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Abstract:  The photochemical formation of alkyl nitrates (RONO2) and their impact on ozone 12 

(O3) formation were investigated using a Photochemical Box Model incorporating the Master 13 

Chemical Mechanism (PBM-MCM). The model was constrained with field measurement data 14 

collected on selected O3 episode days at Tai O, a rural-coastal site in southwestern Hong Kong, 15 

from August 2001-December 2002. The in-situ observations showed that the sum of C1-C5 16 

RONO2 varied from 30.7±14.8 pptv in spring to 120.7±10.4 pptv in autumn, of which 2-butyl 17 

nitrate dominated with the highest average concentration of 30.8±2.6 pptv. Model simulations 18 

indicated that the pathway of CH3O reacting with NO2, proposed in our previous study, made 19 

minor contributions (11.3±0.7%) to methyl nitrate formation. Indeed, 51.8±3.1% and 36.5±6.3% 20 

of the methyl nitrate was attributed to the reaction of CH3O2+NO and to oceanic 21 

emissions/biomass burning, respectively. For the C2-C5 alkyl nitrates, the contribution of 22 

photochemical formation increased with increasing carbon number, ranging from 64.4±4.0% for 23 

ethyl nitrate (EtONO2) to 72.6±4.2% for 2-pentyl nitrate (2-PenONO2), while the contribution of 24 

oceanic emissions/biomass burning decreased from 35.1±6.5% for EtONO2 to 26.8±6.8% for 2-25 

PenONO2. Model simulations of photochemical O3 levels influenced by RONO2 chemistry26 

showed that the formation of methyl-, ethyl-, i-propyl-, n-propyl-, 2-butyl-, 2-pentyl-, and 3-27 

pentyl-nitrates led to O3 reduction of 0.05±0.03, 0.05±0.03, 0.06±0.02, 0.02±0.02, 0.18±0.04, 28 
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0.09±0.02 and 0.06±0.02 ppbv, respectively, with an average reduction rate of 11.0±3.2 ppbv O3 29 

per 1 ppbv RONO2 formation. The C1-C5 RONO2 constituted 18.6±1.9% of the entire RONO2, 30 

and had a nitrogen reserve of 4.1±0.2%, implying their potential influence on O3 production in 31 

downwind areas. 32 

Keywords: alkyl nitrate; photochemical formation; O3 production; PBM-MCM model; field 33 

observation 34 

35 

1. Introduction36 

Photochemical pollution characterized by elevated O3 in the troposphere (Guo et al., 2013a; 37 

Wang et al., 2009) is of increasing concern in megacities, such as the city cluster in the Pearl 38 

River Delta (PRD) region, where huge emissions of O3 precursors, i.e., volatile organic 39 

compounds (VOCs) and nitrogen oxides (NOx) from industries and traffic have caused intense 40 

periods of high photochemical O3 formation (Cheng et al., 2010; Ling et al., 2011) notably in the 41 

autumn period. Alkyl nitrates (RONO2) are formed as byproducts in the process of O3 formation, 42 

and are also temporary reservoirs of nitrogen. However, to date there have been few studies on 43 

the influence of individual alkyl nitrate on the O3 budget (Wang et al., 2013; Williams et al., 44 

2014). 45 

There are 5 key gas phase reactions in the troposphere, (1)–(5), for the production and 46 

destruction of alkyl nitrates: 47 

RO2 + NO → RONO2, α (1) 48 

RO + NO2 → RONO2 (2) 49 

RO2 + NO → RO + NO2, (1-α)       (3) 50 

RONO2 + hv → RO + NO2 (4) 51 

RONO2 + OH → R’C(O)R’’ + NO2  (5) 52 

The photochemical formation of RONO2 is mainly attributed to reactions (1) and (2) (Atkinson 53 

et al., 1982; Wang et al., 2013). Alternative pathways, i.e., reactions between organic aerosols 54 

and particle-phase nitrates, and NO3 initiated oxidation of RO2 at nighttime, also contribute to 55 
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photochemical RONO2 production (Worton et al., 2010). Studies (Jenkin et al., 2000; Suarez-56 

