additional source in the 

model, the averaged daytime O3 was reported to increase by up to 24 ppbv (or 70 %) at a suburban 

site in the PRD region (Fu et al., 2019).   

As mentioned above, the model evaluations of the impact of reactive nitrogen species on O3 

formation were focused on the polluted land areas, with NOx sources mainly from land-based 

activities. Little attention has been paid to the coastal and marine environments, where the high 
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values of ClNO2 and HONO were also measured with potential high contributions from the 

oceanic emissions.  Evaluating the impact of oceanic ClNO2 and HONO is of great importance to 

comprehensively understand the impact of reactive nitrogen chemistry on ozone and atmospheric 

chemistry. 
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Chapter 3. Model system, mechanism, and input data 

3.1 Introduction of WRF and WRF-Chem model system 

The Weather Research and Forecast (WRF) model is a mesoscale weather research and forecasting 

model designed for both research and operational forecasting purposes. It contains two dynamical 

cores, the ARW (Advanced Research WRF) core, and the NMM (Nonhydrostatic Mesoscale 

Model) core. Incorporating advanced parameterization schemes of comprehensive physical 

processes mimicking the real atmosphere, the model serves atmospheric research and regional 

weather/air quality predictions with scales of hundreds of meters to thousands of kilometers.   

The WRF modeling system contains four major components: WRF Processing System (WPS), 

WRF Data Assimilation System (WRFDA), ARW/NMM WRF Model, and post-processing tools 

(see the flow chart of the model system in Figure 3.1.1). The WPS is designed to define 

single/nested simulation domain/domains, interpolate, and adapt external geographic data into 

WRF, and grieve and interpolate external meteorological data into the model. The WRFDA, an 

optional module, is used to ingest various observation data into the WRF ready input data 

generated by WPS. It can assimilate surface, sounding, satellite, and radar observations using an 

incremental variational assimilation technique capable of 3D and 4D data assimilation. The core 

component of the WRF system is ARW/NMM solver, which is used to simulate the meteorological 

fields (the wind, temperature, moisture, precipitation, etc.), advection, convection, radiation, and 

so on. The last model system component is postprocessing, graphics, and verification tools such 

as RIP4 (Read/Interpolate/Plot 4), NCL (NCAR Graphics Command Language), and VAPOR 

(Visualization and Analysis Platform for Ocean-Atmosphere, and Solar Researchers). 
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Figure 3.1.1. WRF-ARW modeling system flow chart 

(http://www2.mmm.ucar.edu/wrf/users/download/get_source.html). 

Major physical and dynamical modules in WRF contain microphysics module, cumulus module, 

longwave and shortwave radiation schemes, surface layer module, land surface model, urban 

surface model, planetary boundary layer scheme, convection, diffusion, advection schemes, and 

other physical and dynamical schemes (Skamarock et al., 2005). All independent modules are 

coupled. The model structure of major modules and couplers can also be seen in Figure 3.1.1. 

The WRF-Chem is the WRF model coupled with chemistry and is a next-generation air quality 

model. It has been developed since the 1990s by multiple institutions, including the National 
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Center for Atmospheric Research (NCAR), University Corporation for Atmospheric Research 

(UCAR), the National Oceanic and Atmospheric Administration (NOAA), Max Planck Institute 

for Meteorology, and other universities, with collaborative efforts (http://www.wrfmodel.org). The 

model has been widely used to study the mesoscale and urban-scale air quality, field program 

analysis, and cloud-scale interactions between clouds and chemistry. 

The WRF-Chem model, coupling the WRF model with chemistry, can simulate the emission, 

transport, mixing, and chemical transformation of trace gases and aerosols simultaneously with 

the meteorological fields (Grell et al., 2005). The WRF provides meteorological conditions, 

including the wind, temperature, moisture, convection, diffusion terms, etc., for the chemistry 

component's inputs to calculate the diffusion, formation, and transport of gases and aerosols. In 

turn, the gases and aerosols in the chemistry module could influence the radiation through direct 

and indirect climate effects. The latest version of the WRF-Chem model is version 4.0, released 

on June 8, 2017.  

The WRF-Chem model provides several selections of chemical mechanisms and aerosol modules. 

For the chemical mechanisms, the latest version of the WRF-Chem model includes the Carbon 

Bond Mechanism (CBMZ; 52 species, 237 reactions) (Sarwar et al., 2008), Regional Atmospheric 

Chemistry Mechanism (RACM; 73 species, 237 reactions) (Stockwell et al., 1997), Regional Acid 

Deposition Model, version 2 (RADM2; 59 species, 157 reactions) (Stockwell et al., 1990), 

SAPRC-99 (79 species, 235 reactions) (Carter, 2000) and Model for Ozone and Related chemical 

Tracers (MOZART; 85 species and 196 reactions) (Emmons and L., 2010). The key differences 

laid in these mechanisms include the different gas-phase reactions of NOx and VOCs and lumped 

species of VOCs. For the aerosol modules, the WRF-Chem model includes the bulk Global Ozone 

Chemistry Aerosol Radiation and Transport (GOCART) (Chin et al., 2002), Modal Aerosol 

Dynamics Model for Europe (MADE) (Ackermann et al., 1998), and Model for Simulating 

Aerosol Interactions and Chemistry (MOSAIC) (Zaveri et al., 2008). These aerosol modules 

include aerosol species, such as sulfate, nitrate, ammonium, and water system, with an on-online 

model calculating the BC, organic matter (OM), sea salt, and mineral dust. Mechanisms have also 

been established to simulate the secondary organic aerosol and estimates the thermodynamic 

equilibrium between ionic and semi-volatile inorganic gases. For example, the Secondary Organic 

Aerosol Model aerosol mode (SORGAM) (Schell et al., 2001) was coupled with MADE and 
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formed MADE/SORGAM module, which was furtherly improved to MADE/ Volatility Basis Set 

(VBS) module. In the size distribution, the MOSAIC model provides the internally-mixed aerosols 

in fixed bins (4-bins and 8-bins), which is feasible to be compared with measured data.  

The WRF-Chem also considered the direct and indirect feedback of aerosols to the meteorology 

(Alizadeh-Choobari et al., 2015; Chapman et al., 2009; Yang et al., 2012). The application of the 

WRF-Chem model requires the grided emission inventory with the primary air pollutants. The 

simulation of the concentration of chemicals is related to the implementation of emission inventory.   

3.2 Reactive nitrogen module in WRF-Chem 

As mentioned in the introduction, N2O5, ClNO2, and HONO are of great importance to the 

oxidative power of the atmosphere and the formation of secondary pollutants. Much attention has 

been paid to couple the parameterizations of these reactive nitrogen species to the chemical 

transport model. Large uncertainties are demonstrated in the parameterizations (McDuffie et al., 

2018b, McDuffie et al., 2018a). In this section, we summarized some widely-used 

parameterizations of these reactive nitrogen species. 

3.2.1 Heterogeneous uptake of N2O5 and production of ClNO2 

The parametrizations of the uptake coefficient of N2O5 (γ(N2O5)) and yield for ClNO2 (φ(ClNO2)) 

recommended by Bertram and Thornton (2009a) were used in this study. Following shown are the 

expression of the parametrizations (E 3-1~3-3): 

𝛾(𝑁2𝑂5) =
4

𝑐

𝑉𝑎

𝑆𝑎
𝐾𝐻𝑘2𝑓

′
(1 −

1

(
𝑘3[𝐻2𝑂]

𝑘2𝑏[𝑁𝑂3
−]

)+1+(
𝑘4[𝐶𝑙−]

𝑘2𝑏[𝑁𝑂3
−]

)                                                                  (E 3-1) 

𝑘2𝑓
′ =  𝛽 − 𝛽𝑒(−𝛿[𝐻2𝑂])                                                                                                           (E 3-2) 

φ(ClNO2) = (1 + 
𝑘3[𝐻2𝑜(𝑙)]

𝑘4[𝐶𝑙−]
) -1                                                                                               (E 3-3) 

the definition/value for each parameter is shown in Table 3.2.1.  
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Table 3.2.1. Parameters in the parameterization of uptake of N2O5 and production of ClNO2. 

Parameters Definition/value 

Va/Sa Aerosol volume to surface area ratio 

KH Henry's law coefficient 

β 1.15×106 ± 3×105 s-1 

δ 1.3×10-1 ± 5×10-2 M-1 

k3/k2b 6.0×10-2 ± 1.0×10-2 

k4/k2b 29 ± 6 

k4/k3 483 ± 175 

[H2O], [NO3
-] and [Cl-] Aerosol water content, aerosol nitrate, and chloride molarity 

 

To preliminarily examine the uncertainties in the parametrization of BT09, another 

parameterization with a modified version of 𝛾(𝑁2𝑂5) based on the field measurements in China 

(Yu et al., 2020a) was also used in this thesis. And also shown below (E 3-4): 

𝛾(𝑁2𝑂5) =
4

𝑐

𝑉𝑎

𝑆𝑎
𝐾𝐻 × 3.0 × 104 × [𝐻2𝑂](1 −

1

(0.033×
[𝐻2𝑂]

[𝑁𝑂3
−]

)+1+(3.4×
[𝐶𝑙−]

[𝑁𝑂3
−]

)                             (E 3-4) 

3.2.2 Parameterizations of multiple HONO sources 

The heterogeneous conversions of NO2 on humid aerosol and ground surface were implemented 

into the first-order reaction (R 2-7) following the recommendations in Li et al. (2010). The 

expressed parameterizations are shown below:                                                                             

𝑘𝑎 =
1

4
∙ 𝑉𝑁𝑂2∙ (

𝑆𝑎

𝑉
) ∙ 𝛾𝑎−𝑁𝑂2

                                                                                                   (E 3-5)                                                                 
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𝑘𝑔 =
1

8
∙ 𝑉𝑁𝑂2∙ (

𝑆𝑔

𝑉
) ∙ 𝛾𝑔−𝑁𝑂2

                                                                                                   (E 3-6) 

where, 𝑘𝑎  and 𝑘𝑔  are first-order reaction rate for humid aerosols and ground surface. 𝑉𝑁𝑂2
 is the 

mean molecular velocity of NO2 (Unit: m s-1). For aerosol surface (E 3-5), Sa/V is the aerosol 

surface to volume ratio (Unit: m-1), representing the surfaces available for heterogeneous reaction, 

and calculated by the aerosol module in WRF-Chem.  𝛾𝑎−𝑁𝑂2
 is the uptake coefficient of NO2 at 

the aerosol surface. It has been reported that the conversion of NO2 into HONO is dramatically 

boosted by sunlight on the surface of organics, soot, and dust (George et al., 2005, Monge et al., 

2010a, Stemmler et al., 2006, Marieme and Ndour, 2008). To consider this photo-enhancing effect, 

we set the 𝛾𝑎−𝑁𝑂2
 as 1×10-6 for nighttime (Aumont et al., 2003) and 2×10-5 during the daytime 

when the light intensity was lower than 400 W m-2 (light intensity means the total downward 

irradiance at the surface (W m-2)). When the light density is higher than 400 W m-2, we linearly 

scaled 𝛾𝑎−𝑁𝑂2
 by a factor defined as (light density)/400. 

For ground surface (E 3-6), 𝛾𝑔−𝑁𝑂2
 is the uptake coefficient of NO2 at the ground surface, which 

is assumed to be the same as that for aerosol surfaces, following the method in Li et al. (2010). 

Sg/V is the ground surface to volume ratio. Over the urban areas, as defined by the Moderate 

Resolution Imaging Spectroradiometer (MODIS) land use data, a constant Sg/V value of 0.3 m-1 

is adopted. For the vegetation-covered areas, following the method in Sarwar et al. (2008), Sg/V is 

defined as 2×LAI/H, where H is the height of the first model layer, and LAI is multiplied by a 

factor of 2 to take into account both sides of the leaves (Sarwar et al., 2008, Zhang et al., 2012). 

The heterogeneous conversion of NO2 was only treated within the first model layer on the ground 

surface, considered in all model layers on the aerosol surface.  

3.3 Emission inventory 

3.3.1 Anthropogenic emissions  

3.3.1.1 Regular pollutants 

A reliable emission inventory is essential for accurately simulating air compositions and air 

pollution and designing air-pollution-control measurements. The widely used way of establishing 

emission inventory is the “bottom-up” assessment by monitored emissions factors (EFs) and 
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historical activity rates. The representative examples include emission inventories developed for 

the Transport and Chemical Evolution over the Pacific (TRACE-P) (Streets et al., 2003, Jacob et 

al., 2003), Intercontinental Chemical Transport Experiment-Phase B (INTEX-B) (Zhang et al., 

2009a), MIX for MICS-Asia (Model Inter-Comparison Study for Asia) (Li et al., 2017b), 

Hemispheric Transport of Air Pollution (HTAP) (Janssens-Maenhout et al., 2015), Evaluating the 

Climate and Air Quality Impacts of Short-Lived Pollutants (ECLIPSE) (Stohl et al., 2015), 

Emissions Database for Global Atmospheric Research (EDGAR) (Crippa et al., 2018) (Figure 

3.3.1), Community Emissions Data System (CEDS) (Crippa et al., 2018), Regional Emission 

inventory in ASia (REAS) and  Mosaic Asian anthropogenic emission inventory (MIX).  

 

Figure 3.3.1. Spatial distribution of gridded emissions for (a) NOx and (b) NMVOC from 

EDGAR v4.3.1 for the year 2010 (https://edgar.jrc.ec.europa.eu). 

To inverse the dramatically varying emission in China, tremendous efforts have been made in 

developing a reliable emission inventory in recent decades (Zhang et al., 2009a). In the early stage, 

the development of emission inventory in China used the activity rates and emission factors (EFs) 

from other countries (Zhang et al., 2009a). Benefiting from the up-to-date methodology for 

specific source categories and the measurement of real EFs in China, a uniform emission model 

framework, the Multi-resolution Emission Inventory for China (MEIC), was established to 

estimate anthropogenic emissions over China. The MEIC model includes five sectors, namely 

power plant, industry, transport, residential and agricultural, and nine chemical species, namely 

SO2, NOx, CO, NMVOCs, NH3 (ammonia), PM10 (particulate matter with diameter less than or 

https://edgar.jrc.ec.europa.eu/
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equal to 10μm), PM2.5, BC (black carbon) and OC (organic carbon), with an access channel to the 

public (http://www.meicmodel.org). To consistent with the species of the NMVOCs and PM 

(particulate matter) in the model, explicit speciation in inventory is needed.  

The high-resolution emission inventory for specified regions in China was also established with 

localized activities date (Zheng et al., 2009, Li et al., 2017a, Zhong et al., 2018, Huang et al., 2021), 

which is crucial for investigating the different air composition and air pollution causes on a 

regional scale. The Pearl River Delta and Hong Kong (PRD-HK) region has experienced rapid 

development in recent decades, and relevant emission inventory was also developed in this region. 

A highly-resolved temporal and spatial emission inventory was developed by the South China 

University of Technology for the PRD region (Zheng et al., 2009), based on the bottom-up method 

and the best available domestic emission factors and activity data.  The emission inventory is 

divided into six categories, including the power plant, industry, mobile source, VOC product-

related sources, biogenic sources, and others, and six pollutants, including SO2, NOx, VOCs, CO, 

PM10, and PM2.5. The emission inventory used in this thesis will be introduced in each section. 

3.3.1.2 Anthropogenic chloride 

In this thesis, we emphasize the important role of reactive chlorine species in the formation of 

ozone and other secondary pollutants, and the implementation of chloride emissions inventory is 

needed. The first gridded chloride emission is the Reactive Chlorine Emissions Inventory (RCEI), 

developed by the International Global Atmospheric Chemistry Program's Global Emissions 

Inventory Activity (GEIA) based on the year 1990 (Keene et al., 1999). This chloride emission 

inventory estimated two inorganic chloride species (particulate chloride and HCl) and seven 

species of organic chloride. After that, several up-to-date and high-resolution anthropogenic 

chloride emission inventories in China was developed. For example, Liu et al. (2018b) developed 

the first Anthropogenic Chlorine Emissions Inventory for China (ACEIC) based on the year 2012, 

including the emissions of HCl and Cl2 from coal combustion and prescribed waste incineration 

(waste incineration plant). Fu et al. (2018a) developed an anthropogenic inventory of HCl and fine 

particulate Cl− emissions in China for 2014 with 0.1° × 0.1° resolution and grouped the chloride 

emission sources into four major sectors, including coal combustion, industrial processes, biomass 

burning, and municipal solid waste incineration. 

http://www.meicmodel.org/
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3.3.1.3 Shipping emissions 

Emissions from ships have been reported to significantly contribute to global anthropogenic 

emissions (Eyring et al., 2005, Corbett and Fischbeck, 1997). Estimating ship emissions is mainly 

based on the shipping activities data and measured emission factors of combusting marine fuel and 

satellite data (Eyring et al., 2005, Dalsøren et al., 2009). Total shipping activities consisted of 

international shipping, domestic shipping, fishing, and military vessels (Eyring et al., 2005). 

Except for military ships, emissions from other shipping activities have been collected in many 

global emission inventories, such as the CEDS (Mcduffie et al., 2020a) and EDGAR (Crippa et 

al., 2018). In regional emission inventory, domestic shipping emissions have been collected, such 

as the MEIC and MIX. The primary components of ship emissions include NO2, SO2, CO2, CO, 

CH4, VOC, N2O, and particles. Among these components, the emissions of NOx from ships have 

been reported to significantly contribute to the tropospheric NOx budget in recent years due to 

land-based emissions control. 

