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Observations and Model Investigations of the Sources and 
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Abstract Recent studies have revealed potentially important effects of additional source(s) 

of hydroxyl radicals on the atmosphere’s oxidative capacity and, in turn, the production of 

secondary air pollutants. In this paper, we give an overview of our recent efforts in 

investigating the sources and effects of nitrous acid (HONO) on ozone and some secondary 

aerosols in southern China by combining field measurements and model simulations. 

Beginning in 2011, a series of field measurements of HONO were conducted at five sites, 

with diverse land use and different effects of emission sources. We observed the seasonal 

characteristics, emission ratios, heterogeneous production, and simulations of a chemical 

transport model for the photochemical effects of HONO. The key findings are as follows. 

The derived emission ratios from vehicles exhibited wide variability and were mostly 

higher than the more uniform value of 0.8% reported in the literature. Larger nocturnal 

heterogeneous conversion rates of NO2 to HONO were observed when air masses were 

passing over sea surfaces, compared with land surfaces. Widely reported daytime sources 

of HONO also exist in Hong Kong. Moreover, the revised WRF-Chem model with 

comprehensive HONO sources significantly improved the simulations of the observed 

HONO, which enhanced regional hydroxyl radicals, O3, and PM2.5 by 10-20, 8-15, and 10-

15% over urban areas in the Pearl River Delta region, respectively. Our studies highlight 

the importance of considering HONO sources when simulating secondary pollutants in 

polluted atmospheres. 
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4.1 Introduction 

Air pollution is a serious problem in many Chinese urban areas. The frequent outbreaks of 

extremely heavy haze in Beijing attract major attention from the media, citizens, and 

regulatory agencies. This then prompts the central government to revise air-quality 

standards and launch stringent control measures in China’s three most developed urban 

clusters. Previous research and control efforts have focused on particulate matter, which is 
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most severe in the winter, but processes affecting photochemical pollutants such as ozone 

and other secondary pollutants have not been comprehensively examined. One emerging 

issue is the effects of new radical(s) such as chlorine (e.g., Osthoff et al., 2008), or 

additional source(s) of hydroxyl radicals (Kleffmann, 2007) on the atmosphere’s oxidative 

capacity and, subsequently, the production of secondary air pollutants such as ozone and 

some aerosol constituents. Studies conducted worldwide in the last ten years have 

confirmed that HONO can play an important role in the chemistry of a polluted atmosphere, 

not only in the morning, but also throughout the day. However, the sources of HONO in 

different environments and its effect on secondary pollutants in China are not well 

understood.  

HONO in the atmosphere comes from a wide range of sources. Direct emissions include 

the release of HONO from fossil fuel combustion (e.g., Kurtenbach et al., 2001) and the 

microbial activities in soil (Su et al., 2011). The chemical formation of HONO includes 

gas-phase reactions of NO + OH and heterogeneous processes on surfaces, such as the 

redox reaction of nitrogen dioxide (NO2) on Black Carbon (BC) and semi-volatile 

species  (e.g., Ammann et al., 1998), and the conversion of NO2 to HONO on wet 

surfaces—the latter of which is often the dominant source of nocturnal HONO (Kleffmann, 

2007).  

One topic under intense research is the sources/processes contributing to elevated levels of 

daytime HONO, which cannot be explained by the homogenous reaction between NO and 

OH and the sources just mentioned (Acker and Möller, 2007, Czader et al., 2012, Czader 

et al., 2013, Li et al., 2012, Qin et al., 2009, Sörgel et al., 2011, Su et al., 2008, VandenBoer 

et al., 2014). Several possible photo-enhanced sources have been proposed, including the 

light-dependent heterogeneous reactions of NO2 with aerosol and ground surfaces, the 

photolysis of HNO3 absorbed on surfaces, the reaction of excited NO2 with water vapors, 

and the reaction of NO2 with HO2*H2O (Kleffmann, 2007, Monge et al., 2010, Li et al., 

2008, Li et al., 2014, Wong et al., 2011, Zhou et al., 2011). 