Bertoa et al., 2012) indicate that reaction (1) contributes most to ambient RONO2 and becomes 57 

increasingly important with increasing carbon number of the RO2 species, because the 58 

decomposition rate of the vibrationally-excited RONO2 decreases with increased complexity of 59 

the alkyl (R) group, hence the survival of stabilized RONO2 increases (Atkinson et al., 1983). If 60 

the vibrationally-excited RONO2 is not formed, an oxygen atom (O) exchange between RO2 and 61 

NO will occur, i.e., reaction (3). The branching ratio (α) is often used to define the relative 62 

reactivity of reaction (1) competing with the reaction (3) (Flocke et al., 1998; Farmer et al., 63 

2011). In contrast to the formation pathway of reaction (1), the production efficiency of RONO2 64 

from reaction (2), i.e., RO+NO2, decreases with increasing carbon number because of the 65 

increasing tendency of isomerization and decomposition of RO, and relatively lower abundance 66 

of RO compared to the methoxy radical (CH3O) as the carbon number increases (Atkinson et al., 67 

1982; Williams et al., 2014).  68 

As well as photochemical formation, equatorial oceans (Atlas et al., 1993; Blake et al., 2003) 69 

are a primary source of ambient RONO2, particularly for light (<C2) RONO2. Blake et al. (2003) 70 

reported that methyl nitrate (MeONO2) was significantly emitted from tropical and subtropical 71 

oceans, which was an important source of excess MeONO2 that cannot be explained by 72 

photochemical formation. Additionally, biomass burning is also a source of RONO2, for which 73 

Simpson et al. (2002) proposed a formation mechanism in the combustion stage involving the 74 

combination of RO2 to generate RO and the reaction of RO with NO2.  75 

Since RONO2 are formed simultaneously with O3, they are good tracers of photochemical 76 

pollution (Simpson et al., 2006; Aruffo et al., 2014). They also affect O3 production by 77 

interfering with the NOx budget as temporary nitrogen reservoirs (Aruffo et al., 2014). The 78 

availability of reactive nitrogen will be reduced through reactions (1) and (2) due to the long 79 

atmospheric lifetimes of RONO2 (Atlas, 1988). Moreover, the RO generated from reaction (3) 80 

decreases, resulting in the loss of OH and HO2. These will reduce the potential for O3 production. 81 

On the other hand, the formation of RONO2 competes with the reaction of O3 titration by NO. As 82 

a temporary reservoir of reactive NOx, RONO2 can also release RO and NO2 through photolysis 83 

(reaction (4)) and OH-initiated oxidation (reaction (5)) (Aschmann et al., 2011; He et al., 2011). 84 

The additional NO2, secondary organic degradation products (i.e., PANs, aldehydes, ketones, etc.) 85 
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and radicals (i.e., RO2, HO2, OH, etc.) consequently promote the photochemical production of O3. 86 

During the process of RONO2 degradation, OH and HO2 are consumed and their recycling is 87 

strongly dependent on the reactivity of the carbonyls generated from the oxidation of RO 88 

(Derwent et al., 2005). It remains uncertain whether RONO2 make positive or negative 89 

contributions to O3 formation, and what differences there are between individual alkyl nitrate 90 

species. 91 

In this study, PBM-MCM model was adapted to investigate the photochemical formation of 92 

C1-C5 RONO2 and their impacts on O3 production at Tai O, a rural-coastal site in southwestern 93 

Hong Kong. Using the same dataset, Simpson et al. (2006) reported the mixing ratios and 94 

seasonal patterns of the observed RONO2, the potential formation pathways of MeONO2 and the 95 

correlation between the sum of C1-C5 RONO2 and O3. Here alternative formation pathways of 96 

MeONO2 were examined, and the correlations between RONO2 and O3 were fully developed by 97 

quantifying the impacts of the C1-C5 RONO2 formation on the net O3 production. 98 

 99 

2. Experimental 100 

2.1 Sample collection and chemical analysis 101 

From 24th Aug. 2001 to 31st Dec. 2002, a multi-pollutant sampling campaign was conducted at 102 

Tai O, a rural-coastal site in southwestern Hong Kong. Figure 1 shows the geographical location 103 

of the sampling site (22.25°N, 113.85°E). Local emissions are not predominant at this site due to 104 

the low traffic and population density. Tai O is located approximately 30 km to the west of the 105 

urban center of Hong Kong, 30 km to the east of Macau, and at the mouth of Pearl River Estuary. 106 