3.3.2 Biomass burning emissions  

Ninety percent of biomass burning was initiated by human activities, such as agricultural 

expansion, deforestation, bush control, weed and residue burning, and harvesting practices. The 

rest part of the biomass burning was from natural fires induced by lightning. The compositions of 

biomass burning emissions contain trace gas (i.e., CO, CO2, CH4, and VOCs) and particles (i.e., 

particulate organic material and black and organic carbon). Developing the emissions inventory 

for biomass burning relies on the detection of biomass burning activities. The fire-counts data was 

derived from Advanced Very High-Resolution Radiometer (AVHRR), Along Track Scanning 

Radiometer (ATSR), and Moderate Resolution Imaging Spectroradiometer (MODIS). Based on 

these data, many biomass burning emission inventories were developed. For example, the Global 

Fire Emissions Database (GFED) estimated the emissions from open fires from 1997-2009 (van 

der Werf et al., 2010), with the version of GFED-v2 and GFED-v3. The Fire INventory from 

NCAR version 1.0 (FINNv1) provided highly resolved temporal and spatial resolution and 

estimated trace gas and particle emissions from open burning biomass, including wildfire, 

agricultural fires, and prescribed burning (Wiedinmyer et al., 2011).  
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3.4 Statistics for evaluation of model results  

Mathematic statistics are widely used to evaluate the model performance, such as Mean 

Observations (MO), Mean Bias (MB; E 3-7), Normalized Mean Bias (NMB; E 3-8), Normalized 

Mean Errors (NME; E 3-9), and correlate coefficient (R; E 3-10). The equations are shown below: 

• MB = 
∑ (𝑥𝑖−𝑦𝑖)𝑛

𝑖=1

𝑛
                                                                                                         (E 3-7) 

• NMB = ∑
𝑆𝑖𝑚𝑖−𝑂𝑏𝑠𝑖

𝑂𝑏𝑠𝑖

𝑛
𝑖=1                                                                                                (E 3-8)                             

• NME = ∑
|𝑆𝑖𝑚𝑖−𝑂𝑏𝑠𝑖|

𝑂𝑏𝑠𝑖

𝑛
𝑖=1                                                                                              (E 3-9) 

• 𝑅 =
∑ (𝑥𝑖−�̅�)(𝑦𝑖−�̅�)𝑛

𝑖=1

√∑ (𝑥𝑖−�̅�)2𝑛
𝑖=1 ∑ (𝑦𝑖−�̅�)2𝑛

𝑖=1

                                                                                         (E 3-10)           

where n represents the simulating hours.  
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Chapter 4. Long-term ozone trends in tropical east Asia 

4.1 Introduction  

As mentioned in the literature review, the ozone trend and its drivers are complicated in different 

regions. In China, the surface ozone (O3) was reported to increase in recent years (Li et al., 2019). 

Therefore, more analysis of the ozone trend in China is necessary to understand the causes of O3 

pollution and take appropriate control measures to mitigate O3 pollution. 

This study aimed to scientifically evaluate (1) the long-term ozone trend in a coastal background 

site (Hok Tsui; HT) in Hong Kong, (2) the impact of weather patterns, emissions of ozone 

precursors and climate changes on ozone variations, (3) the potential factors of ozone pollutions 

and (4) the vertical ozone distributions and the possible factors contributing to the seasonal ozone 

anomaly in different altitudes. Section 4.2 briefly introduces the observed O3 data, local and 

regional meteorological data, satellite emissions data, chemical transport model, and other ozone 

trend analysis methodology. Section 4.3 describes the long-term ozone trends in the HT site and a 

comparison with another background site (Tap Mun, TM) to find the similarity and difference in 

the ozone trend in the two sites. Section 4.4 examines the potential factors of the ozone trends. 

Section 4.5 presents the long-term trend for vertical ozone distributions and the potential 

implications of the seasonal ozone variations. A summary is given in section 4.6. 

4.2 Methodology 

4.2.1 Observations and trend analysis 

The long-term observations of O3 and CO at a coastal background site (HT) from 1994-2019 were 

measured by a research team of the Hong Kong Polytechnic University. A previous study has 

reported the observed data for 1994–2007 at HT site (Wang et al., 2009). Briefly, HT is situated 

on a southeast cliff of Hong Kong Island (22.217°N, 114.25°E, 60 m above sea level), with a 270° 

view of the South China Sea (SCS; Figure 4.2.1). The site mostly receives fresh air from SCS to 

the urban area in Pearl River Delta (PRD) and Hong Kong (HK) regions. The long-term O3, CO, 

and NO2 data in another coastal background site (TM) were measured by Hong Kong 
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Environmental Protection Department (HKEPD) from April 1998 to 2019, with open access to the 

public (https://www.epd.gov.hk/). The TM site is located on a remote island just off the northeast 

coast of Hong Kong (22.471°N,114.36°E; Figure 4.2.1) and surrounded by rural and sparsely 

populated areas. The instruments for measuring ozone, CO, and NO2 are ultraviolet absorption, 

infrared absorption, and chemiluminescence. Apart from the surface measurements, ozonesonde 

has been launched by the Hong Kong Observatory (HKO) at King's Park (KP) site in the center of 

urban Kowloon since 1993 in monthly frequency initially, with the frequency increased to weekly 

in 1993-1994 and 2000-2001 and after April 2003, with the access at the World Ozone and 

Ultraviolet Radiation Center (http://woudc.org/data/stations/id=344).  

The nonparametric Theil-Sen (T-S) estimator (Theil, 1950, Sen, 1968) and the Mann-Kendall (M-

K) test (Mann, 1945) were adopted to determine the magnitude and sign of the trend (Lefohn et 

al., 2010). The T-S estimator was used to compute the rate of change, and the M-K test was used 

to determine the level of significance. We calculated the linear trend for annual and seasonal 

averages and in different airmasses and altitudes.  Following the suggestion of  Wasserstein et al. 

(2019) of reporting the p values for trend analysis, we did not use p < 0.05 to determine whether a 

trend is meaningful or to label it as “statistically significant”. Only the mean values with more than 

50% of the data available in a period (i.e., annual, and seasonal, air masses) were used for trend 

analysis. 

 

Figure 4.2.1. Location and view of the Hok Tsui (HT) station in Hong Kong. Also shown is the 

location of Tap Mun (TM) station and a weather station at Waglan Island (WGL)). 

http://woudc.org/data/stations/id=344
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4.2.2 Meteorological parameters, emissions, and climate index 

We collected series of data from different datasets to support the analysis of the impact of weather 

patterns, emissions of O3 precursors and climate index on O3 variations. To analyze the long-term 

trend of meteorological data, the meteorological parameters in local weather sites from HKO and 

the reanalysis datasets from National Center for Atmospheric Research/ National Centers for 

Environmental Prediction (NCEP/NCAR) were used (https://rda.ucar.edu/datasets/ds090.0/). To 

examine the trends in the emissions of O3 precursors, satellite data of the tropospheric nitrogen 

dioxide (NO2) and formaldehyde (HCHO) column values was used as indicators of changes in 

ozone precursors in Southeast Asia. The Standard Level 1 products of HCHO column 

(http://h2co.aeronomie.be/) were obtained from GOME for the 1997–2002 periods, SCIAMACHY 

for 2003–2004, and OMI for 2005–2016 (De Smedt et al., 2008; De Smedt et al., 2012). The OMI 

data were adjusted by multiplying by a factor of 1.25 to correct the systematic difference between 

OMI and SCIAMCHY (De Smedt et al., 2015). The Level 1 NO2 column data under cloud-free 

conditions were obtained from OMI (http://www.temis.nl/airpollution/no2.html) for 1997-2017 

(Boersma et al., 2011). The NO2 and HCHO column values in land and sea mask were separated 

according to the “landcover” parameter in the NCEP/NCAR reanalysis data. Besides that, the 

global and regional scale climate indexes was used to evaluate the impact of dynamic circulations 

on ozone variations. The Niño 3.4 index was obtained from the National Oceanic and Atmospheric 

Administration (NOAA) Climate Prediction Center (https://climatedataguide.ucar.edu/climate-

data/). The annual ENSO index was calculated based on a lagged-correlation with Niño 3.4 index 

in the following year. A consecutive 3-month running mean of SST anomalies above (below) the 

threshold of +1.5℃ (< -1.5℃) are defined as ENSO events (El Niño and La Niña events) in this 

thesis. The SCSSMI (the South China Sea Summer Monsoon Index) is a regional climate index 

calculated by the variation of wind speed and temperature over the SCS region. This index was 

introduced in the study of Li and Zeng (2002). The dynamical normalized seasonality index values 

are obtained from the National Climate Center of China (http://cmdp.ncc-cma.net/Monitoring/). 

The daily sea surface temperature data is obtained from the Group for high-resolution sea surface 

temperature (GHRSST) with the resolution of 0.2° × 0.2° for the year 1994-2016 from June to 

September (https://podaac.jpl.nasa.gov/dataset/CMC0.2deg-CMC-L4-GLOB-v2.0). 

https://climatedataguide.ucar.edu/climate-data/
https://climatedataguide.ucar.edu/climate-data/
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4.2.3 Model  

4.2.3.1. HYSPLIT model 

Trajectories calculations were conducted by the Hybrid Single-Particle Lagrangian Integrated 

Trajectory (HYSPLIT) model (https://www.ready.noaa.gov/hyreg/HYSPLIT_linux.php) for ten-

day backward in each hour during 1994-2019.  Six-hourly Air Resources Laboratory FNL archive 

data with a resolution of 190 km (ftp://arlftp. arlhq.noaa.gov/pub/archives/reanalysis/) was used to 

drive the model. The endpoint of the trajectories was 300 m above ground level at HT, which is in 

the middle of the marine boundary layer. Classification analysis was then used to group trajectories 

into four main air masses, namely “Eastern China,” “Aged continental,” “Central China + PRD,” 

and “Marine”, based on the source of the region (Wang et al., 2009). 

4.2.3.2. Chemical transport model  

A revised WRF-Chem model (Grell et al., 2005, Zhang et al., 2017b) was adopted to evaluate the 

effect of variations in weather parameters on the level of summertime ozone. The detailed model 

configuration and experiment setting are listed in Table 4.2.2 and Table 4.2.3. The set of emissions 

is the lower limit for 2016 because land and ship emissions have increased in recent years in 

Southeast Asia and around the South China Sea. 

Table 4.2.1. Model configuration.  

Parameters Configuration 

Model WRF-ReNON (version 3.6.1) 

Horizontal resolution 27 × 27 km2 

Vertical layer 31 

Meteorology NCEP/NCAR global reanalysis data 

Anthropogenic 

emissions 

HKEPD for the HK region based on the year of 2016 

MEIC for the rest of China based on the year of 2016 

MIX for the rest of Asia based on the year of 2010 

EDGAR for international shipping based on the year of 2012 

Biogenic emissions  MEGAN v2.1 (Guenther et al., 2006) 

Boundary condition MOZART 
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Table 4.2.2. Experiment setting. 

Cases Meteorological driven data Emission 

Case1 July 1994, 1995, and 1996 2016 

Case2 July 2016, 2017, and 2018 2016 

 

4.3 Long-term trend of the surface O3 and CO data in the HT site.  

The annual average surface ozone level at the HT site displayed an upward trend during 1994–

2019 by 0.40 ppbv yr-1 (p < 0.01; see Figure 4.3.1a). The seasonal average of surface ozone was 

found to increase in all four seasons (0.33 ppbv yr-1 in spring, 0.50 ppbv yr-1 in summer, 0.50 ppbv 

yr-1 in autumn, and 0.29 ppbv yr-1 in winter; see Figure 4.3.1b). The hourly ozone data were further 

segregated based on the four major air groups (Figure 4.3.2). The rate of the ozone increase in each 

group was 0.34 ppbv yr-1  in the marine air masses (80% of which are in summer (Figure 4.3.3b) 

and account for 25.8% of the total trajectories), 0.37 ppbv yr-1  in “East China” (70% of which are 

in winter and account for 32.9% of total trajectories), 0.40 ppbv yr-1  in “Central China + PRD” 

(accounting for 11.2% of total trajectories) and 0.37 ppbv yr-1  in “Aged continental” (accounting 

for 30.1% of the total trajectories; p < 0.01 in all cases). 

One of the interesting things is the highest rate of increase in summer when the south China coast 

receives the cleanest air of any season. (Indeed, the lowest values were found during the summer 

season, Figure 4.3.1b). As the summertime trajectories are mostly from Marine, we related the 

maritime increase of ozone in the HT site to the changes (emission, weather pattern, and climate 

events) in Southeast Asia. Another interesting finding is the highest increase rate in Central China 

+ PRD air (k = 0.40 ppbv yr-1 (p<0.01); Figure 4.3.4), which frequently passed over the PRD 

region.  

CO is emitted mainly from combustion processes from vehicles and biomass burning. Because it 

has a chemical lifetime of 1 to 2 months and does not dissolve in water, CO is an excellent tracer 
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of anthropogenic emissions and an ozone precursor. The annual mean CO level at HT (Figure 

4.3.5) decreased from 1994 to 2000, increased until 2006, and then decreased again over the final 

four years. Seasonal CO levels (Figure 4.3.5a) showed overall negative trends, except for the 

summertime CO trend (0.7 ppbv yr-1). In the air-mass-segregated CO levels, the continent-

originated air masses also showed overall negative trends, and a slightly positive trend (0.03 ppbv 

yr-1) was also shown in the marine-originated air mass (Figure 4.3.6). The CO data reveal opposite 

emission trends in the East Asia subcontinent and subtropical Southeast Asia. We focus the 

remaining discussion on the drivers of the increase seen in the maritime ozone. 

 

 

 

Figure 4.3.1. (a) Annual average O3 mixing ratios at the surface at Hok Tsui (HT) during 1994-

2019 (red). Also shown are linear fit results and the 75th and 25th percentiles for hourly surface 

data. (b) Seasonal average O3 mixing ratio at Hok Tsui during 1994-2019. Also shown are linear 

fit results for hourly surface data in different seasons. 
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Figure 4.3.2. Spatial distribution of four types of 10-day hourly backward trajectories arriving at 

HT: ‘East China’ (blue), ‘Aged continental’ (red), ‘Central China + PRD’ (yellow), and ‘Marine’ 

(green). Also shown are the percentage of each type in parentheses. 

 

Figure 4.3.3. Monthly mean percentage of trajectory in four air masses. 
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Figure 4.3.4. Annual average O3 mixing ratios for each air mass at HT site during 1994-2019. 

Also shown are linear fit results for surface O3 in each air mass. 

 

Figure 4.3.5. (a) Annual average CO mixing ratios at HT site. Vertical bars indicate 75th and 

25th percentiles. (b) Seasonal average CO mixing ratios during 1994-2019 at HT site. Also 

shown are linear fit results for surface CO data in each season. 
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Figure 4.3.6. Annual average CO mixing ratios for each air mass group at HT site during 1994-

2019. Also shown are linear fit results for surface CO in each air group. 

For the TM site, the yearly-mean surface ozone also showed a significant increase during 1999-

2019 at a rate of 0.17 ppbv yr -1 (see Figure 4.3.7 a), which was smaller than that of the HT site. 

The correlation coefficient (R-value) of the ozone trend during 1999-2019 between the two sites 

is 0.63, indicating a similar interannual variation of surface O3 in two background sites. A smaller 

O3 level (-2.42 ppbv (-6.9%)) was shown in the average O3 at the TM site, which was possibly 

caused by the titrated effect of NO by surrounding local emissions. High correlations were also 

shown in the seasonal trend of O3 in two background sites in four seasons, with the R-value ranging 

from 0.54 to 0.88. The seasonal trends of surface ozone showed an insignificant increase in all 

four seasons, and the value of the trend was smaller than that at the HT site (Figure 4.3.7b). For 

different air masses, insignificant O3 increase can also be seen in three air masses (0.22 ppbv yr-1 

(p<0.60) in Marine, 0.31 ppbv yr-1 (p<0.60) in East China, 0.31 ppbv yr-1 (p<0.60) in Central China 

+ PRD and 0.03 ppbv yr-1 (p= 0.60) in Aged continental).  

Consistent with the CO trend at the HT site, the yearly-mean CO data at the TM site also decreased 

at a rate of -7.2 ppbv yr -1 (p=0.51; Figure 4.3.9a), with the peak value in the year 2007. Although 

the correlation coefficient between the CO trend in the two sites was relatively high (R=0.64), a 

much larger average CO level was displayed at the TM site (273 ppbv (48%)), indicating the bigger 

effect of O3 precursors’ emissions on the O3 trend at the TM site. The decrease trends were shown 
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in all four seasons and air groups, with the smallest decrease in summer (-3.6 ppbv yr -1 (p=0.43); 

Figure 4.3.9b) and in Marine air (-0.96 ppbv yr -1 (p=0.88); Figure 4.3.11a). At the TM site, the 

marine air from the SCS was affected by local emissions in Hong Kong, resulting in the different 

value of CO trend from that at the HT site. For NO2 data, the yearly-mean NO2 showed a 

decreasing trend by 0.09 ppbv yr -1 (p<0.01; Figure 4.3.10a), with the peak value in 2007. The 

seasonal NO2 also decreased in all four seasons, with a significant decrease in summer and autumn 

(0.10 ppbv yr-1 in summer, 0.13 ppbv yr-1 in autumn; see Figure 4.3.10b). The decrease trends can 

also be seen in four air masses, with the significant decrease in Marine and Central China + PRD 

air (0.11 ppbv yr-1 in Marine, 0.13 ppbv yr-1 in Central China + PRD; see Figure 4.3.11b). The 

decreasing trend of NO2 in outflow air masses is consistent with reducing anthropogenic emission 

in mainland China due to emission control.  

 

Figure 4.3.7. (a) Annual average O3 mixing ratios at the surface at Tap Mun (TM) during 1999-

2019. Vertical bars are 75th and 25th percentiles for hourly surface data. (b) Seasonal average O3 

mixing ratios at TM site during 1999-2019. Also shown are the linear fit results for the surface 

O3 at TM site and the correlation coefficient (R) and the difference of average O3 levels (Diff.) 

between the surface O3 in TM and HT sites during 1999-2019. 
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Figure 4.3.8. Annual average O3 mixing ratios for each air mass during 1999-2019 at TM site. 

Also shown are linear fit results for surface O3 in each air mass. 

 

Figure 4.3.9. (a) Annual average CO mixing ratios at TM site during 1999-2019. Vertical bars 

indicate 75th and 25th percentiles.  (b) Seasonal average CO mixing ratios at TM site during 

1999-2019. Also shown are linear fit results for surface CO data in each season. Also shown are 

the linear fit results for surface CO at TM site and the correlation coefficient (R) and the 

difference of average CO levels (Diff.) between the surface CO in TM and HT sites. 
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Figure 4.3.10. (a) Annual average NO2 mixing ratios TM site during 1999-2019. Vertical bars 

indicate 75th and 25th percentiles. (b) Seasonal average NO2 mixing ratios TM site during 1999-

2019. Also shown are linear fit results for surface NO2 data in each season. 
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Figure 4.3.11.  Annual average (a) CO and (b) NO2 mixing ratios and linear fit results for each 

air mass group at TM site during 1999-2019. Also shown are linear fit results for each air group. 