Current state-of-the-art photochemical models treat the various HONO sources with 

potentially large uncertainties. The HONO/NOx emission ratios have only been measured 

in limited locations. The exact mechanisms of non-gaseous HONO pathways remain 

unclear, and parameterizations of these sources in the models are highly simplified, with 

large variations in the key parameters (e.g., the uptake coefficient of NO2 on surfaces (γNO2
) 

varying from 10-6 to 10-4) in different modeling studies. This has led to different 

conclusions on the importance of atmospheric aerosols in HONO formation (An et al., 2013, 

Li et al., 2010, Li et al., 2011, Sarwar et al., 2008, Aumont et al., 2003). In addition, 

emissions from soil microbial processes and the conversion of NO2 on the ocean surface 

have not been considered in most of the previous model studies.  

In this paper, we provide an overview of our recent efforts in investigating the sources and 

effects of HONO on ozone and some secondary aerosols in southern China by combining 

field measurements and modeling simulations. Due to their sub-tropic location, Hong Kong 

and the part of the Pearl River Delta in Guangdong Province on China’s mainland have 

long suffered year-round photochemical pollution (e.g., Wang et al., 2001, Xue et al., 2014). 

Since 2011, a series of field studies on HONO have been conducted in five Hong Kong 

locations: a tunnel, a roadside site, a suburban area, a coastal area, and a mountain top (974 

m a.s.l.). The data represent a wide range of conditions, from the source to the background, 

and from the surface to the top of the Planetary Boundary Layer (PBL). This paper provides 

an overview of the main characteristics of this dataset and synthesizes the key findings from 



the analysis, including seasonal characteristics, emission ratios, heterogeneous production, 

and model simulations of photochemical effects.   

 

4.2 Measurement Sites and Instrumentation 

4.2.1 Measurement Sites 

The locations of the five measurement sites are shown in Figure 4.1. The times the 

measurements were taken and the mean, maximum, and minimum concentrations of 

HONO are listed in Table 4.1. The Shing Mun Tunnel (SMT) site, located deep inside the 

north bore of the SMT (1.6 km in length), hosts 25,910 vehicles (over 40% diesel) per day, 

on average. The Mong Kok (MK) site, with a sampling point of less than 5 m from traffic 

and 2 m a.g.l., is situated at the junction of two major roads in Kowloon. The Tung Chung 

(TC) site (16 m a.g.l.) is in a newly developed residential area 3 km south of Hong Kong 

International Airport. This site is 80 m south of the North Lantau Highway, which is the 

only road connecting the airport and Tung Chung New Town with the city center. The Hok 

Tsui (HT) site is located in a relatively remote coastal area 10 km southeast of downtown 

Hong Kong Island, and does not feature any strong emission sources close by. The 

mountain-top Tai Mao Shan (TMS) site sits on Tai Mo Shan, the highest point in Hong 

Kong. The altitude (974 m a.s.l.) is slightly beneath the average height of the PBL, which 

varies between 1.2 km (autumn) and 1.0 km (winter) (Yang et al., 2013). 

 

 

Fig. 4.1 Locations and views of the five Hong Kong measurement sites used in this study 

 

 

 

 

 

 

 



Tab. 4.1 Site information with mean and range of concentrations 

Site Reference Time Description 

Mean 

NOx 

(ppb) 

Mean 

HONO 

(ppb) 

Range of 

HONO (ppb) 

Shing Mun 

Tunnel (SMT) 

Mar 11-21, 

2015 

Tunnel with 

dense traffic 
1117.3 15.79 7.78-30.67 

Mong Kok 

(MK) 

Mar 28-May 4,           

2015 
Roadside 129.0 3.26 0.12-15.44 

Tung Chung 

(TC) 

Aug and Nov 

2011            

Feb and May 

2012 

Suburban 23.2 0.71 BDL-5.00 

Hok Tsui (HT) 
Sep 1-Dec 19, 

2012 
Coastal 5.48 0.16 BDL-1.15 

Tai Mo Shan 

(TMS) 