This site is influenced by air pollution from the PRD region, particularly enhanced in the cooler 107 

autumn-winter seasons when northeastern winds passing over the PRD region and Hong Kong 108 

urban areas dominate. Conversely, air pollution from the PRD is less evident during the 109 

prevailing summer southerly winds bringing in fresh air and diluting the air pollution. Full 110 

details about the sampling site and field campaign are available in Wang et al. (2005) and 111 

Simpson et al. (2006). 112 

 113 
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Figure 1. Geographical location of the Tai O sampling site and environs. The red star = Tai O, orange 114 

blocks = urban areas, and pink dots represent the population distributions. 115 

Whole air VOC samples were collected using evacuated 2-L stainless steel canisters, which 116 

were preprocessed with 10 Torr of degassed, distilled water to quench the active surface sites of 117 

the inner walls. The canisters were cleaned and evacuated following the procedures described in 118 

Simpson et al. (2006) prior to sampling. Each whole air sample was collected through a valve for 119 

1 min. to ensure that the canister was fully filled. After sampling, the canisters were shipped to 120 

the University of California, Irvine (UCI) for chemical analysis. Totally, mixing ratios of 7 C1-C5 121 

RONO2, 42 nonmethane hydrocarbons (NMHCs), 26 halocarbons and 3 reduced sulfur 122 

compounds were determined. Details on the analysis techniques, detection limits and quality 123 

control strategies are given in Colman et al. (2001) and Simpson et al. (2006). It is important to 124 

note that the RONO2 were calibrated with a new scale in 2008 that applied a factor of 2.13, 1.81, 125 

1.24, 1.17 and 1.13 to C1, C2, C3, C4 and C5 RONO2. This scale was provided by Atlas 126 

(University of Miami), and accepted by the analytical team (UCI) (Simpson et al., 2011). 127 

The measurement techniques for trace gases, i.e., CO, NO, NOy, SO2 and O3 are fully 128 

described in Wang et al. (2003a). Briefly, CO was thermally catalyzed to CO2, and then 129 

measured with a gas filter correlation, non-dispersive infrared analyzer (Advanced Pollution 130 

Instrumentation, Inc., Model 300); NO and NOy were detected with a modified commercial 131 

MoO/chemiluminescence analyzer (Thermo-Environmental Instruments, Inc. (TEI), Model 42S) 132 

that converted NOy to NO on the surface of MoO, and then NO was quantified by the 133 

chemiluminescent analyzer; SO2 was measured by pulsed UV fluorescence (TEI, Model 43S); 134 

and a commercial UV photometric instrument (TEI, Model 49) was used to detect the O3 mixing 135 

ratios. The detection limits of CO, NO, NOy, SO2 and O3 were 30, 0.05, 0.05, 10 and 2 ppbv, 136 

respectively. 137 

2.2 Model description 138 

2.2.1 PMF model 139 

Based on the chemical mass balance between measured species concentrations and source 140 

profiles, Positive Matrix Factorization (PMF) treats the measured concentration of species, j, in 141 

sample i (xij) as the sum of contributions from p sources, which can be decomposed as 142 
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contribution, G and source profile, F, as shown in the following equation (eqn. 1): (Paatero, 143 

1997): 144 

𝑥𝑥𝑖𝑖𝑖𝑖 = ∑ 𝑔𝑔𝑖𝑖𝑖𝑖𝑓𝑓𝑘𝑘𝑘𝑘
𝑝𝑝
𝑘𝑘=1 + 𝑒𝑒𝑖𝑖𝑖𝑖          eqn. 1 145 

where gik is the species contribution of the kth source to the ith sample, fkj is the species fraction 146 

in the kth source and eij is the residual associated with species j in sample i. Details on the PMF 147 

operation is provided in Guo et al. (2011). 148 

2.2.2 PBM-MCM model 149 

The PBM-MCM is a photochemical box model combined with a near-explicit chemical 150 

mechanism, which has been successfully applied in previous studies (Lam et al., 2013; Ling et 151 

al., 2014). Details on the model construction can be found in Lam et al. (2013) and the 152 

mechanism in Saunders et al. (2003) and Jenkin et al. (2003). Briefly, field measurement data, 153 

i.e., VOCs, SO2, CO, NO, NO2, O3, temperature and relative humidity, are used to construct the 154 

model. The model considers photochemical processes appropriate to the planetary boundary 155 