4.4 Impact factors for O3 from different air masses.    

4.4.1 Impact of weather patterns, emissions, and climate change on maritime ozone. 

The NCEP meteorological data (see Methods) for the tropical and subtropical regions of East Asia 

(defined here as 0-25 °N and 100 -120 °E, hereinafter referred to as Southeast Asia) reveal a dryer 

climate during the first part of the 25 years (1994-2006), as indicated by the negative anomalies of 

specific humidity (-0.15 ± 0.02 g kg-1) and rainfall (-1.03 ± 0.02 kg m-2) and positive anomalies 

(0.12 ± 0.07 g kg-1 and 0.81 ± 0.08 kg m-2) in the later period (2007-2018) (Figure 4.4.1a). On the 

other hand, temperature and solar radiation did not show a significant difference between the two 

periods (Figure 4.4.1b).  The satellite-derived column concentrations of nitrogen dioxide (NO2) 

and formaldehyde (HCHO), a proxy of VOC emissions, for Southeast Asia show an increasing 

trend for both land and sea areas (p<0.01 to 0.05) (Figure 4.4.2). These results suggest rising 
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emissions in NOx and VOCs in Southeast Asia, including shipping activities in the South China 

Sea. 

 

Figure 4.4.1. Anomalies in NCEP data for Southeast Asia (including the South China Sea) (see 

Methods) for June-August from 1994-2018. (a) Specific humidity (Unit: g kg-1) (blue, left axis) 

and precipitation (Unit: kg m-2) (orange, right axis). (b) Temperature (°C) (blue, left axis) and 

radiation (Unit: W m-2) (orange, right axis). Dashed lines indicate the mean anomaly for the 

period 1994-2006 and 2007-2018. (The 25-year mean: specific humidity:19.9 g kg-1, 

precipitation: 48.6 kg m-2, temperature: 27.4°C, radiation: 227 W m-2). 

 

 

Figure 4.4.2. Annual average satellite observed column concentration of (a) NO2 and (b) 

formaldehyde (HCHO; Unit: 1015 molecular cm-2). Black, green, and blue lines in c and d 

represent an average value over the whole domain, land, and sea (see Methods). Also shown are 

linear fit results. 
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We also calculated the long-term trend of yearly-mean meteorological parameters in local sites 

(see Methods) during summer. As shown in Figure 4.4.3, temperature and solar radiation showed 

a significantly increasing trend in summer, rising by 0.071 °C yr-1 and by 4.58 W m-2 yr-1, 

respectively. In contrast, the relative humidity and precipitation did not show a distinct trend. 

Besides that, no distinct difference was seen in the first and later periods in the trend of local 

meteorological parameters. The different trends between the two data reveal the varying 

meteorological conditions across locations.  

 

Figure 4.4.3. Anomalies in meteorological data for WGL and King’s Park (KP) for June-August 

from 1994-2016. (a) Temperature (Unit: °C) (blue, left axis) and radiation (Unit: W m-2) (orange, 

right axis). (b) Relative humidity (Unit: g kg-1) (blue, left axis) and precipitation (Unit: kg m-2) 

(green, right axis). Also shown are linear fit results. 

Apart from the weather patterns and emissions, the change of large-scale circulations by climate 

events (such as El Niño/Southern Oscillation (ENSO)) also significantly affected the long-term 

trends of ozone (Lin et al., 2014). As the ENSO events related to the anomaly of sea surface 

temperature (SST), we also analyzed the evolution of SST in the Asian oceanic area. As shown in 

Figure 4.4.4, a distinct increase was demonstrated in the SST of the SCS region, and the change 

of SST was also positively correlated with the Niño 3.4 index (R2 = 0.53). This result reveals the 

potential impact of large-scale dynamic circulations on the regional meteorological parameters. 

The increase in temperature can accelerate the chemical reaction rate of O3 production and 

subsequently influence the trend of ozone.  
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Figure 4.4.5 shows the long-term trend of yearly mean ozone anomaly and climate index (Niño 

3.4). No distinct correlation (R = 0.31) is seen between the yearly-mean ozone and Niño 3.4 index, 

indicating that the large-scale dynamic circulations may not be an important factor for the ozone 

variations in south China. We also evaluated the relation between the summer monsoon indices 

(SCSSMI; see Methods) in the SCS region and the ozone changes. As shown in Figure 4.4.6, the 

overall trend between SCSSMI and observed summertime O3 was relatively correlated (R = 0.73), 

with high consistency in the peak values of the two parameters. The high SCSSMI values are 

correlated with intense rainfalls and cloudy weather (Li and Zeng, 2002). The occurrence of clouds 

reduces the direct solar radiation and leads to low photochemical production of ozone. The intense 

rainfall can enhance the ozone deposition, which can also provide more OH radicals and improve 

the oxidation of VOCs.  

 

Figure 4.4.4. Spatial distribution of sea surface temperature in the summer of (a) 1994 and (b) 

2016. The data is obtained from the GHRSST dataset. (c) Yearly-mean time series of Niño 3.4 

index (left axis) and sea surface temperature (SST) (right axis) from 1994-2016 for June-August, 

(d) Correlation between Niño 3.4 index and SST. Also shown are the linear fit and correlation 

coefficient (R2). Units are ℃. 
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Figure 4.4.5. The Niño 3.4 index (left axis) and yearly-mean ozone (right axis) from 1994-2019. 

Also shown is the correlation coefficient (R) between the two data. The red shade highlighted 

two strong El Niño events (Methods). 

 

Figure 4.4.6. The SCSSMI (Methods) and marine ozone relative to 1994-2016 for Jun-Aug. 

Correlation coefficient (R) between observed summer ozone and the SCSSMI. 

We then evaluated the impact of apparent change in the climatic parameters in the early and later 

parts of the 25 years in Southeast Asia on the summertime ozone. We adopted the WRF-Chem 

model with updated nitrogen and chlorine chemistry (see Methods) and selected three months (July) 
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from 1994-1996 and from 2016-2018 to represent typical summer conditions in the early years 

and the recent years, respectively. Figure 4.4.7 shows the daily averages of simulated and observed 

CO and ozone data at the surface in the HT site, and the results show that our model can acceptably 

simulate the O3 and CO level in the HT site during summer. The peak value of simulated ozone 

was dispersed, indicating the uncertainties in simulating the oxidation process. The spatial 

distribution of simulated surface ozone was also consistent with the distributions observed in other 

studies (Zhang et al., 2017b) (see Figure 4.4.8). The high values of surface ozone were mostly 

simulated over India and North China in the simulated six years. Small differences in the simulated 

O3 level in the SCS region can be explained by weather patterns, which will be further discussed 

in the next paragraph.    

 

Figure 4.4.7. Monthly average data for simulated and observed (a) CO and (b) O3 from 2016-

2018 for June-August. Shaded area and vertical bars are 75th and 25th percentiles for observed 

and simulated results, respectively. 
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Figure 4.4.8. Spatial distribution of simulated surface ozone in the lowest 30-meter layer (Unit: 

ppbv) in July (a) 1994, (b) 1995, (c) 1996, (d) 2016, (e) 2017 and (f) 2018. Black arrows 

represent the wind vector at 10-m height in July. 

 

To explore the impact of changes in weather pattern on ozone, we selected two periods 

summertime in former (1994-1996) and later phases (2016-2018). Figure 4.4.9 shows the changes 

in the average values of the four meteorological parameters (temperature, solar radiation, specific 

humidity and precipitation water) for the two periods. The emission data for 2016 are estimated 

from multiple sources (see Methods). Model simulations of ozone in East Asia were performed 

with fixed emissions for each July of the six years. Figure 4.4.10 shows the difference in the 

average ozone level for July between the later and early years. The results indicate that the weather 

conditions in July 2016-2018 reduced ozone levels in Southeast Asia and southern China relative 

to July 1994-96. The more abundant water vapor in the early periods increased hydroxyl radicals. 

But the ozone production from HO2+NO and RO2+NO (Figure 4.4.11 and Figure 4.4.12) 

decreased due to lower NO concentrations in Southeast Asia, which may result from a change in 

atmospheric dynamics. In recent years, the changes in summer weather conditions cannot explain 

the observed increase in the maritime ozone level at our site, which is most likely due to increases 
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in precursor emissions from Southeast Asian countries and shipping activities in the South China 

Sea. Thus, we believe that the change in the regional climate has masked the effects of increased 

precursor emissions on the surface ozone levels in Southeast Asia. If the future weather condition 

reverts to the opposite phase (i.e., drier conditions), we would see a larger increase in maritime 

ozone if the precursor emissions in Southeast Asia are not reduced from their present levels. The 

emission difference between the years 1994 and 2016 are shown in Figure 4.4.13. It can be seen 

that a large increase in the emission of NOx and NMVOCs occurs in both continental and oceanic 

areas. Previous studies have extensively studied the impact of increasing emissions on ozone (Zhu 

et al., 2017) and could imply that the change in anthropogenic emissions can positively affect the 

ozone concentration. 

 

Figure 4.4.9. Spatial distribution of the difference in NCEP/NCAR meteorological parameters 

between July in 2016-2018 and 1994-1996. (a) Specific humidity (Unit: g kg-1), (b) precipitation 

(Unit: kg m-2), (c) radiation (Unit: W m-2), (d) temperature (Unit: °C). Black arrows represent 

wind direction at 10-m height in July 2016-2018. Black box shows Southeast Asia, including the 

South China Sea (0-25 °N; 100 -120 °E). 
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Figure 4.4.10. Spatial distribution of simulated ozone difference (Unit: ppbv) by WRF-Chem 

model in July from 2016 to 2018 and 1994 to 1996. 

 

 

Figure 4.4.11. Spatial distribution of simulated (a) OH, (b) NO, (c) HO2 and (d) RO2 (in July 

2016-18) (Unit: pptv) and the absolute difference between respective values in July 1994-1996 

and July 2016-2018 (e), (f), (g) and (h) in the lowest 30-meter layer with 2016 emission. 
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Figure 4.4.12. Spatial distribution of simulated (a) k1[HO2] [NO] and (c) k2[RO2] [NO] (in July 

2016-2018) (Unit: ppbv h-1) and the absolute difference between the respective values in the 

lowest 30-meter layer in July 2016-2018 and 1994-1996 (b), (d). 

 

Figure 4.4.13. Spatial distribution of absolute differences of the emissions of (a) NOx and (b) 

NMVOCs fluxes (Unit: ppbv grid-1 s-1) between the years 2016 and 1994. 
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4.4.2 Potential impact of regional transport on ozone pollution. 

We calculated the number of ozone exceedance days and relevant ozone concentrations during the 

days at Hok Tsui (HT) site from 1994-2019 and at Tap Mun (TM) site from 1999-2019. This thesis 

defines the ozone exceedances as the maximum daily 8 h average (MDA8) larger than 80 ppbv.  

Figure 4.4.14a and Figure 4.4.15a show the number of ozone exceedance days during four seasons 

at the two sites. At the HT site, the most extensive ozone exceedance days occurred in 2004, which 

was consistent with the highest ozone value recorded that year (see Figure 4.3.1a). In four seasons, 

the majority of ozone exceedance days occurred in autumn (48%), followed by spring (23%), 

summer (16%), and winter (13%). At the TM site, the largest percentage of ozone exceedance days 

site was also in autumn (by 50%), followed by spring (19%), summer (19%), and winter (12%). 

The ozone pollution in autumn was related to the effect of regional outflow from the PRD region, 

which transported the O3-laden air to Hong Kong (Wang et al., 2009). The low temperature and 

solar radiation in winter lead to a low ozone production rate, resulting in the lowest percentage of 

ozone exceedances during the season. 

Figure 4.4.14b and Figure 4.4.15b show the yearly-mean and seasonal-mean ozone mixing ratios 

during ozone exceedance days at the two sites. At the HT site, the yearly-mean ozone mixing ratios 

increased by 0.56 ppbv yr-1, with the highest trend during autumn (by 0.75 ppbv yr-1) in four 

seasons. At the TM site, the yearly-mean ozone trend increased at the rate of 0.49 ppbv yr-1, and 

the most significant increase was also in autumn at a rate of 0.52 ppbv yr-1. A previous study has 

reported that the formation of ozone pollution during autumn in south China may occur due to 

tropical cyclones emerging from the Pacific Ocean (Wang et al., 2018a).  
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Figure 4.4.14. (a) O3 exceedance days during four seasons at HT site from 1994 to 2019. Also 

shown are the percentage of ozone exceedance occurred in each season.  (b) Annual average O3 

mixing ratio for O3 exceedances in four seasons and the whole year from 1994 to 2019 at HT 

site. Also shown are the statistics of linear fit for O3 concentrations in each season.   
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Figure 4.4.15. (a) O3 exceedance days in four seasons at TM site from 1999-2019. Also shown 

are the percentage of O3 exceedance occurred in each season.  (b) Annual average ozone mixing 

ratios for O3 exceedance in four seasons and whole year at TM site from 1999-2019. Also shown 

are the statistics of linear fit for O3 concentrations in each season.   

We also calculated the number of ozone exceedance days in four air masses at the two sites. At 

the HT site, the largest percentage of ozone exceedance days occurred in East China air (39%; 

Figure 4.4.16a), followed by Aged continental air (30%), Central China +PRD air (21%), and 

Marine air (10%). At the TM site, similar to the HT site, the largest percentage of ozone 

exceedance days was also in East China (38%; Figure 4.4.17a), followed by Aged continental 

(31%), Central China +PRD (20%), and Marine air (11%).  The East China air was with both the 

highest percentage of trajectories and the ozone exceedance days, indicating the significance of 

long-range transport from China to the air quality of Hong Kong.  

The ozone concentrations during ozone exceedance days in four air masses at the two sites were 

also analyzed. At the HT site, the ozone trends during ozone exceedance days significantly 

increased in all four air masses (0.99 ppbv yr-1 in Marine, 0.44 ppbv yr-1 in East China, 0.73 ppbv 

yr-1 in Central China + PRD, 0.79 ppbv yr-1 in Aged continental; see Figure 4.3.16b). Maritime 

ozone is considered as the cleanest air but showed the highest increase rate. One potential reason 
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is the contribution of emissions from shipping activities. At the TM site (see Figure 4.3.17b), 

significant increases were also shown in two outflow air masses by 0.73 ppbv yr -1 in Central China 

+ PRD and by 0.36 ppbv yr -1 in East China, respectively.  

 

 

Figure 4.4.16. (a) O3 exceedance days in four air masses at HT site from 1994-2019. Also shown 

are the percentage of O3 exceedance occurred in each air group.  (b) Annual average O3 mixing 

ratios for O3 exceedance in four air masses at HT site from 1994-2019. Also shown are the 

statistics of linear fit for O3 concentrations in each air mass.   
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Figure 4.4.17. (a) O3 exceedance days in four air masses at TM site from 1999-2019. Also 

shown are the percentage of O3 exceedance occurred in each air group.  Annual average (b) O3 

and (b) NO2 mixing ratios during ozone exceedance in four air masses at TM site from 1999-

2019. Also shown are the statistics of linear fit results for O3 and NO2 concentrations in each air 

mass.   



54 

 

4.5 Vertical ozone trends and potential impact from biomass burning and climate 

events  

Figure 4.5.1 shows the vertical profile of seasonal average O3 mixing ratios in four seasons from 

1994 to 2019 in the lower troposphere (below 6 km). The maximum value in ground-level ozone 

was in autumn, followed by winter and spring, with the minimum ozone occurring in summer 

(Figure 4.5.1a). These results were consistent with the surface ozone in the HT site. Continuous 

increase in ozone concentrations with altitude from the surface to 2km revealed the potential 

contribution of downdrafts of high O3-laden air to surface ozone. The increase in O3 production 

may result in reduced NO concentrations at high altitudes (Kleeman, 2008, Zhou et al., 2019). 

Above 2km, the highest ozone mixing ratios up to the lower troposphere was in spring (Figure 

4.5.1c and Figure 4.5.1d), with the lowest ozone mixing ratio in summer. A previous study has 

reported the maximum ozone mixing ratios in the troposphere in the North Hemisphere occurred 

in spring (Chan et al., 2003). One reason for the maximum was photochemical production of ozone 

from emissions of O3 precursors in the lower troposphere during the season (Chan et al., 2003). 

Another possibility was the downward mixing of ozone from the stratosphere due to active climate 

circulations (Lin et al., 2012). The summer minimum was possibly due to the increased destruction 

of photochemical ozone by high concentrations of water vapor and intense UV radiation (Chan et 

al., 1998). 
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Figure 4.5.1. (a) Vertical profile of seasonal average O3 mixing ratios during 1994-2019 in the 

lower troposphere over Hong Kong. Monthly average ozone mixing ratios at (b) 6km (c) 3.0km 

and (d) 0.5 km.  

Figure 4.5.2 shows the yearly average O3 mixing ratios at different heights from 1994 to 2019. The 

O3 trends from the surface (Figure 4.5.2 c) to the middle troposphere (at 6km; Figure 4.5.2 a) 

increased with a rate ranging from 0.59 ppbv yr-1 to 0.29 ppbv yr-1. The low rate of increase at 

higher altitudes indicated the limited impact of emitted O3 precursors by anthropogenic activities 

on the O3 formation in upper layers and the counter-acting effect of the interannual changes in 

STE. Steady increases were shown in the O3 trend at 0.5 km and 3.0km, indicating that the O3 trend 

in the lower altitudes was related to ozone precursors' emissions. High correlations were shown 

between the surface O3 at the HT site and the ozonesonde data at 0.5 km. This result indicated that 

the emissions of ozone precursors are a key attribution to the ozone trend in the lower layers. In 

the middle troposphere (at 6km), a sudden decrease was found in 2002. Such an abrupt O3 variation 

might be attributed to the impact of large-scale climate events.  

