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Abstract 8 

Peroxyacetyl nitrate (PAN) is an important reservoir of atmospheric nitrogen, modulating reactive 9 

nitrogen cycle and ozone (O3) formation. To understand the origins of PAN, a field measurement 10 

was conducted at Tung Chung site (TC) in suburban Hong Kong from October to November, 2016. 11 

The average level of PAN was 0.63±0.05 ppbv, with a maximum of 7.30 ppbv. Higher PAN/O3 12 

ratio (0.043-0.058) was captured on episodes, i.e. when hourly maximum O3 exceeded 80 ppbv, 13 

than on non-episodes (0.01), since O3 production was less efficient than PAN when there was an 14 

elevation of precursors (i.e. volatile organic compounds (VOCs) and nitrogen oxide (NOx)). Model 15 

simulations revealed that oxidations of acetaldehyde (65.3±2.3%), methylglyoxal (MGLY, 16 

12.7±1.2%) and other oxygenated VOCs (OVOCs) (8.0±0.6%), and radical cycling (12.2±0.8%) 17 

were the major production pathways of peroxyacetyl (PA) radical, while local PAN formation was 18 

controlled by both VOCs and NO2. Among all VOC species, carbonyls made the highest 19 

contribution (59%) to PAN formation, followed by aromatics (26%) and biogenic VOCs (BVOCs) 20 

(10%) through direct oxidation/decomposition. Besides, active VOCs (i.e. carbonyls, aromatics, 21 

BVOCs and alkenes/alkynes) could stimulate hydroxyl (OH) production, thus indirectly 22 

facilitating the PAN formation. Apart from primary emissions, carbonyls were also generated from 23 

oxidation of first-generation precursors, i.e., hydrocarbons, of which xylenes contributed the most 24 

to PAN production. Furthermore, PAN formation suppressed local O3 formation at a rate of 2.84 25 

ppbv/ppbv, when NO2, OH and hydroperoxy (HO2) levels decreased and NO value enhanced. 26 

Namely, O3 was reduced by 2.84 ppbv per ppbv PAN formation. Net O3 production rate was 27 

weakened (~36%) due to PAN photochemistry, so as each individual production and loss pathway. 28 

The findings advanced our knowledge of atmospheric PAN and its impact on O3 production. 29 

https://dx.doi.org/10.1016/j.envpol.2019.06.004 This is the Pre-Published Version.
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Capsule: Local O3 formation was weakened by in-situ PAN formation, mostly driven by carbonyls 32 

through their direct decomposition and facilitation on OH concentration in suburban Hong Kong. 33 

1. Introduction 34 

Peroxyacetyl nitrate (PAN) is an important air pollutant in photochemical smog. It causes human 35 

eye irritation and affects vegetation growth (Stephens, 1969; Zhang et al., 2019) when it reaches a 36 

high concentration. It also plays a significant role in atmospheric chemistry by acting as a 37 

temporary reservoir of nitrogen oxides (NOx) (Singh and Hanst, 1981; Fischer et al., 2014; Toma 38 

et al., 2019). It can be produced in urbanized region and decomposed into NOx and PA (CH3CO3) 39 

radical in remote region after long-range transport, thus redistributing NOx and modulating ozone 40 

(O3) production at regional and even global scale (Singh et al., 1986; Honrath et al., 1996; Bertram 41 

et al., 2013). Therefore, understanding the formation mechanism of PAN and its impact on regional 42 

O3 pollution is of great necessity. 43 

PAN in the atmosphere is solely derived from photochemical reactions between volatile organic 44 

compounds (VOCs) and NOx (Lonneman et al., 1976; Han et al., 2017). However, not all the VOC 45 

species participate in the PAN formation but those which generate PA radical, and then combine 46 

with NO2 to form PAN. PA radical can be directly generated from the oxidation of a subset of 47 

hydrocarbons (HCs) and oxygenated VOCs (OVOCs), i.e. acetaldehyde, acetone, methacrolein 48 