Nov 15-Dec 6, 

2013 
Mountain-top 3.24 0.14 BDL-0.58 

BDL: Below Detection Limit 

 

4.2.2 Instrumentation 

The HONO was measured with a commercial LOng Path Absorption Photometer (QUMA, 

Model LOPAP-03) (Heland et al., 2001). The ambient air was sampled using two 

temperature-controlled stripping coils in series with a mixture reagent of 100 g 

sulfanilamide and 1 L HCl (37% v/v) in 9 L of pure water. In the first stripping coil, most 

of the HONO and a fraction of interfering substances were absorbed in solution R1. In the 

second stripping coil, the remaining HONO and most of the interfering species were 

absorbed in solution R2. After adding a reagent of 1.6 g N-naphtylethylendiamine-

dihydrochloride in 9 L of pure water to both coils, colored azo dye was formed in solutions 

R1 and R2, which were then separately detected via long path absorption in special Teflon 

tubing. The HONO signal was the difference between the signals in the two channels. 

Compressed air was injected into the instrument to correct for the small drifts in baseline, 

and a span check was conducted to check the sensitivity of the instrument. Before each 

campaign, an HONO-source generator (QUMA, Model QS-03) was used to determine the 

sampling efficiency of the HONO in the sampling unit, which was found to be 99.95%. For 

more details, the reader is refereed to Xu et al. (2015). 

 

 

 



4.3 Results and Discussion 

4.3.1 Concentrations at the Four Ambient Sites 

     

     

Fig. 4.2 Average mixing ratios of HONO, NOx, and O3 as a function of time of day at four ambient sites: MK 

(roadside), TC (suburban, August), HT (coastal background), and TMS (mountain top) 

 

The concentrations of HONO revealed a cascade trend from the tunnel site (mean = 15.79 

ppb), to the roadside site (3.26 ppb), to the suburban site (0.71 ppb), to the coastal site (0.16 

ppb), to mountain-top background site (0.14 ppb) (Table 4.1). This result indicates that road 

traffic is an important source of HONO (either from direct emissions or from reaction(s) 

involving NO2 emitted from vehicles). Diurnal patterns of HONO, NOx, and O3 at the four 

ambient sites are shown in Figure 4.2. The influence of vehicles was clearly seen in the 

roadside and suburban sites, as evidenced by the morning peaks (and afternoon rush hour 

at the roadside site). In contrast, the two remote sites showed HONO peaking at noon or in 

the early afternoon. At the TC site, HONO began to decline immediately after sunrise—a 

typical pattern in urban (Pusede et al., 2015, Lee et al., 2016, Wang et al., 2015), suburban 

(Tong et al., 2016, Michoud et al., 2014), and remote areas (Ren et al., 2010, Wojtal et al., 

2011). However, this trend was not observed at the other three sites. The bimodal curve of 

HONO at MK can be attributed to the high traffic volume during rush hours, whereas the 

daytime peaks in HT and TMS can be explained by the heterogeneous conversion of NO2 

to HONO and variations in the height of the PBL, respectively.  

At the TC site, HONO data were collected for one month in each of the four seasons. The 

highest concentration of HONO was found in late autumn (November), followed by late 

winter (February), late summer (August), and late spring (May). The mean HONO mixing 

ratios for these four seasons were 0.93 ± 0.78, 0.91 ± 0.74, 0.66 ± 0.53, and 0.35 ± 0.30 

ppb, respectively. The seasonal profiles of the HONO were similar to those of the other 

gases, such as CO and NOx. 