layer (PBL) and comprises the chemical mechanism (MCMv3.2) involving around 5,900 species 156 

and 16,500 reactions. The reactions are homogeneous in the boundary layer and no vertical/ 157 

horizontal dispersion is considered. To achieve appropriate simulation for the region, the model 158 

has been developed and adjusted for Hong Kong (Lam et al., 2013; Ling et al., 2014). For 159 

example, the boundary layer is set to vary between 300-1400 m according to actual autumn 160 

conditions in Hong Kong, while the photolysis rates are determined using the photon fluxes from 161 

the Tropospheric Ultraviolet and Visible Radiation (TUVv5) Model (Madronich and Flocke, 162 

1997) as a function of the location of Hong Kong and time period of the campaign. The 163 

concentrations of stable species above the boundary layer, i.e., RONO2, peroxyacetylnitrate-type 164 

compounds (PANs) and carbonyls, are set based on the previous application of the model in 165 

Hong Kong (Lam et al., 2013). These species exist in the aloft layer (the free troposphere above 166 

PBL) and are entrained in PBL during the morning as the boundary layer expands. However, this 167 

is a natural mixing process involving molecular movement, but not physical process like wind or 168 

vertical exchange. Further details can be found in Lam et al. (2013). 169 

In this study, the field observations of 69 parameters consisting of 2 meteorological factors 170 

(i.e., temperature and relative humidity), 5 trace gases (i.e., SO2, CO, O3, NO and NO2), 61 non-171 
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methane VOCs and CH4 were used to constrain the model. Five O3 episode days (i.e., 11th and 172 

25th Oct., 2002 and 06th-08th Nov. 2002) were selected from the whole sampling campaign, in 173 

order to study the photochemical formation of C1-C5 RONO2 and their impacts on net O3 174 

production. The hourly data required for the PBM-MCM input were only available on these 5 175 

days, and they are representative of autumn conditions when high photochemical pollution 176 

frequently occurs. The first hourly (i.e., 07:00) data were used to initiate the model simulations. 177 

The model was run in a base case (BC) and two constrained cases (CC1 and CC2). Details on the 178 

model configuration are provided in Table 1.  179 

Table 1 Model configuration of the base case and constrained cases 180 

 181 

It is noteworthy that NO2 was obtained from the difference between NO and NOy because NOy 182 

detected by the MoO/chemiluminescence analyzer approximately equals NOx when the air mass 183 

is greatly affected by fresh emissions (Xu et al., 2013). In this study, ~90% of air masses were 184 

identified as freshly emitted polluted air, with ethyne/CO > 4 pptv/ppbv according to the method 185 

proposed by Smyth (1996). In addition, the ratios of propane/ethane (1.3±0.2), ethene/ethane 186 

(0.9±0.1) and toluene/benzene (7.4±0.6) at Tai O on the five episode days were comparable to 187 

those at an urban site in Hong Kong (1.0±0.1, 1.1±0.1 and 7.3±1.2 for propane/ethane, 188 

ethene/ethane and toluene/benzene, respectively) (Guo et al. 2007), further confirming that Tai O 189 

was significantly influenced by fresh emissions during the episodes. Furthermore, PANs and 190 

RONO2 were only ~7% of NO2, as indicated in section 3.3.2 “Nitrogen partitioning”. Therefore, 191 

the slightly-overestimated NO2 would not significantly influence RONO2 formation. 192 

 193 

3. Results and discussion 194 

3.1 Mixing ratios and seasonal patterns of RONO2 195 

    Table 2 shows the mean levels of O3, C1-C5 RONO2 and their parent hydrocarbons at Tai O 196 

over the whole sampling period, with 95% confidence intervals. It was found that the average 197 

mixing ratios of RONO2 ranged from 4.0±0.4 pptv for n-PrONO2 to 30.8±2.6 pptv for 2-198 

BuONO2. Inconsistently, the n-butane mixing ratio (1893±586 pptv) was the second lowest 199 
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among the parent hydrocarbons, while the parent hydrocarbon of n-PrONO2 (i.e. propane) 200 

ranked the second highest with an average mixing ratio of 2392±740 pptv. This suggested that 201 

RONO2 not only relates to the abundance, but also the reaction pathways and reactivity of the 202 

parent hydrocarbon (Atlas et al., 1993; Blake et al., 2003), as well as primary emissions. 203 