We also calculated the yearly-mean O3 trend in four seasons at different heights from 1994 to 2019.  

At 0.5km, as shown in Figure 4.5.3c, the O3 significantly increased in all four seasons, with the 
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largest O3 increase during autumn (1.08 ppbv yr-1), followed by summer (0.82 ppbv yr-1). The high 

correlations between the ozone trend in ozonesonde data and surface O3 data were shown during 

summer and autumn (R = 0.71), indicating similar ozone trend causes during the two seasons. The 

relatively low R-value during spring (R=0.36) was possibly related to the extensively large-scale 

circulations and their impact on ozone during the season. In the upper layers (at 3km and 6km), 

the autumntime O3 still significantly increased, with the trend of 0.53 ppbv yr-1 to 0.67 ppbv yr-1. 

This significant increase in ozone trend was partially due to the relatively stagnant air during the 

season.  A sharp O3 decrease was seen in the seasonal O3 trend in 2002 at 6km. This decrease was 

consistent with the sharp reduction in the yearly-mean ozone trend, with the potential contributions 

of large-scale transport to the internal O3 variations in upper layers.  

To further explore the impact of large-scale circulation on interannual variability of O3 trends, the 

correlations between the seasonal O3 anomaly and the Niño 3.4 anomaly at different heights were 

analyzed (see Figure 4.5.4). As shown in Figure 4.5.4a, large interannual variabilities were 

displayed in the O3 anomaly from the lower (1km) to the middle troposphere (6km) during spring, 

with an extensive O3 change during a strong ENSO event. Negative correlations were shown 

between the Niño 3.4 anomaly and the springtime O3 anomaly at different heights (R = - 0.31 to -

0.49), indicating that the large-scale circulations may lead to a reduction in springtime O3. Chan 

et al. (2003) demonstrated that the low values of springtime ozone in the upper troposphere over 

Hong Kong could be attributed to the low values to the transport of O3-depleted air from SE Asian 

regions by eastern Asia local Hadley circulation. This process can partially explain the negative 

correlations between the Niño 3.4 anomaly and the springtime O3.  

During other three seasons, weakly positive correlations were shown between the seasonal O3 

anomaly and the Niño 3.4 anomaly. During summer, the predominant winds originated from the 

SCS, and the maritime ozone variations were related to the abnormal sea surface temperature 

during ENSO events. The autumntime and wintertime ozone anomaly displayed a steadily 

increasing trend with relatively small internal variability. During the autumn and winter, the 

external perturbation to Hong Kong by large-scale circulations was weaker than other seasons 

(Chin et al., 1986). The weather pattern was dry with relatively intense solar radiation. Under this 

condition, the O3 variation was mainly facilitated by the increasing ozone precursors’ emission, 

with small perturbations by local meteorological conditions and large-scale circulations. 
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Figure 4.5.2. Annual average O3 mixing ratios and linear fit results for ozone data at (a) 6.0 km, 

(b) 3.0 km, and (c) 0.5 km during 1994-2019. Also shown in (c) is the trend of surface O3 data at 

HT site from 1994-2019 and the correlation coefficient (R) and the difference in O3 level (Diff.) 

between the ozonesonde and surface O3 data.  
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Figure 4.5.3. Seasonal average O3 mixing ratios and linear fit results for O3 data at (a) 6.0 km, 

(b) 3.0 km, and (c) 0.5 km during 1994-2019. Also shown in (c) are the correlation coefficient 

(R) between the ozonesonde and surface O3 data at HT site in four seasons during 1994-2019. 
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Figure 4.5.4. O3 anomaly (left axis) and Niño 3.4 anomaly (right axis) during (a) spring, (b) 

summer, (c)autumn, and (d)winter at different heights (1.0 km, 3.0 km, and 6 km) from 1994 to 

2019. Also shown are the correlation coefficient (R) between the two data. The pink shade 

highlighted the ozone levels during two strong ENSO events. 

As mentioned before, at and above 2km altitudes, the maximum of seasonal ozone was in spring, 

with an increase in springtime ozone trends at upper layers. Previous studies have attributed the 

increasing springtime ozone in upper layers to the emissions from biomass burning in Southeast 

Asia (Chan et al., 2002, Chan et al., 2003). To further evaluate the hypothesis, we calculated the 

backward trajectories in the KP site from 1994 to 2019 at 3km to detect the origin of different air 

masses. As shown in Figure 4.5.6, the largest percentage of airmass originated from South Asia 

(48.5%), followed by Marine (28.6%), Aged continental (18.4%), and Central China + PRD 

(4.5%). As the dominant airmass in spring was from “South Asia” (>50%; Figure 4.5.7), the 

increasing springtime ozone was potentially affected by the changes (i.e., biomass burning 

emissions) in South Asia.  

To preliminarily examine the potential impact of biomass burning emissions from south Asia on 

ozone variations, the ozone trends at different altitudes in South Asia airmass during springtime 
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were calculated. As shown in Figure 4.5.8, the increasing ozone trend showed from the surface to 

6km, with the highest increasing rate at 1km (k=0.39 ppbv yr-1; p=0.19). Significantly negative 

correlations (R= -0.29 to -0.61) were shown between the ozone trend at different heights and 

ENSO index, with large ozone decreasing during the two strong El Niño events. A previous study 

has demonstrated the potential relation between the ENSO index and the occurrence of biomass 

burning activities in South Asia (Xue et al., 2020). Our analysis revealed that the impact of biomass 

burning emissions from South Asia on the ozone variations in south China could also be negatively 

affected by large-scale circulations.  

 

 

Figure 4.5.5. Spatial distribution of four types of 10-day hourly backward trajectories arriving at 

the King’s Park site: ‘Marine’ (blue), ‘South Asia’ (red), ‘Central China + PRD’ (purple), and 

‘Aged continental’ (green). Also shown are the percentage of each type of air mass during 1994 - 

2019. 
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Figure 4.5.6. Monthly average percentage of four air masses during 1994-2019. 

 

Figure 4.5.7. Seasonal average O3 mixing ratios in air mass from South Asia during spring at 

different heights and the Niño 3.4 anomaly from 1994- 2019. The orange shade highlighted the 

ozone levels during two strong ENSO events in 1997-1998 and 2015-2016. Also shown are the 

linear fit results of O3 concentrations and the correlation coefficient (R) between the ozone levels 

and the Niño 3.4 anomaly. 



62 

 

4.6 Summary  

We evaluated the long-term (>20 years) trend of O3 and CO in a background site (Hok Tsui; HT) 

in the subtropical part of East Asia. We find a sharp increase in the ozone level in maritime air 

masses influenced by anthropogenic emissions from Southeast Asia. Recent summer conditions 

may have masked the large impact of increasing emissions of ozone precursors in Southeast Asia, 

including shipping activities. The ozone trend in another background site (Tap Mun; TM) also 

significantly increased, especially in continental outflow air masses. Compared with the HT site, 

the TM site showed a lower average O3 level and a higher average CO level, which indicates that 

the HT site is a more representative background site with lower local emissions. We also found 

that the frequency of ozone exceedance days and relevant ozone concentration during these days 

appeared to increase at two sites, which may be attributed to the regional transport of ozone and 

its precursors from east China sub-regional transport from PRD regions.  

The increasing ozone trends were present from the surface to the lower troposphere. The 

interannual ozone variability in the upper layers was affected by the large-scale circulations. The 

increases in the ozone trend at the surface and the upper layers were potentially affected by the 

biomass burning emissions from South Asia. The large-scale circulations and climate events may 

have reduced the impact of biomass burning emissions. 

It is crucial to continue the long-term observations to detect the key factors of the continuous 

increase in the tropospheric ozone levels in south China. The increasing ozone pollution in 

background sites in different air masses and seasons poses huge challenges to the mitigation of 

ground-level ozone pollution in Hong Kong. We suggest that regional cooperation is needed for 

air-quality improvement among various cities in China and including countries from Southeast 

Asia. 
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Chapter 5.  Impacts of sea-salt chloride on the formation of 

ClNO2 and O3 through the heterogeneous reaction of N2O5. 

5.1 Introduction  

As mentioned before, highly reactive chlorine radicals play a similar role to OH radicals in the 

degradation of VOCs and contribute to O3 formation. An important source of Cl radicals in the 

lower troposphere is the photolysis of ClNO2 (R2-5), which is produced from the heterogeneous 

reaction of N2O5 (R1-12) with particulate chloride (Cl-) (Brown et al., 2006, Osthoff et al., 2008, 

Simon et al., 2009a, Sarwar et al., 2012, Sarwar et al., 2014, Thornton et al., 2010). Sea-salt 

chlorides are an important source of Cl- and potentially affecting the formation of ClNO2 and O3, 

especially over the highly polluted coastal area. However, there has been limited studies of the 

impact of the sea-salt chloride on the formation of ClNO2 and its subsequent impact on the O3 

formation. Situated on the South China coast, the Hong Kong-Pearl River Delta (HK-PRD) is a 

highly urbanized and industrialized region and has suffered from frequent photochemical O3 

pollution (Chan et al., 2002, Wang et al., 1998, Wang et al., 2017). It is therefore of great interest 

to evaluate the chemical processes of sea-salt chloride and its impact on ClNO2 production and O3 

formation in this region. 

In this study, a revised WRF-Chem model with an additional reactive nitrogen module (Zhang et 

al., 2017b) was used to simulate the emission, transformation, and O3 impact of sea-salt chloride 

in two typical O3 episodes observed in September 2017 and 2018 over inland and offshore areas 

of the HK-PRD region. We describe the measurement data used to validate the model results in 

section 5.2. In section 5.3, we analyze the modeled spatial distribution of particulate sea-salt Cl-, 

chlorine loss, and ClNO2 and investigate the impact of sea-salt chloride on O3 formation. The 

summary and conclusions are drawn in section 5.4. 

5.2 Methodology 

5.2.1 Observational data 

5.2.1.1 Meteorological parameters 
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Hourly meteorological data in HK from the Hong Kong Observatory (HKO; 

http://www.hko.gov.hk), comprising temperature at 2 m height (T2), relative humidity at 2 m 

height (RH), wind direction (WD), and wind speed at 10 m height (WS10), were used to validate 

the model performance for meteorological parameters. The wind data at a remote site (Waglan 

Island (WGL); Figure 5.2.1) in southeastern HK were used to analyze the regional winds and 

transport patterns. 

5.2.1.2 Trace gases and sea salt aerosol 

Air pollution data on PM2.5, NO2, and O3 in HK-PRD were obtained from the regular air-

monitoring networks in Hong Kong (https://www.epd.gov.hk/) and Guangdong Province 

(http://www.mep.gov.cn/). These data were used to validate the model simulations over the HK-

PRD region.  

SSA was measured with a real-time ion analyzer (the Monitor for AeRosols and GAses in ambient 

air (MARGA)) at Hok Tsui (Figure 5.2.1) by the HKEPD. The HT site is in a remote area at the 

south-eastern tip of Hong Kong Island (22.217° N, 114.25° E) with few nearby anthropogenic 

sources (Wang et al., 2009, Wang et al., 2019b). PM2.5 and PM10 were measured at 1-h time 

resolution by the MARGA. The overall measurement uncertainty of MARGA was ±15%, with the 

detection limit from 0.03 µg m-3 to 0.1 µg m-3 depending on ions (Trebs et al., 2004, Rumsey et 

al., 2014). N2O5 and ClNO2 were measured with a chemical ionization mass spectrometer, with a 

detection limit of 6 pptv and an estimated uncertainty of ± 25% (Wang et al., 2016). Except for 

N2O5 and ClNO2, which were only measured in September 2018, all the data were used to validate 

the model in two O3 episodes. 

5.2.2 Model setting 

5.2.2.1 Model configuration 

The WRF-Chem model (version 3.6.1) was used to simulate the transport, mixing, and chemical 

transformation of trace gases (Grell et al., 2005). The detailed model description was in section 

3.1. The chemical mechanism used to simulate gases and aerosols was the CBMZ_ReNOM 

module, which is based on the CBMZ module with an additional mechanism of the heterogeneous 

reaction of reactive nitrogen and chlorine reactions with VOCs (Zhang et al., 2017b). The Model 

http://www.hko.gov.hk/
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for Simulating Aerosol Interactions and Chemistry (MOSAIC) was chosen to calculate the 

properties of size-resolved particles. Other details of the chemical and physical schemes for the 

simulation can be found in Zhang et al. (2017b). 

The double-nested domain covered South China and the PRD region with horizontal resolutions 

of 9 km and 3 km, respectively (Figure 5.2.1). The model had 31 vertical layers with a fixed top 

of 100 hPa. The surface layer was at the height of approximately 30 m above the ground, and the 

lowest 11 layers were approximately within the height of the planetary boundary layer (PBL) at 

noon. Nudging was applied to the outer domain of the simulation. The initial condition was 

provided by the global model results MOZART. 

 

Figure 5.2.1. Model domains (D01 and D02) and location of sampling sites. Hok Tsui is the site 

where sea salt aerosol was measured (red star). Waglan Island is the meteorological site (yellow 

star). Yangjiang (YJ), Guangzhou (GZ), Jiangxi (JX), and Hong Kong (HK) were selected to 

analyze the chemical reactions of chloride in the coastal and inland areas (blue stars). 

5.2.2.2 Simulation periods 

Two O3 episodes were simulated in September 2017 and 2018. The simulated periods were 

September 9–15, 2017, and September 7-15, 2018, with a spin-up time of 48 hours. According to 

surface weather charts, on September 11, 2017, the HK-PRD region was in the south of a low-

pressure system (Figure 5.2.2a), which led to southerly synoptic winds from the South China Sea 

(SCS) to land areas of this region. We named this phase “marine inflow” (shaded in blue; Figure 

5.3.1). On the following day (September 12), due to the approaching typhoon (super-typhoon 

“Talim”) from the Western Pacific Ocean (Figure 5.2.2b), the direction of synoptic winds changed 
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to northeasterly, and the subsidence of the typhoon lead to the O3 episode in HK-PRD region 

(Figure 5.2.2b). This offshore transport pattern, with recirculated marine air mass from the PRD 

region to the SCS, was named “continental outflow” (shaded in red; Figure 5.3.1). Another O3 

episode on September 11, 2018 (shaded in green; Figure 5.3.3) was also caused by the subsidence 

of the approaching typhoon (“Barijat” and “Mangkhut”, Figure 5.2.2c). The synoptic wind in this 

episode was from the northeast, which transported polluted air along the southeastern coastline of 

China to the HK-PRD region.  

In the two episodes, the oceanic airmass initially contained low O3 mixing ratios (Figure 5.2.3a). 

Then an O3 pollutant event occurred in HK during the continental outflow (Figure 5.2.3c), which 

can be explained by the adverse effect of coastal recirculation on O3 mixing ratio (Ding et al., 2004, 

Levy et al., 2009, Wang et al., 2018b). 

 

 

 

Figure 5.2.2. Surface weather chart in Southern China at noontime (14:00 Local Standard Time 

(LST)) in (a) September 11, 2017 (b)September 12, 2017 and (c) September 11, 2018. Figures 

were obtained from Hong Kong Observatory (http://envf.ust.hk/dataview/hko_wc/). 



67 

 

 

Figure 5.2.3. Horizontal distribution of observed ozone mixing ratio at 14:00 LST in (a) 

September 11, 2017 (c)September 12, 2017 and (c) September 11, 2018 in the HK-PRD region. 

(d), (e) and (f) are the same as (a), (b), and (c) but for simulated ozone. Units are ppb. Arrows are 

the wind vectors from the BASE experiment. 

5.2.2.3 Emission data 

We used three sets of anthropogenic emission inventories (EIs) in our simulations, including the 

EI developed by HKEPD (https://cd.epic.epd.gov.hk/) for HK in 2016, the EI developed by the 

Southern China University of Technology (Zheng et al., 2009) for the PRD region in 2014, and 

the Multi-resolution Emission Inventory for China (MEIC; http://www.meicmodel.org/) 

developed by Tsinghua University for mainland China excluding the PRD in 2016.  

The parameterization scheme Gong (2003) (GO03) was coupled in the WRF-Chem model to 

estimate the sea-salt emission. GO03 was an update of a semi-empirical formulation in Monahan 

et al. (1986) by introducing an adjustable parameter to match with the measurement of SSA size 

distribution from O'Dowd et al. (1997). Briefly, the source function dF/dr (Unit: m-2 s-1 μg-1) is 

shown as follows (E 5-1 ~ E 5-3): 

𝑑𝐹

𝑑𝑟
= 1.373𝑢10

3.41𝑟−𝐴(1 + 0.057𝑟3.45) × 101.607𝑒−𝐵2

             (E 5-1) 

http://www.meicmodel.org/
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A = 4.7(1 + 𝛩𝑟)−0.017𝑟−1.44
                 (E 5-2) 

B = (0.433-logr) /0.433                  (E 5-3) 

where 𝛩  (𝛩 = 30) is the adjustable parameter that controls the shape of the sub-micron size 

distribution, r is the particle radius at RH = 80%, and u10 is the wind speed at the height of 10 m 

(Gong, 2003).  

Aside from sea-salt emission, anthropogenic activity is another important source of chlorine (Fu 

et al., 2018a, Liu et al., 2018b). To better reproduce the real chlorine chemistry, we adopt EIs of 

HCl and fine particulate Cl- from anthropogenic activities for 2014 in China with a high resolution 

(0.1° × 0.1°) (Fu et al., 2018a). This EI included coal combustion, industrial processes, biomass 

burning, and municipal solid waste incineration. Biomass burning was the largest contributor, 

accounting for 75% of fine particulate Cl− emission and 32% of HCl emission in 2014. While the 

emission of chloride from coal-burning is expected to have decreased in China since 2014 due to 

strengthened emission control in coal-fired power plants and other industrial installations, we have 

no information on chloride emission change from other sources. We acknowledge that using the 

2014 chloride EI may induce some uncertainty in model simulations of anthropogenic chloride for 

2017/2018; on the other hand, the good comparison of modeled and simulated chloride at the HT 

site suggests that it is not a major problem for the present study cases.  