 

Fig. 4.3 Diurnal variations of (a) HONO, (b) NOx, (c) HONO/NOx, and (d) JNO2 in February, May, August, 

and November at the TC sites. The gray shading refers to the nighttime period (18:00–06:00). Figure adapted 

from Xu et al. (2015)  

 

The mean concentration of HONO at the MK roadside site was more than four times larger 

than that measured at a roadside site in Houston (Rappenglück et al., 2013), while the 

averaged HONO/NOx ratio was only 12% larger. The mixing ratios of HONO and NOx at 

our urban-influenced coastal background site (HT) were much higher, compared with those 

observed within the Marine Boundary Layer (MBL) of the Atlantic Ocean near North 

Carolina (Ye et al., 2016). HONO and NO2 at our TMS site exhibited similar levels and 

trends to those measured on a rural mountain in Germany (Acker et al., 2006), although the 

noon peak of HONO in our measurement was much sharper. This may have been related 

to an upward transport of polluted air mass from the urban area to the hilltop once the PBL 

was broken up. 

 

4.3.2 Emission Ratio from Road Traffic 

The emission ratios of HONO/NOx can be derived from measurements taken in the tunnel 

and in fresh plumes at a receptor site. Figure 4.4 shows a moderately positive correlation 

between HONO and NOx (10-minute data) during the high-traffic period (7:00-22:00) 

inside the SMT. The emission ratio (HONO/NOx) was highly variable, but the majority of 

the data points fell between the [HONO] = 0.6%[NOx] and [HONO] = 2.3%[NOx] lines, 

which is in line with the measurements taken in gasoline vehicle-dominated tunnels 

(Kirchstetter et al., 1996, Kurtenbach et al., 2001), and the upper limit of HONO/NOx 

obtained in a lab study with diesel exhausts (Gutzwiller et al., 2002).  



 

Fig. 4.4 Scatter plot of 10-min averaged HONO vs. NOx in the Shing Mun Tunnel 

 

At the TC suburban site, 21 freshly emitted plumes in the dark were selected based on the 

sharp increase in NO compared with NO2, and the good correlation between HONO and 

NOx (Xu et al., 2015). The derived emission ratios [HONO]/[NOx] from vehicular 

plumes were mostly higher than the commonly adopted value of 0.8% (Kurtenbach et al., 

2001), and were found to be positively and almost linearly related to the emission of BC 

(Figure 4.5). This result suggests that BC seems to enhance the formation of HONO in 

fresh emissions, and this process (i.e., the heterogeneous reduction of NO2 on fresh BC) 

must be considered in modeling studies, especially in locations that are close to road traffic. 

An empirical formula—
∆𝐻𝑂𝑁𝑂

∆𝑁𝑂𝑥
= 0.0050 + 0.003∆𝐵𝐶 (where BC is in g/m3)—was 

proposed to account for this effect (Xu et al., 2015).  

 

 

Fig. 4.5 Correlation of ΔHONO/ΔNOx with freshly emitted BC in the 21 fresh plumes. Figure adapted from 

Xu et al. (2015) 
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4.3.3 Derived Heterogeneous Production Rates of HONO 

The heterogeneous production rates of HONO can be derived from ambient measurements 

of HONO and NO2. At the coastal HT site, we selected six nighttime air masses in which 

the HONO concentration showed a steady increase while other gases such as ozone, CO, 

and NOx were less variable, to rule out the photolytic reactions and the change in air mass 

(Figure 4.6). The conversion rates of NO2 to HONO were calculated in these air masses 

using a slightly improved linear regression method based on the formula below (see Zha et 

al., 2014 for details).  
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where t1 and t2 are the starting and ending times of the case and [𝑁𝑂2]̅̅ ̅̅ ̅̅ ̅̅  is the average 

concentration of NO2 during the period between t1 and t2. 

Six-hourly backward trajectories using the Hybrid Single-Particle Lagrangian Integrated 

Trajectory (HYSPLIT) model identified whether the air mass came over land or sea. Larger 

nocturnal heterogeneous conversion rates of NO2 to HONO were observed when air masses 

passed over sea surfaces, than those passed over land surfaces (~3 times), suggesting that 

air–sea interactions may be a significant source of atmospheric HONO.  