Similar seasonal patterns were observed for the sum of C1-C5 RONO2 and O3, i.e., higher in 204 

autumn and lower in spring, suggesting the importance of photochemical formation of RONO2. 205 

The average mixing ratios of the sum of C1-C5 RONO2 were 30.7±14.8, 74.9±23.8, 120.7±10.4 206 

and 91.2±8.8 pptv in spring, summer, autumn and winter, respectively. Similar to RONO2, the 207 

average mixing ratio of O3 also peaked in autumn (68.4 ± 8.0 ppbv). Indeed, the sum of C1-C5 208 

RONO2 correlated well with O3 (R2 = 0.71), and for MeONO2 (R2 = 0.62). However, inconsistent 209 

with the observation that O3 had lowest mixing ratios in winter (25.1±5.7 ppbv), RONO2 levels 210 

in winter were the second highest among the four seasons (91.2±8.8 pptv), implying possible 211 

RONO2 sources from oceanic emissions and/or biomass burning. Therefore, the pathway 212 

contributions to RONO2 were determined in the following section (3.2). 213 

Table 2 Statistics of C1-C5 RONO2 and O3 at Tai O over the whole sampling period (mean±95% 214 

confidence interval) (units: pptv unless otherwise specified) 215 

3.2 Pathways to RONO2 216 

    Since the PBM-MCM is a chemical model without the consideration of primary emissions, the 217 

primary emission of RONO2 should be eliminated before the model simulation. Here, the hourly 218 

C1-C5 RONO2 mixing ratios were applied in PMF analysis for source apportionment (Guo et al., 219 

2013b). Figure 2 shows the profiles of three sources extracted by PMF. Factor 1 is distinguished 220 

by high loadings of O3 and RONO2, likely to represent the secondary formation of RONO2. 221 

Additionally, moderate percentages of methyl chloride (CH3Cl) were observed in this factor. 222 

Apart from oceanic sources, CH3Cl can be emitted from biomass burning (Rudolph et al., 1995), 223 

another source of RONO2. Although RONO2 is formed secondarily in the combustion stage of 224 

biomass burning, its formation mechanism is quite different from that in the normal atmosphere 225 

(Simpson et al., 2002). Therefore, CH3Cl in this factor may indicate RONO2 formation in the 226 

stage of plume transport, rather than RONO2 formed in the combustion stage of biomass burning. 227 

Factor 2 has high loadings of dimethyl sulfide (DMS) and bromoform (CHBr3), which are 228 

typical tracers of marine outflows (Nowak et al., 2001; Atlas et al., 1993). In addition, the 229 
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moderate percentages of CH3Cl and C2-C5 hydrocarbons may indicate RONO2 formed in the 230 

combustion stage of biomass burning. Therefore, this factor is assigned to be the source of 231 

marine and biomass burning. Factor 3 shows weak associations with RONO2, with the 232 

dominance of anthropogenic VOCs. However, DMS also has a high loading in this factor, which 233 

may imply the mixture of marine flows with anthropogenic emissions. This is not unreasonable 234 

given that Tai O is a coastal site adjacent to the South China Sea (see Figure 1). As such, RONO2 235 

in factor 3 is thought to be associated with oceanic emissions as well as anthropogenic emissions. 236 

 237 

Figure 2 Profiles for the sources of RONO2 at Tai O. The errors were estimated with the Bootstrap 238 

method integrated in PMF. 239 

    With the exclusion of oceanic sources and biomass burning, the secondarily/photochemically 240 

formed RONO2 was used to construct and constrain the PBM-MCM model. Figure 3 presents the 241 

simulated and observed O3 and secondary RONO2. It can be seen that the model reasonably 242 

simulated the variations of daytime O3 and RONO2, i.e., the values increased in the morning, 243 

peaked in early afternoon and decreased in late afternoon. The simulated results well captured 244 

the observed low and high values (standard deviation, SD < ±30%) except for O3, MeONO2 and 245 

n-PrONO2 on November 7, 2002 when the simulated maximums were ~ 40%-50% lower than 246 

the observations. This may be caused by the source apportionment of RONO2 and O3 by PMF, 247 

which averaged the hourly contributions of each factor, and may underestimate/overestimate the 248 

extremely high/low values. In addition, for most cases, the model simulations did not well track 249 

the rapid decrease of RONO2 in the afternoon, probably due to the fact that the physical 250 

processes, i.e., vertical and horizontal dispersion were not considered in the PBM-MCM model 251 