5.2.2.4 Model experiments 

For the 2017 case, four simulation experiments were designed with different settings of chlorine 

emission and chlorine chemistry (Table 5.2.1). The chlorine chemistry in our model included the 

chlorine loss from particulate Cl- reacting with strong acids (acid displacement) and the 

heterogeneous reaction with N2O5, activation of chlorine (producing ClNO2), and gaseous chloride 

reactions. The BASE case considered integrated chloride emissions from sea salt and 

anthropogenic activities and complete chlorine chemistry. The ANCL (ANthropogenic ChLoride 

emission) case considered integrated chloride emission but no heterogeneous reaction of N2O5. 

The SSCL (Sea Salt emission and ChLorine chemistry) case considered the complete chlorine 

chemistry, but the only chlorine emission was from sea salt. The SSE (Sea Salt Emission) case 

also considered sea salt as the only chlorine source but additionally had no heterogeneous reaction 

of N2O5. The differences between SSCL and SSE (i.e., SSCL − SSE) represented the effect of the 
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heterogeneous reaction of N2O5 on sea-salt chlorine loss and the formation of ClNO2 and O3. The 

differences between (BASE-ANCL) and (SSCL-SSE) (i.e., (BASE-ANCL) - (SSCL-SSE)) 

represented the impact of anthropogenic chloride emission on the formation of ClNO2 and O3. The 

results of the BASE were used to validate the model performance. The mixing ratios of particulate 

Cl- and sodium (Na+) in the SSE case were used to represent the production of SSA and the oceanic 

chlorine emission, excluding the depletion from acid displacement. 

For the 2018 case, the BASE, SSE, and SSCL experiments were also conducted to investigate the 

impact of sea-salt chloride on O3 formation. These seven numerical experiments described above 

were implemented with the γ(N2O5) from Bertram and Thornton (2009a) (BT). Another 

experiment using γ(N2O5) by Yu et al. (2020a) (Yu case) was also conducted in September 2018 

to compare the different uptake of N2O5 and its impact on ClNO2 and O3 formation. 

Table 5.2.1. Settings of simulation experiments. 

Experiments 
Sea-salt chloride 

emission 

Anthropogenic chloride 

emission 

Acid displacement 

reaction 

N2O5 heterogeneous 

reaction 

BASE Yes Yes Yes Yes 

ANCL Yes Yes Yes No 

SSCL Yes No Yes Yes 

SSE Yes No Yes No 

 

5.3 Results and discussion 

5.3.1 Model validation 

5.3.1.1. Meteorological parameters and typical chemical pollutants 

Figure 5.3.1, Figure 5.3.2, Table 5.3.1, and Table 5.3.2 show the model performances for 

simulating meteorological parameters and typical chemical pollutants in the two O3 episodes. The 

model results for meteorological parameters are in good agreement with the observations, with 

high values of correlation coefficient (R; R=0.90, 0.94, and 0.88 for WS10, RH, and T2 in 2017 and 

R=0.89, 0.92, and 0.86 in 2018, respectively; see Table 5.3.1 and Table 5.3.2). The slight 
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overestimation (0.8 m s-1) in simulated wind speeds was probably due to an underestimation of the 

effect of urbanization in the WRF model (Fan et al., 2015, Hu et al., 2016). The model 

performances for typical pollutants (PM2.5, NO2, and O3) are generally acceptable (Table 5.3.1 and 

Table 5.3.2). The slight overestimation in regionally averaged PM2.5, underestimation in NO2 and 

O3 can be partially attributed to the use of an older version of the EI for the PRD region (i.e., for 

the year 2014). Overall, the model well reproduced the meteorological conditions and pollutant 

mixing ratios during the simulation period. 

5.3.1.2 Particulate sea-salt Cl-  

The simulated particulate Cl- for both fine and coarse modes is in good agreement with the 

observations in both two episodes ( R = 0.90, 0.97, 0.88 and 0.89 and mean bias (MB) = -0.12 μg 

m-3, 0.13 μg m-3, -0.11 μg m-3 and 0.29 μg m-3 for fine and coarse particulate Cl- in the year of 

2017 and 2018, respectively; see Table 5.3.1 and Table 5.3.2), especially on the typhoon day when 

the particulate Cl- concentration was high (Figure 5.3.1d,e and Figure 5.3.2d,e). The 

underestimation in the peak of fine particulate Cl- on September 10, 2018 was caused by the bias 

in the simulation of wind direction. Chen et al. (2016) used the GO03 to simulate the SSA by 

WRF-chem model and reported an overestimation in sodium, nitrate, and chloride by a factor of 

8~20 at a background site in Europe. The better performance of particulate Cl- in our model 

suggests that GO03 is suitable for estimating SSA production in the South China coastal region, 

and the chlorine loss is also well represented in our model. 

5.3.1.3 N2O5 and ClNO2  

N2O5 and ClNO2 were only measured during the 2018 episode. Figure 5.3.2 shows the time series 

of observed and simulated N2O5 and ClNO2 for September 8-14, 2018. The variation and order of 

magnitude of N2O5 and ClNO2 were well captured by the model, but both the average and peak 

values were underestimated during O3 episode day (Figure 5.3.2, Figure 5.3.3). The MB 

normalized mean bias (NMB) and normalized mean errors (NME) for N2O5 were -50.6ppt, -46.6%, 

and 89.2% (Table 5.3.3). The maximum observed N2O5 mixing ratio was 0.29 ppbv and 0.93 ppbv 

on September 10-11 and September 11-12, respectively, and the model underestimated the 

respective peak by a factor of 2.1 and 2.4 from the BASE case. For ClNO2, the MB, NMB, and 

NME were -40.6 ppt, 51.9%, and 138.5% (Table 5.3.3); the observed peak values were 0.84 ppbv 



71 

 

and 0.94 ppb, and the model underestimated them by a factor of 2.4 and 1.3. The overestimated 

ClNO2 on September 10-11was due to the poor simulation of wind direction, which lead to more 

transport of high ClNO2 from PRD to the HT site (Figure 5.3.4). 

Previous modeling studies have reported underpredicted N2O5 and overpredicted ClNO2 in Hong 

Kong (Li et al., 2016a) and underpredicted ClNO2 in Beijing (Qiu et al., 2019), which are in part 

attributable to uncertainties in the parameterization of N2O5 and ClNO2 in their regional models. 

The parameterizations from Bertram and Thornton (2009a), which are used in the BASE case, 

have been suggested to overestimate both the N2O5 uptake rate (Wagner et al., 2013, McDuffie et 

al., 2018b) and ClNO2 yield (McDuffie et al., 2018a). With the revised parametrization of 𝛾(𝑁2𝑂5) 

by Yu et al. (2020a), the simulation of N2O5 has been improved: the MB and NMB for N2O5 were 

reduced to -48.4 pptv and -43.7% (Table 5.3.3), compared to -50.6% and -46.6% in the original 

one; the two peaks were underestimated by a factor 1.8 and 1.9 (Figure 5.3.2), compared to 2.1 

and 2.3. For ClNO2, the under-simulation was enlarged with the revised parameterization, 

especially for peak values (Figure 5.3.2).  

Apart from uncertainties in N2O5 uptake and ClNO2 yields, the underpredictions of N2O5 and 

ClNO2 at the HT site could result from underrepresented production or overpredicted nitrate (NO3) 

radical loss other than from NO3 + NO2 → N2O5. The NO3 is produced from the reaction of NO2 

with O3. The NO2 and O3 mixing ratios in the study region were slightly underestimated (Table 

5.3.2) but fairly well predicted at the HT site (Figure 5.3.2), suggesting that the NO3 production 

was not significantly underestimated. Apart from the reaction with NO2, NO3 can also react with 

NO and VOCs. We note that nighttime NO mixing ratios were overstimulated (Figure 5.3.4a), 

leading to an overestimate of NO3 loss via reaction with NO and thereby an underestimate of N2O5. 

To sum up, the above results indicate significant challenges in accurate simulations of N2O5 and 

ClNO2, and continued efforts are needed to improve model performance. The above comparison 

was only at the surface. Measurement of vertical profiles of N2O5/ClNO2 is required to validate 

their variations with altitudes simulated in the model. Despite the uncertainty, it is still worth 

exploring the potential impact of N2O5 heterogeneous uptake on sea-salt chloride, ClNO2, and O3. 

As ClNO2 was better predicted with the N2O5 parameterization by Bertram and Thornton (2009), 

we use simulation results based on that parameterization in the remaining sections. It is essential 
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to keep in remind that since ClNO2 is under-simulated in our model at HT, it is possible that its 

effect on O3 may have also been underestimated.  

 

Table 5.3.1. Validated statistics about the comparison of the simulated meteorological and 

chemical parameters from the BASE experiment with observation in the September 2017 case. 

 OBS SIM MB NMB (%) NME (%) R 

WS10 (m s-1) 4.5 5.3 0.8 1.0 1.2 0.90 

RH (%) 80.2 82.0 2.0 2.2 2.4 0.94 

T2 (℃) 28.4 29.0 0.6 0.8 1.2 0.88 

PM2.5 (μg m-3) 45.2 62.8 17.6 18.7 20.0 0.38 

NO2 (ppbv) 33.8 28.5 -5.3 -8.5 10.0 0.61 

O3 (ppbv) 83.3 77.8 -5.5 -8.7 12.4 0.77 

Coarse Cl-(μg m-3) 1.91 2.04 0.13 0.13 0.23 0.97 

Fine Cl-(μg m-3) 0.44 0.38 -0.12 -0.43 0.56 0.90 

  Note: SIM is the simulated data; OBS is the observational data.  
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Figure 5.3.1. Time series of simulated and observed trace gases, sea salt aerosol, and wind 

vector for September 11–15, 2017. (a) Simulated and (b) observed wind vector at WGL site, (c) 

O3 mixing ratio (unit: ppb), (d) fine and (e) coarse particulate (Cl-) concentration (Unit: μg m-3), 

and (f) ClNO2 mixing ratio (Unit: ppbv) at HT site. The results are from the BASE experiment. 

The periods shaded in blue, and red are the “marine inflow” and “continental outflow” phases. 
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Figure 5.3.2. Time series of simulated and observed trace gases, sea salt aerosol, and wind 

vector for the period of September 08–14, 2018. (a) Simulated and (b) observed wind vector at 

WGL site, (c) O3 mixing ratio (unit: ppb), (d) fine and (e) coarse particulate Cl- concentration 

(Unit: μg m-3), (f) ClNO2 mixing ratio and (g) N2O5 mixing ratio (Unit: ppbv) at HT site. The 

results are from the BASE experiment. The periods shaded in green are the “continental outflow” 

phase. The simulated results for using N2O5 uptake from Yu et al. (2020) are shown in blue lines 

((c), (f), and (g)). 
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Table 5.3.2. Validated statistics about the comparison of the simulated meteorological and 

chemical parameters from the BASE experiment with observation in the September 2018 case. 

 OBS SIM MB NMB (%) NME (%) R 

WS10 (m s-1) 5.1 5.3 -0.2 -1.0 1.2 0.89 

RH (%) 81.2 82.0 0.8 2.2 2.4 0.92 

T2 (℃) 28.4 29.5 1.1 0.8 1.2 0.86 

PM2.5 (μg m-3) 28.5 32.8 4.2 12.7 20.0 0.43 

NO2 (ppbv) 19.8 16.5 -3.3 -8.0 10.0 0.62 

O3 (ppbv) 72.2 70.8 -1.4 -8.2 12.4 0.80 

Coarse Cl-(μg m-3) 1.71 2.00 0.29 0.12 0.23 0.88 

Fine Cl-(μg m-3) 0.33 0.22 -0.11 -0.42 0.56 0.89 

 

 

Table 5.3.3. Validated statistics about the comparison of the simulated N2O5 and ClNO2 from 

BASE and Yu experiments with observation. 

 OBS SIM MB NMB (%) NME (%) R 

N2O5_BT (pptv) 77.0 25.0 -50.6 -46.6 89.2 0.33 

N2O5 _Yu(pptv) 77.0 27.2 -48.4 -43.7 92.2 0.33 

ClNO2_BT (pptv) 147.1 100.1 -40.6 51.9 138.5 0.40 

ClNO2_Yu (pptv) 147.1 85.8 -56.1 36.3 131.6 0.23 

N2O5_BT (pptv)* 160.6 50.1 -110.6 -13.2 28.6 0.22 

N2O5 _Yu(pptv)* 160.6 57.7 -102.9 -10.8 29.8 0.22 

ClNO2_BT (pptv)* 351.6 100.0 -194.8 -13.0 29.3 0.37 

ClNO2_Yu (pptv)* 351.6 85.8 -251.3 -21.2 29.0 0.29 

Note: N2O5_BT and ClNO2_BT are from the BASE case, N2O5_Yu and ClNO2_Yu are from the Yu 

case. The n for chemicals with the tab of * equals 48 for September 11-12, 2018 (green shaded 

area in Figure 5.3.2) and chemical without * equals 168 for September 08-14, 2018.   
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Figure 5.3.3. Comparison of simulated and observed average (a) N2O5 and (b) ClNO2 mixing 

ratio each night (18:00-06:00 LST) at Hok Tsui site in 2018. Error bars represent the standard 

deviation. 

 

Figure 5.3.4. Comparison of the simulated and observed average of (a) NO and (b) NO2 mixing 

ratio at each night (18:00-06:00 LST) at HT site in 2018 case. Error bars represent the standard 

deviation. 
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Figure 5.3.5. Spatial distribution of the ClNO2 mixing ratio on September 09, 2018 (14:00 LST). 

Unit is ppb. Arrows are wind vectors from the BASE experiment.  

5.3.2 Transport of particulate sea-salt Cl- 

We make use of the simulations for the 2017 case to illustrate the spatial distribution of particulate 

sea-salt Cl- under the marine and continental winds (see Figure 5.3.6). Under the marine winds, 

the simulated total oceanic particulate Cl- in the lowest model layer extended northwards from the 

western coastal line of the PRD region into the inland, with a maximum penetration of 

approximately 300 km from the coastal line (Figure 5.3.6a). Coarse particulate sea-salt aerosols 

were mainly distributed in the southwest coastal area (Figure 5.3.6b). In contrast, the fine 

particulates were generated on the western coast, passed through the central urban area, and 

traveled deep inland (Figure 5.3.6c). The coarse particulate SSA was generally deposited near its 

source due to its relatively large size and weight (Grythe et al., 2014). The fine particulate SSA 

penetrated inland under the effect of the onshore marine winds (Chen et al., 2016). This inland 

penetration resulted in good mixing of ocean-generated chloride with urban NOx, contributing to 

chlorine loss through acid displacement and heterogeneous reaction with N2O5 inland (Crawford 

et al., 2019). 
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Under the continental winds, aged sea-salt chloride from the inland areas re-circulated to the ocean 

and mixed with the newly generated sea-salt chloride (Figure 5.3.6d). The fine particulate sea-salt 

Cl- was mainly distributed over the coastal areas (Figure 5.3.6f) due to the counteracting effects of 

the prevailing northeast wind and the local sea breezes (Ding et al., 2004). The highly concentrated 

sea-salt chloride reacted with NOx from upwind regions, resulting in loss of chlorine over the coast. 

The detailed chlorine loss processes in marine and continental phases will be further discussed in 

the next section. 

 

Figure 5.3.6. Horizontal distributions of (a) total particulate sea-salt Cl-, (b) coarse particulate 

sea-salt Cl-, and (c) fine particulate sea-salt Cl- at the time of 08:00 LST for the marine phase in 

September 2017. (d), (e), and (f) are the same as (a), (b), and (c), respectively, but for the 

continental phase. Units are μg m-3. Arrows are the wind vectors from the BASE experiment. 

5.3.3 Chemical loss of particulate sea-salt Cl- 

Figure 5.3.7 depicts the distribution of chlorine loss through acid displacement and the 

heterogeneous reaction of N2O5 on fine particulate sea-salt Cl- in the 2017 case. The chlorine loss 

through acid displacement was broadly distributed over the HK-PRD region, while the impact of 

N2O5 uptake mainly occurred over downwind inland areas. An extensive chlorine loss can be 

observed over a broad land area, attributable to acid displacement (~1.4 μg m-3 or 51%; Figure 
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5.3.7a and b) under the marine winds. In the continental phase, the chlorine loss is transported to 

downwind polluted urban areas (1.0 μg m-3 or 31%; Figure 5.3.7c and d).  

Chlorine loss mainly occurs over inland areas through reaction with N2O5, 300 km from the coastal 

line (~1.0 μg m-3 or 35%; Figure 5.3.7e and f) in the marine inflow. Under the continental winds, 

higher chlorine loss is observed over the central PRD and adjacent coastal area (~1.0 μg m-3 or 

33%; Figure 5.3.7c and d). The chlorine loss from coarse particulate sea-salt Cl- is mainly attributed 

to acid displacement over western coastal areas (>1.5 μg m-3 or 30%) and the open ocean (Figure 

5.3.8). Our study shows that the chlorine loss through the heterogeneous reaction of N2O5 mainly 

occurred in downwind areas containing accumulated NOx emissions.  

 

 

Figure 5.3.7. Horizontal distributions of chloride loss from fine particulate sea-salt Cl- via acid 

displacement at (a) 02:00 LST and (b) 08:00 LST in marine phase and (c) 02:00 LST and (d) 

08:00 LST in continental phase in September 2017. (e), (f), (g), and (h) are the same as (a), (b), 

(c), and (d), respectively, but for the chlorine loss from the heterogeneous reaction of N2O5. The 

chlorine loss via acid displacement was calculated based on the Cl/Na ratio (1.8) in seawater 

(Miura et al., 1991) and the difference of the mixing ratios of Cl- and Na+ in the SSE experiment. 

Units are μg m-3. Arrows are the wind vectors from the BASE experiment. 
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Figure 5.3.8. Horizontal distributions of sodium (Na+) in sea salt. (a) total particulate, (b) coarse 

particulate, and (c) fine particulate at 08:00 LST in the marine phase. (d)(e)(f) are the same as 

(a)(b)(c) but for 12 September. The mixing ratio of sodium was from the SSE case. Units are μg 

m-3. Arrows are the wind vectors from the BASE experiment. 