 

Fig. 4.6 (a) Land case from the night of September 13-14, 2012; (b) Sea case from the night of November 

20-21, 2012. Figure adapted from Zha et al. (2014) 

 

Figure 4.7 compares the NO2 to HONO conversion rate in different atmospheric 

environments (Xu et al, 2015). The air masses that came over the sea at the HT site had the 

highest conversion rate, whereas the “land” case at the same site resembled those measured 

in other remote areas. The low conversion rate at the TC site could be due to nocturnal 

traffic emissions. The large variability in conversion rates suggests that air quality models 

should consider inhomogeneity of surface type when simulating NO2 formation on 

ground/sea surfaces.  



 

Fig. 4.7 Observed NO2 to HONO conversion rates at HT, TC, and other sites. Figure adapted from Xu et al. 

(2015) 

 

4.3.4 WRF-Chem Simulations on HONO Sources and Their Effects on Ozone and PM2.5 

We parameterized the up-to-date HONO sources into a widely used regional chemistry 

transport model (WRF-Chem). These sources included (1) heterogeneous reactions on 

ground surfaces, (2) photo-enhanced reactions on aerosol surfaces, (3) direct vehicle and 

vessel emissions, (4) potential conversion of NO2 at the ocean surface, and (5) emissions 

from soil bacteria. Detailed parameterizations of the sources in the model can be found in 

Zhang et al. (2016). Seven simulation cases considering different HONO sources were 

designed in that study, as listed in Table 4.2.  

Tab. 4.2 WRF-Chem Simulation cases considering different sources 

Case Additional HONO sources considered 

BASE Without additional HONO processes (i.e., with NO+OH only) 

L Heterogeneous sources from Land surfaces 

LO Heterogeneous sources from Land and Ocean surfaces 

LOA Heterogeneous sources from Land, Ocean, and Aerosol surfaces 

LOAE 
Heterogeneous sources from Land, Ocean, and Aerosol surfaces and traffic  

Emissions 

LOAES 
Heterogeneous sources from Land, Ocean, and Aerosol surfaces, traffic Emissions,  

and  Soil emissions 

LOAESG 
Heterogeneous sources from Land, Ocean, and Aerosol surfaces, traffic Emissions,  

Soil emissions, and additional Gas-phase formations 

 



Figure 4.8 illustrates the mean observed and simulated HONO at the TC site in each case 

during August 20-31, 2011 when a multi-day photochemical episode occurred in the region. 

The heterogeneous conversion of NO2 on the land surface was the dominant source (~42%) 

of the HONO observed at the TC site, followed by emissions from soil bacteria (23%), the 

oceanic source (9%), the gaseous formation via photochemical reaction consuming OH and 

NO (6%), and aerosol surfaces (3%). The results suggest that HONO sources in suburban 

areas could be more complex and diverse than those in urban or rural areas, indicating the 

need to consider the bacterial and ocean processes in HONO production in forested or 

coastal areas.  

 

Fig. 4.8  (a) Averages of observed and simulated HONO and (b) contributions from homogeneous source 

(OH+NO), heterogeneous production on ground surface (Ground), oceanic source (Ocean), heterogeneous 

production on aerosol surface (Aerosol), traffic emissions (Traffic), and soil bacteria emissions (Soil bacteria) 

at the TC site. Figure adapted from Zhang et al (2016) 

 

The inclusion of HONO sources has improved the WRF-Chem simulations of both daily 

and peak O3 concentrations during noontime at multiple stations across Hong Kong (see 

Table 4.3). The mean biases between the simulated and observed values of 8- and 1-hour 

maxima O3 in the LOAES case have appreciable improvements, decreasing from -10.03 

ppb in the BASE case to -0.53 ppb, and from -21.77 ppb in the BASE case to -9.17 ppb, 

respectively. The daily average O3 concentration at the measurement stations also increased 

from 30.34 ppb in the BASE case to 31.99 ppb in the LOAES case, much closer to the actual 

observations. 