(Lam et al., 2013; Ling et al., 2011). 252 

 253 

Figure 3 Simulated and observed O3 and secondary RONO2 at Tai O on episode days. 254 

    To further evaluate the model performance, the index of agreement (IOA) was used to 255 

examine the correlation between simulated and observed results (Wang et al., 2015; Jiang et al., 256 

2010). The IOA value is between 0 and 1, and a higher IOA represents better agreement. The 257 

IOA is determined as follows (Huang et al., 2005): 258 
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IOA = 1 − ∑ (𝑂𝑂𝑖𝑖−𝑆𝑆𝑖𝑖)2𝑛𝑛
𝑖𝑖=1

∑ (│𝑂𝑂𝑖𝑖−𝑂𝑂�│+│𝑆𝑆𝑖𝑖−𝑂𝑂�│)2𝑛𝑛
1𝑖𝑖=1

 259 

where 𝑂𝑂𝑖𝑖 , 𝑆𝑆𝑖𝑖 , and 𝑂𝑂�  refer to the hourly observed value, simulated value, and the average 260 

observed value, respectively. 261 

    Table 3 summarizes the IOAs for the simulation of O3 and C1-C5 RONO2. Good to moderate 262 

agreements were found between the simulated and observed values, indicating the performance 263 

of this model was reasonably acceptable. 264 

Table 3 IOAs of O3 and C1-C5 RONO2 between simulated and observed values 265 

 266 

Furthermore, the relative contribution of the two reaction pathways, i.e. “RO2+NO” and 267 

“RO+NO2”, to the secondary RONO2 can be determined with the model running in BC and CC1 268 

(see model description, section 2.2.2). Taking MeONO2 as an example, the reaction of 269 

“CH3O2+NO” and “CH3O+NO2” contributed 82.2±2.5% and 17.8±2.5% to the secondary 270 

MeONO2, respectively. This contradicts the hypothesis proposed by Simpson et al. (2006) and 271 

verified by Archibald et al. (2007), that the reaction of CH3O and NO2 may constitute a major 272 

part of MeONO2 at Tai O. It is well recognized that the most competitive reaction to 273 

“CH3O+NO2” is the oxidation of CH3O by O2, forming HCHO and HO2. Here, it was found that 274 

the reactivity of CH3O oxidized by O2 was approximately four orders of magnitude (i.e. 275 

~0.8×104) higher than that of CH3O reacting with NO2. On the other hand, the production of 276 

HCHO only increased by ~0.1% when closing off the reaction of “CH3O+NO2”, suggesting that 277 

the reaction of CH3O with NO2 is not competitive with the oxidation of CH3O. Moreover, 278 

inconsistent with the kinetic calculation by Simpson et al. (2006), the model well reproduced the 279 

secondary MeONO2. It is noteworthy that the branching ratio (α) of CH3O2 reacting with NO to 280 

form MeONO2 was 0.001 (Carter and Atkinson, 1989) in MCM protocol, rather than 0.0003 281 

used by Simpson et al. (2006). Additionally, CH3O2 considered in the kinetic calculations only 282 

involves the OH-initiated oxidation of CH4. Indeed, the sources of CH3O2 are complicated, e.g. 283 

photolysis of acetaldehyde and oxidation of CH4 by chloride and OH. Model simulations 284 

indicated that OH-initiated oxidation of CH4 only contributed 46.7±2.9% of CH3O2 in the 285 

MeONO2 formation. Namely, the production of CH3O2 in the kinetic calculation was 286 

underestimated, causing the deficit in MeONO2. Archibald et al. (2007) verified the pathway of 287 
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“CH3O+NO2”, and indicated that it became dominant at NO2 >35 ppbv. In this study, NO2 288 

reached 40.1±5.1 ppbv. However, the contribution of “CH3O+NO2” to MeONO2 was not the 289 

foremost (i.e., 17.8±2.5%). Even when the NO2 level increased by 10 ppbv, the contribution only 290 

increased to 18.7±2.6%. It should be noted that the model Archibald et al. (2007) used was a 291 

simplified version of the MCM 2.0 with a carbon bond mechanism, and the inputs were 292 