We selected four sites (YJ, HK, GZ, and JX; Figure 5.2.1), which represent typical coastal and 

inland areas, to analyze the contribution of different chemical reactions to chlorine loss. The 

average percentage contributions of the two chlorine loss pathways at the four sites during each 

phase are presented in Figure 5.3.9.  In the marine phase, the chlorine loss at two coastal sites (YJ 

and HK) is dominated by acid displacement on coarse particulate sea-salt Cl- (>80%, Figure 5.3.9). 

For the inland sites (GZ and JX), the heterogeneous reaction of N2O5 is an important contributor 

to chlorine loss, contributing up to 40% (0.1 μg m-3, Figure 5.3.9) at JX. Under the continental 

winds, large contributions from the heterogeneous reaction of N2O5 were not only observed at 

inland sites (18% and 33% for GZ and JX, respectively) but also at coastal sites (23% and 25% for 

YJ and HK, respectively), due to the elevated mixing ratios of N2O5 (Figure 5.3.10) over the 

downwind coastal areas. The chlorine loss via N2O5 was highly dependent on the wind patterns, 

which affected the spatial distribution of ClNO2 from N2O5 on SSA. 
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Figure 5.3.9. Histogram of (a) chlorine loss (Unit: μg m-3) and (b) ratio of chlorine loss 

(Unit: %) by acid displacement to that by heterogeneous reaction with N2O5 on fine and coarse 

particulate sea-salt Cl- in marine and continental phases at YJ, HK, GZ, and JX sites, listed 

according to ascending distance from the coastline. 

 

Figure 5.3.10. Horizontal distributions of chlorine loss via the acid replacement on coarse 

particulate sea-salt chloride at (a) 02:00 LST and (b) 08:00 LST in marine phase and (c) 02:00 

LST and (d) 08:00 LST in continental phase. Units are μg m-3. Arrows are the wind vectors from 

the BASE experiment. 
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Figure 5.3.11. Horizontal distributions of HNO3 mixing ratio at 18:00 LST in (a) September 11 

and (b) September 12, 2017 and N2O5 mixing ratio at 08:00 LST in (c) September 11 and (d) 

September 12, in 2017. The mixing ratio of HNO3 and N2O5 were from the SSE case. Units are 

ppb. Arrows are the wind vectors from the BASE experiment. 

5.3.4 Impacts of sea salt chloride on ClNO2 and O3   

In this section, we attempted to evaluate the formation of ClNO2 and O3 through the uptake of 

N2O5 on the sea-salt chloride in different transport patterns and compare it with the formation 

through anthropogenic chloride. As mentioned before, sea-salt emissions are widely spread in 

South China in the marine phase. Anthropogenic chloride would not widely spread but 

accumulated in high spots (see Figure 5.3.12). The different distribution of particulate Cl- in two 

chloride emissions will affect the subsequent formation of ClNO2 and O3. 
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Figure 5.3.12. Spatial distribution of fine particulate chloride (Cl-) from (a) sea-salt emission and 

(b) anthropogenic activities on September 11, 2018 (07:00 LST). Units are μg m-3. Arrows are 

wind vectors from the BASE experiment.  

5.3.4.1 ClNO2 

Figure 5.3.13 shows the spatial distribution ClNO2 produced from the N2O5 heterogeneous 

reaction on sea-salt chloride in the lowest model layer during the 2017 case. The distribution of 

ClNO2 was consistent with the chlorine loss through the uptake of N2O5. Under the marine phase, 

elevated ClNO2 mixing ratios can be produced during the nighttime (02:00 LST) over the 

downwind areas of the northern PRD region (~0.6 ppb; Figure 5.3.13 a) and transported to the 

adjacent areas of Guangdong and Jiangxi provinces the next morning (Figure 5.3.13 b; 08:00 LST). 

Under continental winds, high mixing ratios of ClNO2 are found over the downwind coastal areas 

(peak value of 0.8 ppb; Figure 5.3.13 c), which indicated that ClNO2 was more likely to be 

produced in polluted regions (Sun et al., 2016). The produced ClNO2 would be able to further 

contribute to O3 enhancement through photolysis. The high mixing ratios of ClNO2 over the coast 

of Fujian province are transported along the east coastal line (Figure 5.3.13 c) and thus would 

affect the O3 mixing ratios in the HK-PRD region. The vertical peak value of ClNO2 occurs at 300 

m above sea level (02:00 LST; Figure 5.3.13 g) and moves down to the surface in the morning 

(08:00 LST; Figure 5.3.13 h) due to downward mixing with a residual layer of air mass (Sun et al., 

2016, Tham et al., 2016). The contribution of anthropogenic chlorine to ClNO2 production was 

about 0.4 ppbv over the center of the PRD region (Figure 5.3.14). 
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Figure 5.3.13. Horizontal distributions of ClNO2 mixing ratio produced from sea-salt chloride at 

(a) 02:00 LST and (b) 08:00 LST in the marine phase and (c) 02:00 LST and (a) 08:00 LST in 

the continental phase in September 2017. (e), (f), (g), and (h) are the same time as (a), (b), (c), 

and (d), respectively, but for the vertical distribution of ClNO2. The vertical distribution was 

taken over a longitude of 113°E in the marine phase and 114.19°E in the continental phase. Units 

are ppbv. Arrows present the wind vectors, the black lines indicate the planetary boundary layer 

height, and the gray shadow shows the topography high from the BASE experiment. 

 

 

Figure 5.3.14. Horizontal distributions of ClNO2 mixing ratio produced from anthropogenic 

chloride at (a) 02:00 LST and (b) 08:00 LST in the continental phase. Units are ppbv. Arrows 

and black lines are the wind vectors from the BASE experiment. 
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5.3.4.2. O3 formation from activation of particulate sea-salt Cl- 

Figure 5.3.15 depicts the effect of the heterogeneous reaction of N2O5 on O3 formation in the 

marine inflow in 2017. O3 enhancement was observed over the inland areas. At 08:00 LST, a slight 

O3 increase (0.8 ppbv) is observed in the northern PRD region (Figure 5.3.15 d). The photolysis 

of ClNO2 released NO2 and Cl radicals, which reacted with VOCs and increased O3 production. 

At noontime (14:00 LST), the highest O3 enhancement occurs deep inland (2.0 ppbv or 4%; Figure 

5.3.15 e). At sunset (18:00 LST), the absolute O3 mixing ratio (Figure 5.3.15 c) and its 

enhancement (Figure 5.3.15 f) both decrease due to the reduced radiation and photochemical 

reactions.  

 

Figure 5.3.15. Horizontal distributions of O3 mixing ratios at (a) 08:00 LST (b), 14:00 LST, and 

(c) 18:00 LST in the marine phase on September 11, 2017. (d), (e), and (f) are the same as (a), 

(b), and (c), respectively, but for the O3 enhancement from the photolysis of ClNO2. Units are 

ppbv. Arrows and black lines are the wind vectors from the BASE experiment. 

Figure 5.3.16 shows the impact of sea-salt chlorine activation on O3 formation in the continental 

phase in 2017. The O3 enhancement was greater and more widespread than in the marine phase, 

especially over the central coast of the PRD and adjacent SCS. Similar to the marine phase, the O3 

enhancement is initialized by ClNO2 over the coast of the eastern PRD region (1.8 ppbv) in the 

early morning (8:00 LST; Figure 5.3.16d). At noontime (14:00 LST), an O3 pollution episode (up 
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to 140 ppb, Figure 5.3.16b) occurs over the eastern and central coastal region of the PRD and the 

adjacent SCS. An “L” shaped O3 enhancement appears over a large area of the SCS, with the 

maximum value occurring over the ocean (3.8 ppbv or 5.5%; Figure 5.3.7e). Compared with the 

marine phase, the O3 enhancement in the continental phase lasted longer. Elevated mixing ratios 

of O3 (>120 ppbv) are present over the open ocean of the SCS until 18:00 LST (Figure 5.3.16 c), 

and the area of O3 increases then moves further offshore (Figure 5.3.16f). The larger increase in 

the O3 mixing ratio in the continental phase indicated the more important impact of sea-salt 

chloride on O3 formation in continent-ocean mixed air. The O3 enhancement by anthropogenic 

chloride was about 2.5 ppbv (3.6%) over the oceanic area (Figure 5.3.17). The maximum 

enhancement by combined anthropogenic and sea-salt chloride was 6.2 ppbv (or 7.2 %).   

 

 

Figure 5.3.16. Same as Figure 5.3.15 but for the continental phase on September 12, 2017. 
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Figure 5.3.17. Horizontal distributions of ozone enhancement from the photolysis of ClNO2 

produced from anthropogenic chloride at (a) 14:00 LST and (b) 18:00 LST in the continental 

phase. Units are ppbv. Arrows and black lines are the wind vectors from the BASE experiment. 

 

Figure 5.3.18 shows simulated O3 and its enhancement due to the activation of sea-salt Cl- in the 

O3 episode on September 11, 2018. The elevated O3 levels (>120 ppbv) were simulated in regions 

from the coast of eastern China to the central coastal areas of the PRD and even to the Hainan 

island. At 08:00 LST, the O3 enhancement (1.0 ppbv) was initialized by the accumulated ClNO2 

(Figure 5.3.19) over the western coastal region of South China. At 14:00 LST, large O3 

enhancement was simulated over the coastal areas of the central and western of PRD (up to 4.5 

ppbv or 5.5%, Figure 5.3.18e). Similar to the episode in September 2017, the O3 pollution lasted 

until 18:00 LST over a large SCS area (Figure 5.3.18c), and the maximum O3 enhancement was 

6.5 ppbv (7.6%, Figure 5.3.18f) and occurred at 18:00 LST.  
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Figure 5.3.18. Same as Figure 5.3.15 but for the O3 episode on September 11, 2018. 

 

 

Figure 5.3.19. Horizontal distributions of ClNO2 mixing ratio produced from sea-salt chloride at 

(a) 02:00 LST and (b) 08:00 LST on September 11, 2018. Units are ppbv. Arrows and black lines 

are the wind vectors from the BASE experiment. 
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We compare the modeled O3 enhancement due to ClNO2 chemistry with that reported in other 

places, which all give combined impact from sea salt and anthropogenic chloride. Thus, the 

following comparison is based on the O3 increase from total chloride. The maximum O3 

enhancement (6.2 ppbv over 86 ppbv in 2017 and > 6.5 ppbv over 85.5 ppbv in 2018) is larger 

than the O3 increase during summer O3 episodes in Huston (1-1.5 ppbv over 60-85 ppbv) (Simon 

et al., 2009a). Other modeling studies typically reported average summer enhancement (Sarwar et 

al., 2014, Wang et al., 2019c, Zhang et al., 2017b), which generally show small average O3 increase 

due to ClNO2 except in the NCP and YRD regions with large monthly O3 enhancement (5 - 6%). 

The production of ClNO2 and its impact on O3 may vary with season. Our previous study (Li et 

al., 2016a) showed higher ClNO2 levels and larger O3 enhancement (7.2 ppbv or 16.3%) in winter 

over coastal waters of PRD in a continental outflow case, suggesting a larger O3 enhancement in 

winter. Other studies have indicated a similar seasonal difference (Sarwar et al., 2014, Wang et al., 

2019c). All these studies have shown a considerable impact of the heterogeneous reaction with 

N2O5 and ClNO2 production on O3. Our study demonstrates an important contribution of sea salt 

to these chemical processes. 

 

 

Figure 5.3.20. Schematic of the transport of sea-salt aerosols and the chemical mechanisms of O3 

formation from sea-salt chloride.   
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5.4 Summary 

The WRF-Chem model with an up-to-date chlorine chemical mechanism was used to simulate the 

impact of sea-salt particulate Cl- under marine and continental winds over the coastal and inland 

areas of South China in two O3 episodes in September 2017 and 2018. The model was able to 

capture the temporal patterns and the magnitudes of particulate Cl- in two episodes but 

underestimated N2O5 and ClNO2 by a factor of 2 at a coastal site in Hong Kong in September 2018. 

The results revealed extensive chlorine loss through the uptake of N2O5 (up to 40%) over the land 

areas of the PRD during the inland transport of fine particulate sea-salt Cl- in the marine phase. 

Elevated mixing ratios of ClNO2 (up to 0.8 - 1.0 ppbv) were predicted in the continental phase 

during the two episodes and contributed to an O3 increase of up to 3.8 ppbv (or 5.5%) and 6.5ppbv 

(or 7.6%) over a large area of the SCS in the afternoon. These O3 enhancements may have been 

underestimated in light of the underprediction of ClNO2 by the model. Thus, more efforts are 

needed to further improve the model’s capacity in simulating the complex processes involved in 

the production and transport of ClNO2. We believe that extensive chlorine loss and ClNO2 

production through the heterogeneous reaction of N2O5 may also occur in other coastal regions 

with strong NOx emissions. We suggest the need to include this process in modeling studies of 

ozone and other secondary pollutants in these regions. 
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Chapter 6. Impacts of international shipping emissions on 

ozone and PM2.5: the important role of HONO and ClNO2 

6.1 Introduction 

The effects of ship emissions on the formation of O3 and PM2.5 have been extensively evaluated in 

previous numerical studies. While the formation of O3 and secondary aerosols is affected by their 

precursors, they can also be influenced by the levels of radicals, such as OH and Cl radicals, which 

are key to the oxidation of precursors. In this study, we use a revised regional chemical transport 

model to simulate the spatial distributions of HONO and ClNO2 produced by ocean-going ships 

and impacts on the formation of O3 and PM2.5 in Asia, which has eight of the world’s top ten 

container ports and the most trafficked oceans. We select summer (July) of 2018 as the study 

period when the summer monsoonal wind prevails in Asia, together with the highest radiation and 

temperature, makes the ship’s impact the largest in a year. We describe in section 6.2 the details 

of model setting, emissions, numerical experiments, observational data, and model validation. In 

section 6.3, we present the model performance of HONO and ClNO2 and compare the results with 

available measurements in the marine area; we then illustrate the formation of ship-related HONO 

and ClNO2 and their subsequent impacts on oxidizing capacity, O3 formation, and PM2.5 in oceanic 

areas and coastal cities. A summary is given in section 6.4.  

6.2 Methodology 

6.2.1 Model setting 

In this study, the WRF–Chem model (version 3.6.1) (Grell et al., 2005), with updated gases-phase 

and heterogeneous-phase mechanisms of new reactive nitrogen species (Zhang et al., 2017a), was 

used to simulate transport, mixing, and chemical transformation of trace gases and aerosols. The 

detailed model description was in section 3.1. The updated module was based on the default CBMZ 

module (Zaveri and Peters, 1999), in which the O3 production was from the traditional 

photochemical mechanisms with two gas-phase sources of HONO and no chlorine chemistry. In 

the updated module (CBMZ-ReNOM), the HONO sources included the additional gas-phase 
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reactions between NOx and HOx (OH+HO2), the heterogeneous reaction of NO2 on the particle, 

urban, leaf (Kurtenbach et al., 2001), and sea surfaces (Zha et al., 2014) and direct emission from 

vehicles (Kurtenbach et al., 2001, Gutzwiller et al., 2002). An additional HONO source from the 

photolysis of particulate nitrate was also added to our model (Ye et al., 2016, Fu et al., 2019). For 

ClNO2 production, the parameterization from Bertram and Thornton (2009b) was selected to 

represent the N2O5 uptake coefficient and ClNO2 production yield. This parameterization 

reproduced a reasonable order of magnitude and variation of observed N2O5 and ClNO2 in a 

background site of Hong Kong (Dai et al., 2020). The other six chlorine species, with relevant 

photolysis reactions and subsequently reactions between released Cl radical and volatile organic 

compounds (VOCs), were also added into the updated module (Zhang et al., 2017a). The details 

of other chemical and physical schemes for the simulation can be found in Zhang et al. (2017a). 

The period from June 28 to July 31 in 2018 was selected for model simulations. The first 72 h of 

the simulations were considered as a spin-up time. The initial meteorological condition was 

provided by reanalysis data from the final (FNL) Operational Global Analysis dataset provided by 

the National Centers for Environmental Prediction (NCEP; http://rda.ucar.edu/datasets/ds083.2/). 

The model had 31 vertical layers with a fixed top of 100 hPa. The domain covered a large part of 

Asia with a horizontal resolution of 36km × 36 km (Figure 6.2.1). The surface layer was at the 

height of 30 m above the ground, and the lowest 11 layers were approximately within the height 

of the planetary boundary layer (PBL) at noon. 

6.2.2 Emission 

For anthropogenic emissions, five sets of emission inventories (EIs) were used in our study. For 

mainland China, the Multi-resolution Emission Inventory for China (MEIC; 

http://www.meicmodel.org/) in 2016 was used. For the rest of Asia, we applied the MIX 

(http://www.meicmodel.org/dataset–mix) for the year 2010 (Li et al., 2017a). For international 

shipping, the emission database in the Community Emission Data System (CEDS) (McDuffie et 

al., 2020b) for the year 2017 was adopted. HONO emission from land transportation sources was 

calculated by land-based NOx emissions and the HONO/NOx ratios (0.8% for gasoline and 2.3% 

for diesel). For ship emitted HONO, we set the emission ratio of HONO/NOx as 0.51%, based on 

the reported ratio in fresh ship plumes in Chinese waters (Sun et al., 2020). For anthropogenic 

chloride emission, the high resolution (0.1° × 0.1°) EIs of HCl and fine particulate Cl− for the year 

http://rda.ucar.edu/datasets/ds083.2/
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2014 was applied for mainland China (Fu et al., 2018b). This EI included four sectors and has been 

proved to offer a reasonable model simulation of particulate chloride by WRF–Chem model (Dai 

et al., 2020). For the anthropogenic chloride emission in the rest regions, the Reactive Chlorine 

Emission Inventory (RCEI; Keene et al. (1999)) was adopted. For natural emission, the biogenic 

emission was calculated by the Model of Emission of Gas and Aerosols from Nature (MEGAN) 

version 2.1 (Guenther et al., 2006).  