(MACR), methyl vinyl ketone (MVK), methyl ethyl ketone (MEK) and methylglyoxal (MGLY). 49 

Apart from primary emissions, these OVOCs are secondarily formed via the oxidation of HCs, i.e. 50 

isoprene, acetylene, propane and some aromatics, and we treated these HCs as first-generation 51 

precursors of PAN hereafter (Liu et al., 2010; Xue et al., 2014). In contrast, thermal decomposition 52 

is the predominant sink of PAN (Zhang et al., 2015a), followed by the oxidation of OH radical. 53 

Observed PAN values in previous studies spanned from tens of pptv to tens of ppbv at various 54 

sampling sites and usually showed a peak at midday (Grosjean et al., 2001, 2002; Lee et al., 2008; 55 

Zhang et al., 2009; Moore et al., 2010; Malley et al., 2016), reflecting its feature of secondary 56 

formation. Positive correlations of PAN with HCs and OVOCs were found in chamber 57 

experiments (Tanner et al., 1988) and field measurements (Roberts et al., 2001; Toma et al., 2019), 58 

indicating that HCs and OVOCs serve as important precursors of PAN and/or share similar 59 
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formation pathways. Moreover, simulation of a steady-state model showed that 45.7% of PA 60 

radicals were attributed to oxidation of acetaldehyde and 34.8% was isoprene-derived (LaFranchi 61 

et al., 2009), while applications of kinetic models and chemical transport models revealed 62 

important contributions of aromatics and alkenes to PAN formation in urban areas of Brazil and 63 

China (Grosjean et al., 2002; Liu et al., 2010). In addition, a photochemical box model with the 64 

master chemical mechanism was used to investigate the PAN formation in urban Beijing (Xue et 65 

al., 2014), and in Pearl River Delta (PRD) region of southern China (Yuan et al., 2018). These 66 

studies specified the dominant pathways to form PA radical (hence PAN), and the key precursors 67 

of PAN during the sampling period. However, they did not conduct in-depth investigation on the 68 

formation mechanisms of PAN under different pollution scenarios. 69 

Apart from local formation, horizontal regional transport (Lee et al., 2012) and vertical exchange 70 

with upper atmosphere (Qiu et al., 2019) are other sources of PAN. Field measurements in Beijing 71 

revealed that high concentrations of PAN were mainly related to air masses from the south, where 72 

more polluted regions were located (Gao et al., 2014; Zhang et al., 2017). Xu et al. (2015) 73 

measured PAN at a background site in PRD and identified the influence of maritime air and 74 

continental air from both southern China and eastern China. The contribution of regional transport 75 

to PAN in PRD was further confirmed by the process analysis in the Weather Research and 76 

Forecasting-Community Multiscale Air Quality (WRF-CMAQ) model (Yuan et al., 2018).   77 

Being produced alongside O3 through photochemical reactions between VOCs and NOx, PAN 78 

suppresses the O3 formation due to their competitive relationships in polluted regions, whereas 79 

decomposition of regionally-transported PAN fuels the O3 formation by supplying precursors (i.e. 80 

NO2 and radicals) in remote low-NOx regions. Despite the growing concerns about photochemical 81 

pollution, a handful of studies have been focused on PAN in Hong Kong and the adjoining PRD 82 

region. The only previous work reported in this region was mainly focused on the relationship of 83 

PAN with its precursors. This study was the first attempt to comprehensively look into the 84 

formation mechanism of PAN and its quantitative impact on local O3 formation in Hong Kong.  85 

2. Methodology 86 

2.1 Sample collection and analysis 87 

In this study, field measurement was carried out in suburban Hong Kong (Tung Chung, TC) from 88 

18 October to 19 November, 2016. Figure S1 shows the geographical location of the sampling site 89 
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(22.28°N, 113.94°E). The TC site was located in northwestern Hong Kong, adjacent to the Pearl 90 