European profiles of VOCs and NOx, and not the observations in Hong Kong, which may cause 293 

the discrepancies. 294 

Based on the source apportionment and pathway contributions to photochemical RONO2 295 

formation, the relative contributions of oceanic emissions and possible biomass burning, 296 

“RO2+NO” and “RO+NO2” can be determined, as shown in Table 4. It was found that the 297 

contribution of oceanic emission and biomass burning decreased from 36.5±6.3% for MeONO2 298 

to 26.8±6.8% for 2-PenONO2, except for n-PrONO2 (25.8±6.9%), consistent with the 299 

observations in marine outflows. For photochemical formation, the reaction of CH3O2+NO was 300 

predominant, and the relative contribution increased with increasing carbon number of RONO2 301 

except for n-PrONO2. This is mainly due to the increase of branching ratio leading to RONO2 302 

formation from 0.001 for MeONO2 to 0.131 for 3-PenONO2, and to some extent related to the 303 

abundance of RO2. For example, the possibility of hydrogen (H) extraction on the second and 304 

third carbon of n-pentane is 0.568/0.349 by OH and 0.558/0.220 by chlorine (Cl), causing a 305 

higher contribution of “RO2+NO” to 2-PenONO2 compared to 3-PenONO2, although the 306 

branching ratio leading to 2-PenONO2 formation is slightly lower (0.129). Then, the pathway 307 

contribution of “RO+NO2” to MeONO2 was much higher than that to C2-C5 RONO2. This could 308 

be attributable to the abundance of CH3O originating from the oxidation of CH4 and 309 

decomposition of larger RO2 radicals. 310 

Table 4 Pathway contributions to C1-C5 RONO2 during O3 episodes at Tai O (unit: %) 311 

 312 

3.3 Impact on O3 formation 313 

3.3.1 Net O3 production 314 

    RONO2 chemistry influences the budget of NOx and atmospheric radicals, thus influencing the 315 

variations in O3 . With the model simulation of BC and CC2 (see model description, 2.2.2), the 316 
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net O3 production induced by RONO2 formation was determined, as shown in Figure 4. Overall, 317 

the RONO2 formation made negative contributions to O3, with the average reduction of 318 

0.05±0.03, 0.05±0.03, 0.06±0.02, 0.02±0.02, 0.18±0.04, 0.09±0.02 and 0.06±0.02 ppbv for the 319 

formation of MeONO2, EtONO2, i-PrONO2, n-PrONO2, 2-BuONO2, 2-PenONO2 and 3-320 

PenONO2, respectively. The average O3 reduction induced by each RONO2 formation correlated 321 

well (R2=0.93) with the concentrations of photochemically formed RONO2. The average O3 322 

reduction rate was ‒11.0±3.2 ppbv/ppbv. Namely, O3 was reduced by 11.0±3.2 ppbv per ppbv 323 

RONO2 formation. Although RONO2 is generally present as a minor constituent (i.e. magnitude 324 

of pptv), the effect of RONO2 formation on O3 reduction in urban areas cannot be neglected. For 325 

example, on 07 November, 2002, the maximum O3 reduction caused by the total C1-C5 RONO2 326 

reached 2.7 ppbv (~4.4%) at 13:00. On the other hand, not all RONO2 were considered in this 327 

study due to analytical limitations. Based on the model simulations, the C1-C5 RONO2 328 

contributed only 18.6±1.9% of the entire RONO2 (i.e. alkyl and multifunctional nitrates), 329 

implying that the potential of RONO2 formation on O3 reduction was underestimated.  330 

 331 

Figure 4 Net O3 production induced by C1-C5 RONO2 formation at Tai O  332 

    To explore the mechanism of O3 reduction induced by RONO2 formation, the variation of NOx, 333 

HOx and the O3 were studied in detail. Taking 2-BuONO2 as an example, Figure 5 shows the 334 

temporal variation of each species caused by the formation of 2-BuONO2. In general, the OH, 335 

HO2 and O3 levels decreased with obvious diurnal variations, while no regular variations were 336 

found for NO2 and NO. Moreover, the average O3 reduction rate increased nearly linearly with 337 

the reduction of HOx (R2=0.99) and the increase of NO (R2=0.94), suggesting that O3 formation 338 

was in the VOC-limited regime. Generally, OH consumed by VOC oxidation can be recycled 339 

from the oxidation of RO. However, this pathway was constrained due to the formation of 340 