 

 

 

 

 

 

 

 



Tab. 4.3  Statistics of model performance in BASE and LOAES cases for hourly O3, 8-hr maximum O3, and 

1-hr maximum O3 at 12 air-quality monitoring stations in Hong Kong (unit: ppb)a 

  Metrics OBS BASE LOAES 

Hourly 

Mean 30.97 30.34 31.99 

COR / 0.75 0.78 

MB / -0.63 1.02 

8-hr maximum 

Mean 64.25 54.22 63.71 

COR / 0.51 0.56 

MB / -10.03 -0.53 

1-hr maximum 

Mean 80.58 58.81 71.41 

COR / 0.42 0.45 

MB / -21.77 -9.17 

aOBS: observation; Mean: averaged value; COR: correlation; MB: mean bias. 

 

We further evaluated the effects on simulated O3 and PM2.5 due to the considered 

heterogeneous sources of HONO. Figures 4.9 and 4.10 present the averaged distributions 

of modeled O3 14:00 LTC and daily PM2.5 in the BASE and LOAES cases over the PRD-

HK region during August 25-31, 2011 (see Zhang et al., 2016 for details). As shown in 

Figure 4.8, high levels of O3 of up to 80-100 ppb occurred over the northern parts of the 

PRD during the episode. Higher O3 concentrations were shown over the downwind areas 

of the PRD in the LOAES case, especially over Hong Kong (Figure 4.10c), with an 

enhancement that reached up to 5-10 ppb (8-15%) over the urban areas in this region. The 

simulated PM2.5 was up to 80-90 μg/m3 in urban Guangzhou and Foshan and 50-60 μg/m3 

in Shenzhen and Hong Kong in the BASE case. With inclusion of the additional HONO 

sources, the average PM2.5 increased to 60-70 μg/m3 in Shenzhen and Hong Kong. As 

shown in Figure 4.11c, the enhancements in total PM2.5 were around 8-10 μg/m3 (10-15%) 

in Guangzhou and Foshan, and 4-7 μg/m3 (5-15%) in Shenzhen, Dongguan, and Hong 

Kong. The increase in PM2.5 was mainly due to additional production of aerosol nitrate 

(see Figure 4.11).  It is worth noting that the simulated effect of HONO on PM2.5 should 

be a lower limit of the actual effect because it is known that the current WRF-Chem model 

(and most other chemistry transport models) tends to under-simulate secondary organic 

aerosols. Thus, it is probable that the simulated increase in organic aerosols due to 

additional HONO sources may have been underestimated. 

Overall, the incorporation of the aforementioned HONO into the model appreciably 

improved the ozone predictions at multiple monitoring stations in Hong Kong, and led to 

an 8-15% enhancement in averaged ozone and 10-15% in daily PM2.5 over the Pearl River 

Delta region and Hong Kong. Our results highlight the importance of accurately 

representing HONO sources in simulations of secondary pollutants over polluted regions. 



 
 

Fig. 4.9 Spatial distributions of simulated O3 at 14:00 LTC over the PRD-HK in (a) BASE case and (b) 

LOAES case during the polluted period (August 25-31, 2011). Differences between BASE and LOAES 

cases are shown in (c) 

 

 

Fig. 4.10 Same as Fig. 4.9, but for daily PM2.5 

 

 

Fig. 4.11 Same as Fig. 4.9, but for daily PM2.5 nitrate 

 

4.4 Concluding Remarks 

As illustrated in our research in the Hong Kong region and others’ findings, it is clear that 

HONO can be a very important source of hydroxyl radicals in polluted regions, which in 

turn play a critical role in atmospheric photochemistry and air pollution problems such as 

high ground-level ozone and haze. However, there are still significant uncertainties in 

quantifying HONO sources. Emissions from fuel combustion for various sources/under 

different conditions must be more fully understood, and soil emissions should be studied 

for a wide range of soil types and then properly represented in current models. The uptake 

processes of NO2 on various surfaces (aerosol, terrestrial, and oceanic) should be better 

quantified, and our understanding of photo-related (daytime) sources could be improved. 

Emission-based air-quality models should consider the additional daytime sources of 

HONO (apart from reaction of OH and NO and vehicle emissions) in predicting secondary 

pollutants. 
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