The spatial distribution of ship NOx emission is shown in Figure 6.2.1a. The main ship routes with 

high emission intensity are identified in the ship emission inventory. One major ship lane is located 

in the Southern Bay of Bengal (BOB) in the Indian Ocean, passes through the Strait of Malacca, 

and extends to the South China Sea (SCS) and other Asian countries. Distinct ship lanes are also 

shown along the coast of the East China Sea (ECS) and Sea of Japan (SOJ). Over the West Pacific 

Ocean (WPO), congested ship routes are distributed between Japan and other countries (Southeast 

Asian countries, Australia, and North America). Based on the distribution of ship NOx emission, 

six water zones, including three coastal waters around China (SCS, ECS, Bohai Rim (BR)), two 

coastal waters in other regions (SOJ and BOB), and one remote ocean (WPO; Figure 6.2.1b), are 

selected. In addition, three densely populated city clusters (North Central Plain (NCP), YRD and 

PRD) are also chosen.  

 

Table 6.2.1. The ranges of latitude and longitude in separated regions. 

Regions Ranges of latitude Ranges of longitude 

South China Sea (SCS) 0—25°N 100—125°E 

East China Sea (ECS) 25—35°N 119—130°E 

Bohai Rim (BR) 35—41°N 118—127°E 

Bay of Bengal (BOB) 10—25°N 80—95°E 

Sea of Japan (SOJ) 35—50°N 130—142°E 

West Pacific Ocean (WPO) 0—35°N 125—142°E 

 



94 

 

 

 

Figure 6.2.1. (a) NOx emission fluxes from ships (Unit: g m-2 month-1) in July 2017. (b)Model 

domains with six water zones (South China Sea (SCS), East China Sea (ECS), Bohai rim (BR), 

Sea of Japan (SOJ), Bay of Bengal (BOB), and West Pacific Ocean (WPO)), three coastal city 

clusters (Pearl River Delta (PRD), Yangzi River Delta (YRD) and North Central Plain (NCP)) 

and three maritime observational sites (HT, Yonagunijima (Yona) and Ryori). The red dots in 

PRD, YRD, and NCP represent the selected coastal sites. The ranges of latitude and longitude in 

each water are listed in Table 6.2.1. 

6.2.3 Experiment setting 

Eight simulation cases were conducted with different emissions and chemistry, as listed in Table 

6.2.2. In Def and Def_noship cases, the WRF–Chem model was conducted with default chemistry 

(i.e., default CBMZ mechanism with simplified nitrogen chemistry). The differences between Def 

and Def_noship (i.e., Def-Def_noship) represent the impacts of ship emission with the default 

nitrogen chemistry. In Cl and Cl_noship cases, updated chlorine chemistry in the revised WRF–

Chem model was used. The differences between the two cases (i.e., Cl-Cl_noship) represent the 

impact of ship emission with the default and additional chlorine chemistry. Similarly, in HONO 

and HONO_noship cases, the additional HONO chemistry was used, and the difference between 

the two cases (i.e., HONO-HONO_noship) represents the default impact of ship emission with 

additional HONO chemistry. In BASE and BASE_noship cases, the integrated HONO and 

chlorine chemistry was considered. The differences between BASE and BASE_noship represent 
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the shipping impact with the integrated effects of HONO and chlorine species. The results from 

the BASE experiment will be used to validate model performance. 

Table 6.2.2. Experiments setting. 

Cases Anth Emisa Ship Emisb HONO Chemc Chlorine Chemd 

Def Yes Yes No No 

Def_noship Yes No No No 

Cl Yes Yes No Yes 

Cl_noship Yes No No Yes 

HONO Yes Yes Yes No 

HONO_noship Yes No Yes No 

BASE Yes Yes Yes Yes 

BASE_noship Yes No Yes Yes 

 

a Anthropogenic emissions, except for ship emissions. 
b Ship emission except for the directly emitted HONO. 
c HONO chemistry. 
g Chlorine chemistry. 

 

6.2.4 Observational data and model validation 

 Meteorological data in surface stations from NOAA's National Climatic Data Center (NCDC; 

Figure 6.2.2a), comprising wind direction, wind speed, surface temperature, and specific humidity, 

were used to validate model performance for meteorological parameters. Conventional air 

pollutants data (NO2, PM2.5, and O3) in surface stations (obtained from China’s Ministry of 

Ecology and Environment (MEE); Figure 6.2.2b) were used to evaluate the simulated air pollutants 

in China. Table 6.2.3 summarized the statistical performance of our model results. For 

meteorological parameters, high R values (>0.85) and low mean bias (MB) indicate good 

performance for the meteorological field. For regular air pollutants, the model overpredicted PM2.5 

(MB=10.6 μg m-3) and a slight under predicted NO2 (MB=3.3 ppbv) and O3 (MB=5.5 ppbv). These 

biases in simulation can be partially explained by uncertainties in model input, such as land-use 

data (Dai et al., 2019) and emission inventory (Li et al., 2017a). 
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The O3 data in two remote sites (Ryori and Yonagunijima (Yona)) in Japan 

(https://www.data.jma.go.jp/ghg/kanshi/ghgp/o3) and one coastal background site in Hong Kong 

(Hok Tsui) were used to compare the model performance over the maritime areas. These three 

sites were located on the coast of SCS, ECS, and WPO regions (Figure 6.2.1b). As shown in Figure 

6.2.3, with the default chemistry, the model underpredicted the O3 mixing ratio in the coastal and 

marine sites, with the underestimation by 2.8 ppbv, 4.8 ppbv, and 2.3 ppbv in HT, Ryori, and Yona 

sites, respectively (Table 6.2.4). By considering the HONO and ClNO2 chemistry, the simulated 

O3 in marine sites was improved, with the MB optimized from –2.8 ppbv to –1.5 ppbv in HT site, 

–3.0 ppbv to –2.3 ppbv in Ryori site, and –2.3 ppbv to –0.7 ppbv in Yona site.  These results 

indicate an improved model ability by reactive nitrogen chemistry in simulating the surface O3 in 

the marine region. 

 

Figure 6.2.2. Measurement sites. (a) Blue dots denote the surface weather station in NCDC in 

July 2018. (b) Red dots denote the available surface air-quality monitoring stations operated by 

MEE in July 2018. 

 

 

 



97 

 

 

Table 6.2.3. Statistics of meteorological variables and air pollutants. 

 OBS a SIM a MB  NMB (%) NME (%) R  

WS10 
b (m s-1) 4.5 5.3 0.8 1.0 1.2 0.90 

RH b (%) 80.2 82.0 2.0 2.2 2.4 0.94 

T2 
b (℃) 28.4 29.0 0.6 0.8 1.2 0.88 

PM2.5 
c (μg m-3) 45.2 55.8 17.6 18.7 20.0 0.42 

NO2 
c (ppbv) 13.8 10.5 -3.3 -8.5 10.0 0.61 

Ozone c (ppbv) 83.3 77.8 -5.5 -8.7 12.4 0.77 

 

a SIM is the simulated data; OBS is the observational data. 

b Observational data were obtained from the National Climate Data Center (NCDC). WS10: wind 

speed at 10 m; T2: temperature at 2 m; RH: specific humidity at 2 m. 

c  Observational data were obtained from China’s Ministry of Ecology and Environment (MEE). 

 

 

Figure 6.2.3. (a) Observations of O3 at China MEE station and two marine sites in Japan and 

modeled O3 mixing ratios with (b) default chemistry and (c) integrated HONO and chlorine 

chemistry (Unit: ppbv). The red circles in (a) and (b) highlight the O3 simulation in the coastal 

area. 
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Table 6.2.4. Statistics of model performance in the different cases for the hourly O3 

measurements at MEE station and monthly O3 in three marine sites (Unit: ppbv). 

Regions CASE OBS SIM MB 

HTa 

Default 

22.4 

19.6 -2.8 

HONO 20.3 -2.1 

Cl 19.9 -2.5 

BASE 20.9 -1.5 

Ryori 

Default 

 

26.1 

21.3 -4.8 

HONO 23.1 -3.0 

Cl 22.1 -4.0 

BASE 24.1 -2.0 

Yonab 

Default 

19.9 

17.6 -2.3 

HONO 19.2 -0.7 

Cl 18.6 -1.3 

BASE 19.2 -0.7 

 

Note: a Hok Tsui (HT), b Yonagunijima (Yona).  

6.3 Results 

6.3.1 Simulated HONO and ClNO2 

Figure 6.3.1 shows the horizontal distribution of averaged HONO at the surface layer in the BASE 

case. The predicted HONO was widespread over the oceans with mixing ratios ranging from 0.005 

to 0.300 ppbv and distinct higher concentrations along the main ship lanes. The distribution of 

HONO was consistent with that of NO2 (Figure 6.3.2), resulting from homogeneous and 

heterogeneous conversions of NO2 to form HONO.  In the vertical direction, the simulated HONO 

was concentrated at the surface and reached up to 400 - 600 m in the coastal and marine areas (see 

in Figure 6.3.3). Figure 6.3.4 shows the vertical profile of HONO from ship emissions in the 

selected nine regions. Consistent with the overall HONO vertical distribution, ship contributed 

HONO also peaked at the surface in the oceanic areas, with the averaged HONO levels of 3-120 
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pptv in the MBL. The highest contribution of ship emissions was simulated in WPO (96%), 

followed by SOJ (80%), BOB (49%), three Chinese waters (14-16%), and coastal cities (3-12%). 

The varying ship contributions in these regions can be explained by the relative strength of 

emission from ships and adjacent land areas.  

For the ClNO2, high values were simulated along the coasts and peaked in the lower MBL (Figure 

6.3.1b), with the mixing ratios ranging from 2 - 400 pptv in oceanic areas and the highest value in 

the BR region. This distribution was in line with that of its precursors: N2O5 (Figure 6.3.5) and 

particulate chloride (Figure 6.3.6). Vertically, the peak value of ClNO2 was simulated in the 

residual layer (100-300m; Figure 6.3.4), with the mixing ratios of 8-350 pptv in oceanic areas. 

Similar to HONO, the highest ship contribution to ClNO2 was also simulated in the WPO (61%), 

followed by other oceanic areas (9-24 %) and coastal cities (5-11%). 

 

 

Figure 6.3.1. Spatial distribution of the simulation of averaged (a) HONO (Unit: ppbv) and (b) 

nighttime ClNO2 (Unit: pptv, 18:00–06:00 LST) at surface layer (~30 m) in July 2018 from the 

BASE case. Arrows present the simulated wind vectors from the BASE case.  
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Figure 6.3.2. (a) Spatial distribution of averaged NO2 (Unit: ppbv) at the surface. Arrows present 

the simulated wind vectors from the BASE case. 
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Figure 6.3.3. Vertical distribution of averaged (a)(b) HONO (Unit: ppbv) and (c)(d) nighttime 

ClNO2 (Unit: pptv) at cross-section by 113°E and 31°N, respectively in July 2018 from the 

BASE case. Arrows and the gray shadow present the topography high from the BASE case. We 

also highlight the SCS and PRD in (a) and YRD and ECS in (b). 
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Figure 6.3.4. Vertical profile of the simulation of averaged HONO and nighttime ClNO2 (Unit: 

pptv) from ship emission and other sources in separated nine regions. Also shown are the 

contribution of ship emission and other sources to averaged HONO and nighttime ClNO2 

(Unit: %) in the Marine Boundary Layer (MBL, within 600m) in nine regions.   

 



103 

 

 

Figure 6.3.5. Spatial distribution of averaged N2O5 (Unit: pptv) during nighttime (18:00 LST-

06:00 LST) at the surface from the BASE case in July 2018. Arrows present the simulated wind 

vectors from the BASE case. 

 

Figure 6.3.6. Spatial distribution of averaged fine particulate chloride (Unit: μg m−3) at the 

surface from the BASE case in July 2018. Arrows present the simulated wind vectors from the 

BASE case. 
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We compared the modeled HONO and ClNO2 with field observations made in some coastal and 

marine sites (see Table 6.3.1). For HONO, the simulated HONO mixing ratios were 0.1 ppbv to 

0.3 ppbv and 0.01 ppbv to 0.1 ppbv over BR and SCS, respectively, which were comparable with 

the measurements at a marine site of BR (0.2 ppbv) (Wen et al., 2019) and SCS (89 pptv) (Table 

6.3.1). For the coastal areas of other Asia countries, the simulated HONO compared well with the 

measurement in South Korea (0.60 ppbv) (Kim et al., 2015) and Japan (0.63 ppbv) (Takeuchi et 

al., 2013). HONO was simulated at ~ 5pptv in the open ocean and 10–25 pptv along main ship 

lanes (Figure 6.3.1a), which were comparable to the measured HONO (3–35 pptv) in the open 

ocean in Europe and North America (Meusel et al., 2016, Kasibhatla et al., 2018, Ye et al., 2016). 

For ClNO2, the order of magnitude and variation of measured N2O5 and ClNO2 in the HT site has 

been reasonably reproduced by our model in the early autumn of 2018 (Dai et al., 2020). The 

model performance of HONO and ClNO2 in land areas of mainland China in the summer of 2014 

has also been evaluated in Zhang et al. (2017). Overall, our model ability in simulating the HONO 

and ClNO2 is acceptable, and the model results are reliable for further analysis. 
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Table 6.3.1. Comparison between simulated and observed HONO, N2O5, and ClNO2 in coastal 

and marine sites. 

Species Location Sites type 
Observational 

period 

Observational 

average 
References 

HONO 

South of 

Vancouver 
Coastal site 

25 Jul. to 8 

Aug. 2008 
0.5-1.5 ppbv 

Wojtal et al. 

(2011) 

North Atlantic 

Ocean 
Marine site 

5 Jul. and 8 

Jul. 2013 
8.8~11.3 pptv 

Ye et al. 

(2016) 

Mediterranean 

island 

Coastal remote 

site 

7 Jul. to 4 

Aug. 2014 
35 pptv 

Meusel et 

al. (2016) 

Eastern Bohai 

Sea 

Marine 

background site 

5 Oct. to 5 

Nov. 2016 
0.2 ppbv 

Wen et al. 

(2019) 

Eastern 

Atlantic Ocean 

Marine 

background site 

24 Nov. and 3 

Dec. 2015 
3 to 6 pptv 

Kasibhatla 

et al. (2018) 

East China Sea 
Shipboard-based 

measurement 
Jul. 2017 0.6-1.1 ppbv 

Cui et al. 

(2019) 

South China 

Sea 

Coastal 

background site 

31 Aug. to 8 

Oct. 2018 
89 pptv a 

Unpublished 

data 

N2O5 
South China 

Sea 

Coastal 

background site 

31 Aug. to 8 

Oct. 2018 
8.5 pptv a 

Unpublished 

data 

ClNO2 
South China 

Sea 

Coastal 

background site 

31 Aug. to 8 

Oct. 2018 
89 pptv a 

Unpublished 

data 
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6.3.2 Impacts of ship HONO and chlorine chemistry on ROx, O3, and PM2.5 

In this section, we evaluated the ship impacts on the main atmospheric radicals (ROx, 

OH+HO2+RO2), O3, and PM2.5 with the default chemistry (described in section 6.2.3) and with the 

additional HONO and chlorine chemistry.   

6.3.2.1 ROx 

Figure 6.3.7 shows the simulated differences of averaged daytime ROx mixing ratios at the surface 

from the case of with and without ship emissions by the different chemistry. The ROx mixing ratio 

was noticeably increased by ship emission over oceanic areas, and this enhancement was 

magnified by the additional nitrogen chemistry. With the default chemistry (Figure 6.3.7a), the 

average ship contribution to ROx was about 18% in the whole oceanic area. Adding the HONO 

and chlorine chemistry increased the ship contribution to 28% (Figure 6.3.7b) and 22% (Figure 

6.3.7c), respectively. The photolysis of ship-generated HONO and ClNO2 releases radicals (OH 

and Cl; Figure 6.3.8) and recycles NOx, which subsequently oxidized VOCs and hence gave rise 

to high levels of ROx. With the combined HONO and chlorine chemistry, the ship contribution 

was further increased to 38% (Figure 6.3.7d). This combined ship contribution was smaller than 

the summation of that from the separated HONO and chlorine chemistry (22%+28%=50%), which 

can be explained by the nonlinear interactions of the chemical system. Figure 6.3.9 shows the 

vertical profile of ROx mixing ratio from ship emissions in the nine regions. The enhanced ROx 

reached an altitude above 2 km over the oceanic regions, indicating the significant impact of ship-

derived HONO and ClNO2 on the oxidative capacity in the marine troposphere. 

The largest increase in the ship contribution to ROx was predicted in the WPO region (from 29% 

to 50%; Figure 6.3.10), followed by other oceanic areas (from 3 –12% to 6 – 17%) and coastal 

cities (from -2 – 3% to 4 – 6%). The maximum ship contribution in the WPO region was consistent 

with the largest ship contribution to HONO and ClNO2 in this region (Figure 6.3.7d). In SCS and 

BOB regions, the enhancement ROx was more dispersed with the combined nitrogen chemistry 

than that by the default and separate nitrogen chemistry. In coastal cities, the ROx mixing ratio was 

also affected by ship emissions through the transport of ship-generated HONO and ClNO2 under 

summertime winds. 
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.  

Figure 6.3.7.  Average daytime ROx variations (06:00-18:00 LST; unit: pptv) with (a) default 

chemistry (Def-Def_noship), (b) default and additional HONO chemistry (HONO-

HONO_noship), (c) default and additional chlorine chemistry (Cl-Cl_noship) and (d) default and 

integrated HONO and chlorine chemistry (BASE-BASE_noship).  Arrows present the simulated 

wind vectors from the BASE case. 
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Figure 6.3.8. Average variation of simulated (a) OH radical (Unit: pptv) during daytime from the 

ship emission with additional HONO chemistry (HONO-HONO_noship) and (b) Cl radical 

(Unit:10-9 ppt) during daytime from the ship emission with chlorine chemistry (Cl-Cl_noship).    
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Figure 6.3.9. Vertical profile of daytime ROx variations (Unit: pptv) from different chemistry in 

separated regions. 
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Figure 6.3.10. The contribution of ship emission with different chemistry to averaged mixing 

ratios of (a) daytime ROx, (b) ozone, and (c) PM2.5 (Unit: %). 
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6.3.2.2 O3 

Figure 6.3.11 shows the simulated differences of averaged O3 at the surface from the case of with 

and without ship emissions. Consistent with the impact of ship emissions on oceanic ROx, the 

oceanic O3 was also noticeably increased by ship emissions (by 9%), which was further enhanced 

by additionally HONO (12%) and ClNO2 (14 %) and combined nitrogen chemistry (21%). The 

simulated distribution of ship-enhanced O3 by the default chemistry was along the main ship routes 

with high-NOx emission (Figure 6.3.11a). The O3 formation was highly sensitive to NOx from ship 

emissions due to the relatively low concentrations of NOx in the marine areas. The larger ship 

contribution by ClNO2 chemistry than by HONO chemistry may be partially explained by a higher 

production ozone efficiency by NO2 than NO (from photolysis of HONO) and fast reaction rate of 

Cl radical than OH radical with long-lived alkanes. 