RONO2, therefore the HO2 and OH generated from the oxidation of RO decreased, and 341 

subsequently O3 was reduced. 342 

 343 

Figure 5 Variations of NO2, NO, HO2, OH and O3 induced by 2-BuONO2 formation. 344 

3.3.2 Nitrogen partitioning  345 
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    As a temporary reservoir of nitrogen, RONO2 contributes to O3 production in downwind 346 

regions through the release of NO2. Therefore, quantifying the role of RONO2 in the nitrogen 347 

budget is essential to estimating its impact on O3 production in remote areas. Figure 6 shows the 348 

mixing ratios of sinks (i.e. HNO3) and temporary reservoirs (i.e. PANs, RONO2, N2O5 and NO3) 349 

of nitrogen, as simulated by the PBM-MCM model. It is noteworthy that the entire RONO2 350 

included alkyl and multifunctional nitrates here, PANs included the total peroxyacyl nitrates, and 351 

HONO was not considered as it decomposes quickly in the daytime. It was found that PANs, 352 

RONO2 and HNO3 increased from the morning and reached their maximums in the afternoon or 353 

at dusk. As the most important nitrogen reservoirs, PANs, RONO2 and HNO3 accounted for 354 

53.0±4.1%, 29.8±4.9% and 12.8±0.5% of the total reserved nitrogen, respectively. For NO3 and 355 

N2O5, they began to build up from the late afternoon (i.e. 16:00-17:00) due to their poor 356 

stabilities in sunlight, constituting 0.5±0.3% and 3.9±2.0% of the total reserved nitrogen, 357 

respectively.  358 

    It is noticeable that variations of the entire RONO2 was consistent with those of the C1-C5 359 

RONO2 (see Figure 3), indicating similar formation mechanisms for all RONO2. The C1-C5 360 

RONO2 accounted for 18.6±1.9% of the entire RONO2, which means that 4.1±0.2% nitrogen 361 

was stored in the C1-C5 RONO2. It should be noted that most RONO2 have much longer lifetimes 362 

than PANs, causing longer and higher O3 formation in the remote atmosphere due to the 363 

transport of RONO2 and continual release of NO2. This needs further study, beyond the scope of 364 

the present work, for example by undertaking continuous sampling in both the upwind (i.e. 365 

RONO2 formation) and downwind (i.e. RONO2 degradation) regions. 366 

 367 

Figure 6 Time series of reserved nitrogen at daytime hours on episode days at Tai O 368 

 369 

4. Conclusions 370 

In this study, data from a comprehensive field measurement campaign, conducted from 371 

August 2001 to December 2002 at Tai O, a coastal site in Hong Kong, was used to investigate 372 

the pathways leading to C1-C5 RONO2 and their impacts on O3 formation. The sum of C1-C5 373 

RONO2 were the highest in autumn and correlated well with O3, suggesting the importance of 374 
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photochemical formation. Evaluation of the Hong Kong PBM-MCM model constrained with the 375 

field data gave good to moderate agreement between observed and simulated secondary C1-C5 376 

RONO2 and O3. The model was further applied to quantify the contribution of each pathway to 377 

C1-C5 RONO2. In contrast with previous suggestions, the reaction of CH3O with NO2 was not the 378 

major pathway for MeONO2 formation, accounting for only 11.3±0.7% of the total MeONO2, 379 

while the pathway of CH3O2 reacting with NO and oceanic emission /biomass burning 380 

contributed 51.8±3.1% and 36.5±6.3% to the total MeONO2, respectively. From EtONO2 to 381 

PenONO2, the contribution to RONO2 made by photochemical formation increased, while that of 382 

oceanic/biomass burning emissions decreased. Studies on the relationship between net O3 383 

production and RONO2 formation indicated that RONO2 formation limited O3 formation due to 384 

the decrease of OH and HO2. The average O3 reduction rate was ‒11.0±3.2 ppbv O3 per ppbv 385 

RONO2. Although RONO2 is a minor component of NOy, the impact of total RONO2 on O3 386 

reduction cannot be neglected. Moreover, the nitrogen reserved in RONO2 (4.1±0.2%) may 387 

continue to contribute to O3 formation in downwind areas. These findings enhance our 388 

knowledge on the influence of individual RONO2 species on O3 production. 389 
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