River Estuary (PRE) and surrounded by newly developed residential town. The whole sampling 91 

was conducted on the rooftop of a six-floor building, approximately 20 m height. Early studies 92 

revealed that air quality at TC was affected not only by local emissions but also by regional 93 

transport, especially in autumn, when northerly/northeasterly winds dominated (Wang et al., 2005; 94 

Guo et al., 2006). Elevated secondary pollutants (i.e. O3 and PAN) and their precursors (i.e. VOCs 95 

and NOx) were frequently observed at this site when air masses were from inland PRD region 96 

and/or the weather conditions were favorable for photochemical formation (Wang et al., 2009; 97 

Wang et al., 2017). 98 

During the whole sampling period, PAN was continuously measured using an automatic PAN 99 

analyzer (Meteorology Consult Inc.) containing gas chromatography-electron captured detector 100 

(GC-ECD), and was quantified every 10 minutes. In addition, hourly whole-air samples were 101 

collected using 2 L cleaned and vacuumed stainless steel canisters from 7:00 to 19:00 on 13 102 

sampling days, with a sampling flow rate of ~35 mL/min. During the 7 intensive sampling days 103 

(Oct. 31, Nov. 4, 5, 6, 14, 15 and 17), which were predicted as O3 episodes with hourly maximum 104 

O3 exceeding 80 ppbv (Grade I of Ambient Air Quality Standard in China), air samples were 105 

collected every hour, different from the two-hour resolution on the 6 non-O3 episode sampling 106 

days (Oct. 23, Nov. 1, 3, 7, 16 and 18). The prediction of O3 episodes was based on weather 107 

forecast and numerical model simulation. In total, 130 air samples were collected and delivered to 108 

the air laboratory of the Hong Kong Polytechnic University (HKPU) for instrumental analysis of 109 

97 VOCs. A pre-concentrator (Model 7200, Entech Instruments Inc., USA) was applied to pre-110 

concentrate air samples before they were injected into the GC-mass selective detector/flame 111 

ionization detector/ECD (GC-MSD/FID/ECD) system. Quality control and quality assurance were 112 

conducted before/during/after chemical analysis (Zeng et al., 2018). Briefly, before sampling, all 113 

canisters were cleaned to avoid any contamination. During the chemical analysis, targeted VOCs 114 

were identified according to GC retention time and mass spectra, and were quantified according 115 

to the calibration curves. Method detection limits (MDL) of all targeted species were lower than 116 

150 pptv. Accuracy and precision of the analyses were within 15% and 10%, respectively.  117 

In addition, 2-h carbonyl cartridge samples were simultaneously collected every two hours from 118 

7:00 to 19:00 using acidified 2,4-dinitrophenylhydrazine (DNPH) silica cartridges at a flow rate 119 

of ~0.5 L/min. and in total 16 OVOC samples were measured, which were analyzed using High 120 
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Performance Liquid Chromatography (HPLC) in HKPU. Typically, the detection limits of the 121 

targeted carbonyls were ~0.2 ppbv and a measurement precision was ~10%. Furthermore, trace 122 

gases (i.e. O3, carbon monoxide (CO), NO-NO2 and sulfur dioxide (SO2)) and meteorological 123 

parameters (i.e. temperature, relative humidity, solar radiation, and wind speed and direction) were 124 

continuously monitored during the whole sampling period. All the online data were integrated into 125 

hourly data. Detailed description of instrumental models, analysis techniques, detection limits and 126 

data collection can be found in previous publications (Simpson et al., 2010; Zhang et al., 2012, 127 

2015b; Wang et al., 2015; Ling et al., 2016).  128 

2.2 Simulation of local PAN formation  129 

Local PAN formation was simulated using a photochemical box model (PBM) incorporating a 130 

master chemical mechanism (MCM). The PBM-MCM model has been successfully developed to 131 

simulate photochemistry of secondary pollutants, i.e. O3, PAN and alkyl nitrates (RONO2) in many 132 

regions all over the world, including Hong Kong (representative studies have been listed in Table 133 

S1). In this study, the chemical mechanistic information was taken from a near-explicit mechanism, 134 