With the combined impact from HONO and ClNO2, widespread ozone increases were simulated 

over the SCS, BOB, and WPO regions (Figure 6.3.11d). The combined nitrogen chemistry also 

increased the ozone concentrations in the coastal areas, in contrast to a decrease by HONO or 

ClNO2 separately. As shown in Figure 6.3.11b and c, distinct ozone enhancement was simulated 

over the marine area of South Korea and Japan by HONO or ClNO2. However, this enhancement 

was weakened and even canceled by their combined effects. We calculated an indicator of the 

ozone formation regimes based on the ratio of the production rate of H2O2 to that of HNO3 

(PH2O2/PHNO3) (Fu et al., 2020). It can be seen in Figure 6.3.12, with the combined HONO and 

ClNO2 chemistry, the NOx-sensitive regime in east Asia was changed to VOC-sensitive, which 

was probably due to the increased NO or NO2 level from photolysis of HONO.  

Figure 6.3.13 shows the vertical profile of ship-generated O3 enhancements in the nine regions. 

Similar to ship enhanced ROx, ship-related O3 enhancement stretched from the surface to the lower 

troposphere (>2 km) over the marine regions. As the emissions from ships occurred at the sea 

surface, the vertically enhanced O3 formation was due to the strong conventions (Dalsøren et al., 

2009).  

The highest ship contribution to O3 formation was also simulated in the WPO region (from 21% 

to 38%; Figure 6.3.10b). In other oceanic areas, the contributions of ship emissions were also 

increased from 3 – 18% to 12 – 24%, with two distinct O3 enhancements over the BR (~10ppbv; 
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Figure 6.3.11d) and ECS (15 ppbv) regions.  In three coastal city clusters, reduced O3 formation 

was simulated by ship emission with the default chemistry (from -5 – -1 ppb). As these coastal 

cities are in a VOC-limited regime (Figure 6.3.12a), the NOx from ships would lead to a decrease 

in chemical O3 production. With combined HONO and ClNO2 effects, the ship-induced O3 

increased to -1 – 5 ppb, which was owing to the enhanced radicals and the transport of O3 in the 

marine area by ship-generated HONO and ClNO2. The maximum O3 increase in coastal cities also 

doubled from 3 ppbv (5%) to 7 ppbv (11%), aggravating the negative impact on human health by 

ship emissions in the coastal cities.  

 

Figure 6.3.11. Same as Figure 6.3.7 but for average ozone variations (Unit: ppbv). 
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Figure 6.3.12. O3 sensitivity regimes using the (a) Def, (b) HONO, (c) Cl, and (d) Base cases. 

The classification of ozone sensitivity regime is based on the production rates of H2O2 to HNO3, 

and PH2O2/PHNO3 of <0.06, 0.06–0.2, and >0.2 correspond to VOC-limited, transition, and NOx-

limited conditions, respectively (Zhang et al., 2009b). 
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Figure 6.3.13. Vertical profile of O3 variations (Unit: ppbv) from different chemistry in 

separated regions. 

 

 

 

 



115 

 

6.3.2.3 PM2.5 

Ship-derived HONO and ClNO2 also influence the production of aerosol aerosols through changes 

in radials and NOx. Figure 6.3.14 shows the simulated differences of averaged PM2.5 at the surface 

for the case of with and without ship emissions. PM2.5 concentration was considerately enhanced 

by ship emissions, and the additional nitrogen chemistry further increased the simulated PM2.5 

concentration. With the default chemistry, the averaged ship contribution to PM2.5 concentration 

was about 7% in the oceanic area (Figure 6.3.14a), and it was increased to 10% by the addition of 

HONO and ClNO2 chemistry (Figure 6.3.14d). The largest contribution from ship to PM2.5 was 

also simulated over the WPO region, similar to ozone, with the contribution ranging from 13% 

with the default chemistry to 19% with the improved chemistry (Figure 6.3.10c).  In other oceanic 

areas, the ship contributions were also increased from 2-12% to 6-15%. We calculated the effect 

of ship-generated HONO and ClNO2 on the formation of secondary particles. The additional ship 

HONO and chlorine chemistry increased the ship contribution to particulate nitrate from 13% to 

41% in the oceanic area (Figure 6.3.15 and Figure 6.3.17), and to particulate sulfate from 11% to 

34% (Figure 6.3.16 and Figure 6.3.17). In the coastal cities, the default contribution by ships was 

about 4-8%, which was also increased to 4-12% by the improved chemistry (Figure 6.3.10).  The 

considerable increase in ship-contributed PM2.5 and ozone due to HONO and ClNO2 demonstrates 

the need to consider these compounds in evaluating the ship's impacts on air quality.   
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Figure 6.3.14. Same as Figure 6.3.7 but for average PM2.5 enhancements (Unit: μg m−3). 
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Figure 6.3.15.  Same as Figure 6.3.7 but for averaged fine particulate nitrate enhancement (Unit: 

μg m−3). 
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Figure 6.3.16.  Same as Figure 6.3.7 but for averaged fine particulate sulfate enhancement (Unit: 

μg m−3). 
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Figure 6.3.17. Contribution of ship emission to the concentration of detailed aerosol species in 

the oceanic area and coastal cities. PSO4, PNO3, PNH4, and PPM represent the fine particulate 

sulfate, fine particulate nitrate, fine particulate ammonia, and primary particulate matter. 

Def_ship and ReNOM_ship represents Def-Def_noship and BASE-BASE_noship, respectively. 

Previous studies have evaluated the impact of ship emissions on the formation of O3 and PM2.5. 

Aksoyoglu et al. (2016) simulated averaged ship contribution to oceanic O3 by 10-20% in the 

Mediterranean area (Aksoyoglu et al., 2016), and Huszar et al. (2010) showed a ship contribution 

of 10% over Eastern Atlantic and Western Europe ocean. The maximum O3 enhancement by ship 

emissions was 15 ppbv in the coastal waters of South Korea (Song et al., 2010) and 30-50 μg m-3 

in the coast of the YRD region (Wang et al., 2019a). For PM2.5, the averaged ship contributions 

were about 20-25% in the European waters (Aksoyoglu et al., 2016) and 2.2-18.8% on the coast 

of China (Lv et al., 2018).  

Compared to the previous studies, a higher contribution to average ozone formation and a smaller 

contribution to average PM2.5 were simulated in our study. However, it is difficult to discern the 

difference in these modeling studies because of the difference in the methodologies adopted, 

including ship emission inventory, model resolution, and chemical mechanisms (in addition to 

different treatment of HONO and ClNO2 chemistry), the period of study and so on.  All the studies 

demonstrate the important impact of ship emissions on atmospheric chemistry and air quality. The 

key findings of our study are the role of HONO and ClNO2 in driving the oxidation processes, 
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which have not been considered or fully considered in most of the previous model studies of ship 

impact.   

6.4 Summary  

This study has evaluated the production of HONO and ClNO2 from international shipping and 

their impact on the oxidative capacity, ozone, and fine particulate matter in maritime and coastal 

areas of eastern Asia. The results show that photolysis of the two compounds releases OH and Cl 

radicals and recycle NOx and increased conventional hydroxyl and organic peroxy radicals 

(ROx=OH+HO2+RO2) by 0.8-21.4%, O3 by 5.9-16.6%, PM2.5 by 3.2-8.6% in coastal and Western 

Pacific regions at the surface. Their impact extends to the marine boundary layer. The largest 

contributions of HONO and ClNO2 occur in the relatively remote oceans. Since ocean-going ships 

are a major source of NOx - the key chemical precursor to HONO and ClNO2, it is important to 

consider the sources and chemistry of these nitrogen compounds in evaluating the impact of ship 

emissions. 
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Chapter 7. Summary and Future work 

7.1 Summary of this thesis 

In this thesis, the observation of long-term O3 in south China from 1994-2019 was analyzed to 

evaluate the O3 trend in recent decades and to investigate key factors of its variations. The analysis 

indicated that increasing summertime O3 was possibly owing to increasing oceanic emissions. 

Subsequently, a regional chemical transport model (WRF-Chem) with revised HONO and chlorine 

chemistry was used to examine the impact of oceanic emissions (sea-salt emissions and ship 

emissions) on the O3 formation.  

7.1.1 Analysis of long-term ozone trend and attributions to ozone variations  

In this study, the long-term measurement of O3 data at the HT site from 1994-2019 was analyzed. 

The results showed that the overall O3 trend was by 0.40 ppbv yr-1 at the surface. In four seasons, 

the largest O3 trend occurred in summer (0.50 ppbv yr-1) and autumn (0.50 ppbv yr-1), followed by 

0.33 ppbv yr-1 in spring and 0.29 ppbv yr-1 in winter. As the site is located on the south coast of 

Hong Kong and receives fresh air in summer, the largest increasing trend during summer deserves 

further analysis. Considering the long lifetime of O3, ten-days backward trajectories were used to 

explore the origin of summertime O3. Through the classification of air masses, the summertime O3 

mostly originated from the SCS, with the increasing trend by 0.36 ppbv yr-1. Further analysis of 

finding the causes of the increasing summertime O3 would be focused on the SCS region. 

The long-term O3 trend in another background site (TM) was also evaluated to support the O3 trend 

analysis in south China. In the yearly-mean O3, the overall trend was by 0.17 ppbv yr-1 from 1999-

2019, and no significant increase was found in the seasonal O3 trend. In different air masses, the 

O3 trends mostly increased. Compared with the HT site, both the average O3 value and increasing 

trend were slightly lower at TM site due to local emissions, indicating that the HT site is more 

representative to a background site. The number of O3 exceedance days and relevant O3 

concentrations during these days in the two sites were further analyzed. In two sites, the highest 

O3 exceedance days occurred in autumn, followed by spring, summer, and winter. The O3 

concentrations during the O3 exceedance days significantly increased. Considering the reduction 
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in local emissions of O3 precursors, the regional transport of O3 and its precursors from the PRD 

region potentially contributed to the formation of O3 pollution in Hong Kong.  

The reanalysis meteorological parameters were utilized to evaluate the weather patterns in SCS 

regions.  The data revealed that while the temperature and solar radiations did not show a distinct 

increase, the specific humidity and precipitation significantly increased by 0.02 g kg-1 yr-1 and 0.14 

kg m-2 yr-1, respectively. Two meteorological phases (1994-1996 and 2016-2018) were chosen. 

The model results showed that the wetter environment in the recent phase caused more O3 

depositions, leading to an O3 reduction in tropical south China and SCS regions. Then the 

emissions in SCS were calculated based on the satellite data of NO2 and HCHO column. The 

results showed the NO2 and HCHO emissions in both continental (Southeast Asian countries) and 

marine regions (SCS) significantly increased, indicating the important contribution of emissions 

to summertime O3 increase.  

The increasing trend of O3 was not only shown in the surface layer but also reached up to the lower 

troposphere, with the trends increasing by 0.59 ppbv yr-1, 0.41 ppbv yr-1, and 0.29 ppbv yr-1 at the 

height of 0.5km, 3km, and 6km, respectively. The interannual variability of O3 in the upper layers 

was related to the large-scale circulations. The springtime O3 peak at 3km was partially attributed 

to the biomass burning emissions over South Asia, which can potentially affect the surface O3.    

7.1.2 Impacts of sea-salt chloride on ozone formation 

In this part, a revised WRF-Chem model was used to evaluate the impact of an important oceanic 

emissions, sea-salt emissions, on O3 formation. Two O3 episode cases, driven by two typhoons in 

September of 2017 and 2018 in south China, were chosen for the simulation. The model results 

showed that the model could reasonably reproduce the meteorological parameters and common 

pollutants in the PRD-HK region for both O3 episodes. During the O3 episode, the synoptic winds 

reversed from continental to marine, leading to accumulated precursors in the coastal area. The 

aging particulate Cl- was lost through the heterogeneous reactions, with the contribution in the 

range of 18-33%. The simulated ClNO2 formation increased by 0.8 ppbv over the coastal area and 

contributed to the O3 formation by up to 4.5-6.5 ppbv (5.5-7.6%). This study highlights the 

considerable impact of sea-salt chloride on O3 formation during O3 episodes through 
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heterogeneous reactions with N2O5. Therefore, we suggest considering the reactive nitrogen 

chemistry in the model when evaluating the impact of sea-salt emission on air quality. 

7.1.3 Impacts of ship emission on the formation of ozone and particles 

The impacts of another important oceanic emissions, shipping emissions, on the formation of O3 

and particles in Asia during summer were also evaluated. The WRF-Chem with revised reactive 

nitrogen chemistry was added with a daytime HONO source from the photolysis of particulate 

nitrate. The results showed that the simulated HONO and ClNO2 over the coastal area were 

consistent with the measured HONO and ClNO2 levels in coastal and marine sites. The 

underestimation in simulated O3 levels in marine sites was also improved by additional reactive 

nitrogen chemistry. The results also showed that ship-related HONO and chlorine chemistry 

dominated HONO and ClNO2 formation over the oceanic area. The largest ship contributions 

increased the two species by 96% and 61% over the remote ocean areas. After photolysis, these 

reactive nitrogen species subsequently enhanced the radicals. The average ship contributions to 

ROx (RO2+HO2+OH) were enhanced from 18% to 38% in the entire marine area, with the most 

significant increase from 29% to 50% over the remote ocean. The enhanced radicals also led to 

increased O3 formation, with the average ship contribution changing from 9% to 21% in the whole 

water area.  In coastal cities, the maximum O3 increase through ship emissions was also increased 

from 3 ppbv (5%) to 7 ppbv (11%). The concentration of particles was also increased by the 

enhanced oxidative capacity, with the average ship contribution to oceanic PM2.5 increasing from 

7% to 10%. The enhanced concentration of marine PM2.5 was mostly contributed by secondary 

aerosols, with the enhancement from 4-8% to 4-12% in coastal cities. This study highlights the 

importance of ship-related HONO and chlorine chemistry on O3 formation. It suggests the need to 

consider reactive nitrogen chemistry in the model to evaluate ship emissions' impact on air quality 

comprehensively.        

7.2 Future work 

7.2.1 Investigating the formation mechanism of O3 episodes in the HK-PRD region 

In this thesis, the increasing trends of long-term ozone were exhibited in two background sites in 

Hong Kong. Due to the anthropogenic emissions control in recent years, the trend of primary air 
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pollutants has decreased in China, and O3 has become a significant air pollutant. More evaluations 

of the ozone trends and ozone statistics (i.e., annual average, monthly average, peak, and MAD8) 

in other typical sites (urban, suburban, and mountainous) will also be conducted in the future study.  

It has also been established that the number of O3 exceedance days and relevant O3 concentration 

during the days also significantly increased in the two background sites. O3 pollution in the 

background site is mainly due to the transport of ozone and its precursors from upwind regions. In 

the future study, we will also evaluate the relative contribution of regional transport and local 

sources to the formation of O3 episodes in the region. Previous studies have also demonstrated the 

impact of meteorological conditions, such as the high temperature, high relative humidity, and low 

wind speed, and typical weather patterns like the typhoon and sea-land breezes on the formation 

of ozone episodes in the region (Wang et al., 1998, Wang et al., 2001, Wang et al., 2018). We will 

also characterize the typical meteorological conditions (i.e., wind flow) during O3 episodes to 

detect the typical meteorological processes contributing to the occurrence of ozone episodes in this 

region. In addition, the chemical O3 production is non-linearly dependent on the intensity of its 

precursors, leading to the complexity in the chemical formation mechanism of O3 episodes in 

polluted regions. Based on the classified O3-sensitive regimes, a regional chemical model with up-

to-date chemical mechanisms will be used to detect the key chemical processes for O3 episodes. 

7.2.2 Exploring the increasing springtime ozone in the lower troposphere  

In the vertical O3 distribution analysis, we revealed a springtime O3 peak over 3km originated from 

South and Southeast Asia. The long-term trend of springtime O3 in upper layers also significantly 

increased, with a potential effect on surface O3 through downdrafts. The interannual variations of 

vertical O3 anomaly were also found to be related to the occurrence of climate events. More studies 

are needed to analyze the impact of biomass burning emissions from South and Southeast Asia on 

the springtime O3 peak in the lower troposphere and explore the effect of climate events on the 

vertical O3 distributions in south China.  

To demonstrate the impact of O3 in the upper layers on surface O3 through the downdrafts, we will 

calculate the vertical profile of meteorological parameters, such as relative humidity, wind speed, 

and wind direction. The regional chemical transport model will also be utilized to examine the 

impact of biomass burning emissions in South and Southeast Asia during the spring by conducting 
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sensitive experiments with and without biomass burning emissions. We have also shown that the 

interannual fluctuations of springtime O3 in upper layers could be affected by the climate events, 

such as El Niño. The model will be used to detect the response of the tropospheric O3 to the large-

scale circulations. 

7.2.3 Improving the halogen chemistry in model         

In evaluating the impact of oceanic emission on O3 formation, some uncertainties remain in 

simulating the level of N2O5 and ClNO2, which would affect the subsequent result of oxidizing 

capacity and O3 formation. Previous studies have demonstrated that the widely used 

parametrization from Bertram and Thornton (2009a) overestimated the N2O5 uptake and ClNO2 

yield (McDuffie et al., 2018a, McDuffie et al., 2018b, Yu et al., 2020b). Appropriate 

parameterization for ClNO2 production is needed to improve the model simulation of the impact 

of chlorine chemistry on the formation of secondary pollutants. In addition, better treatment of 

unknown chlorine sources, such as the production of Cl2 through the N2O5 uptake (Xia et al., 2020), 

is also needed to comprehensively evaluate the impact of oceanic emission on atmospheric 

chemistry and air quality. 
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