MCM v3.3 (http://mcm.leeds.ac.uk/MCM), including ~6700 species and ~17000 reactions, which 135 

considered homogeneous reactions in the boundary layer (Jenkin et al., 1997, 2003, 2015; 136 

Saunders et al., 2003). Observation data (i.e. NO, NO2, SO2, CO, 82 C2-C10 VOCs and OVOCs, 137 

temperature, solar radiation and relative humidity) were input to constrain the model from 7:00 to 138 

19:00. Physical processes, including dry deposition, aloft exchange, and atmospheric dilution 139 

caused by the variations of the planetary boundary layer height were considered in the model. In 140 

order to achieve localized and optimized simulation results for the studied area, model construction 141 

was further adjusted (see Text S1). This box model did not take the vertical/horizontal dispersion 142 

into account, which might cause discrepancy between observed and simulated data on those days 143 

with intensive regional transport.  144 

The index of agreement (IOA) was used to evaluate the model performance (Willmott et al., 1981). 145 

Equation 1 defines the calculation of IOA, in which higher IOA (0 < IOA < 1) represents higher 146 

agreement between observed values (Oi) and simulated values (Si), indicating better modeling 147 

performance: 148 

IOA ൌ 1 െ 
∑ ሺை೔ିௌ೔ሻమ೙

೔సభ

∑ ሺ|ை೔ିைത|ା|ௌ೔ିைത|ሻమ೙
೔సభ

                 (Eq. 1) 149 
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where 𝑂ത refers to the average observed values over n samples. Figure 1 shows the observed and 150 

simulated PAN with wind speeds and directions on the 13 VOC-sampling days. Obvious 151 

underestimations were captured on episodes (i.e. Oct. 31, Nov. 4 and 15) as well as Nov. 3 when 152 

northerly/northwesterly/northeasterly, especially northwesterly winds were prevailing in daytime 153 

hours. The underestimation of PAN might be due to the contribution of regional transport (Liu et 154 

al., 2019; Guo et al., 2009; So and Wang, 2003), which was further demonstrated using observed 155 

data (see detailed description in Text S2). However, the simulated values well captured the diurnal 156 

variations of the observed PAN on non-episodes (IOA = 0.87), when local production dominated. 157 

The IOA for non-episodes was within the accepted range (0.66-0.87) in previous work (Lyu et al., 158 

2015, 2017; Wang et al., 2017; Liu et al., 2019). To conclude, though the PBM-MCM model 159 

cannot completely reproduce the level of PAN in the atmosphere, it reasonably simulates local 160 

photochemical formation. In this study, we only focused on the local photochemistry, and 161 

formation mechanism of transported PAN in the source region was not considered. 162 

 163 

Figure 1. Observed and simulated PAN with wind speeds and wind directions (Total IOA = 0.60) 164 

2.3 Relative Incremental Reactivity  165 

The PAN-precursors relationship was evaluated by relative incremental reactivity (RIR), which 166 

was defined as the change of PAN formation induced by the change of mixing ratio of its 167 

precursors (NO, NO2, and specific species/group of VOCs). If the RIR value is positive, it means 168 

that the increase of precursors enhances PAN formation, whereas negative RIR value indicated 169 
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that the increase of precursors inhibits PAN production. The RIR value was calculated from 170 

Equation 2: 171 

RIRሺXሻ ൌ  
ሾ௉ುಲಿሺ௑ሻି௉ುಲಿሺ௑ି∆௑ሻሿ ௉ುಲಿሺ௑ሻ⁄

∆ௌሺ௑ሻ ௌሺ௑ሻ⁄
          (Eq. 2) 172 

where X represents either a specific precursor (e.g. NO, NO2 and a specific VOC) or a group of 173 

VOCs (e.g. aromatics and alkanes); S(X) is the measured mixing ratio of precursor X; ∆X is the 174 

change in the mixing ratio of X caused by a hypothetical change in S(X), ∆S(X); 𝑃௉஺ே  is the 175 

production rate of PAN simulated by the PBM-MCM model, with a unit of pptv/h. Hourly 176 

production rate is directly extracted from the modeling results. The change in the mixing ratio of 177 

X is assumed to be 10% of the measured data. 178 

2.4 Scenario analysis  179 

Several scenarios were designed to evaluate the VOCs contribution to PAN formation and the 180 

impact of PAN production on local O3 formation. Detailed model configurations for different 181 

scenarios are shown in Table S2. The Base Scenario (BS) was defined when all detected VOCs, 182 

trace gases and meteorological parameters were applied to construct the model with all reaction 183 

pathways open. Constrained Scenario 1 (CS1) was assumed to quantify the contributions of 184 

specific species/group of VOCs to PAN formation. In CS1, both formation and loss pathways of 185 

PAN remained open, consistent with the settings in the BS. However, the mixing ratios of specific 186 

species/groups of VOCs were not input into the model. Hence, their contributions to PAN 187 

formation were determined by subtracting the simulated PAN in CS1 from that in BS. The above 188 

estimated contribution included the effect of direct decomposition/oxidation of precursors (Factor 189 

1) as well as the influence of those VOCs on OH and HO2 concentrations (Factor 2). To separate 190 

these two contributions, Constrained Scenario 2 (CS2) was configured with similar settings to CS1, 191 

while the simulated OH and HO2 in BS were applied to constrain OH and HO2 in the CS2. As 192 

such, the impact of these VOCs on OH and HO2 was eliminated, and the difference between BS 193 

and CS2 was only caused by the direct decomposition/oxidation of VOCs. Detailed description 194 

can be found in Zeng et al. (2018). 195 

Moreover, a Constrained Scenario 3 (CS3) was designed to determine how photochemistry of PAN 196 

influenced local O3 production. In CS3, both formation and loss pathways of PAN were closed to 197 

simulate local O3 production without the influence of PAN. Hence, the influence of PAN formation 198 

on local O3 photochemistry was estimated by subtracting the simulated O3 in CS3 from that in BS.  199 
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3. Results and discussion 200 

3.1 General characteristics 201 

Table S3 displays the PAN mixing ratios observed in this study and in previous studies at various 202 

sampling sites. The average PAN mixing ratio at TC was 0.63±0.05 ppbv, similar to that at other 203 

suburban sites in China. Furthermore, some high values were captured during the sampling period, 204 

with a maximum value of 7.40 ppbv, implying photochemical pollution in this region, which might 205 

be attributed to not only local photochemistry, but also regional transport of polluted air masses 206 

(Xu et al., 2018), and/or evolution of planetary boundary layer in specific synoptic system (Zhang 207 

et al., 2009). Compared to previous studies, PAN level was found higher in urban and suburban 208 

areas than that at rural/background sites, due to the fact that more anthropogenic precursors were 209 

emitted in urban/suburban areas and formation of PAN dominated over the decomposition of PAN 210 

in these polluted areas, whereas its decomposition was outstanding in remote low-NOx regions 211 

(Stockwell et al., 1995). The similar mean values of PAN (0.36-0.69 ppbv) at different 212 

rural/background sites around the world reflected its non-negligible background level.  213 

Figure S4 shows temporal variations of PAN, O3, NOx, SO2, CO, TVOCs and meteorological 214 

parameters for the whole sampling period at TC. Three days (Oct. 20 and 31, and Nov. 15) were 215 

categorized as high-pollution episodes based on the national standard of O3 (level I hourly 216 

maximum value: 80 ppbv), on which remarkable PAN levels were observed as well, with daily 217 

maxima as 7.4, 4.3 and 6.0 ppbv, respectively. Nov. 4 was also classified as high-pollution episode, 218 

because the maximum PAN reached 2.0 ppbv. Generally, PAN correlated well (R2=0.43) with O3, 219 

as they share similar precursors, i.e. VOCs and NOx, in photochemical formation. However, 220 

diverse PAN to O3 ratios were found among different sampling days, particularly between episodes 221 

and non-episodes, suggesting different sources/source contributions or formation efficiencies of 222 

PAN from O3. Figure 2 displays the diurnal variations of pollutants and meteorological parameters 223 

on episodes and non-episodes. The similar diurnal patterns of PAN and O3 were driven by their 224 

common precursors and formation processes. Oxidation of VOCs/OVOCs by OH/NO3 radicals 225 

led to the generation of RO2 and HO2 radicals, which reacted with NO resulting in O3 formation. 226 

As an RO2 in the O3 formation cycle, PA radical can also react with NO2 to produce PAN. Good 227 

correlation between PAN and O3 indicated the dominance of local photochemistry during the 228 

sampling period. Different from O3, which had a trough at ~8 am because of NO titration, PAN 229 

reached the trough at ~7 am due to the all-night thermal decomposition without photochemical 230 
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formation until the early morning (Zhang et al., 2015a). Peaks of both species at ~4 pm were 231 

associated with photochemical formation after sunrise and accumulation in the following hours.  232 

Average mixing ratios of PAN (1.5 ± 0.3 ppbv) and O3 (26.9 ± 6.1 ppbv) during episodes were 233 

significantly higher (p < 0.01) than those during non-episodes (PAN: 0.5 ± 0.02 ppbv; O3: 17.4 ± 234 

1.1 ppbv), most likely related to meteorological conditions, abundance of precursors and regional 235 

transport. On episode days, higher temperature (p < 0.01), stronger solar radiation (p < 0.01), and 236 

lower humidity (p < 0.01) were captured in daytime hours, with larger diurnal variations, which 237 

were more favorable for photochemical formation. Moreover, precursors were much more 238 

abundant on episodes (TVOCs: 29.8 ± 3.6 ppbv; NO2: 30.6 ± 4.0 ppbv) than those on non-episodes 239 

(TVOCs: 14.9 ± 0.9 ppbv; NO2: 18.2 ± 0.8 ppbv) (p < 0.01), further fueling photochemical 240 

formation. Similarly, SO2 (3.8 ± 0.4 ppbv) and CO (792.6 ± 29.2 ppbv) were higher on episodes 241 

than those on non-episodes (SO2: 3.0 ± 0.1 ppbv; CO: 705.7 ± 9.2 ppbv) (p < 0.01), probably 242 

attributable to the increased regional transport of polluted continental air (Liu et al., 2019; Guo et 243 

al., 2009; So and Wang, 2003) or the reduced planetary boundary layer height (PBLH) on episodes 244 

or both in some cases (e.g. Oct. 20). Detailed description was presented in Text S3. In addition, 245 

though the average NO value was similar on both episodes and non-episodes owing to the different 246 

degrees of O3 titration by NO, the morning NO peak value was higher while the afternoon values 247 

were lower on episodes, mainly due to poorer dispersion in the morning and stronger 248 

photochemical reactions (hence stronger NO titration) in daytime hours in a VOCs-limited regime.  249 

 250 
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 251 

Figure 2. Diurnal trends of observed PAN, O3, TVOCs, other trace gases and meteorological 252 

parameters on (a) episodes and (b) non-episodes 253 

3.2 Relationship between PAN and O3 254 

PAN to O3 ratio illustrates their relative photochemical production efficiencies. High PAN/O3 was 255 

applied as an indicator for severe air pollution (Roberts et al., 1995; Stockwell et al., 1995; Zhang 256 

et al., 2014a; Liu et al., 2018). Figure 3 presents the correlations between PAN and O3 during 257 

daytime hours (7:00-19:00) on episode and non-episode days. Clearly, high correlations were 258 

found on episode days (Oct. 20, 31, and Nov. 04, 15) with R2 from 0.81 to 0.99, reflecting the fact 259 

that both PAN and O3 were dominated by photochemical formation with common precursors, 260 

and/or were transported from a common source region. In contrast, correlation was poor on non-261 

episodes (R2 = 0.28), indicating the interference of regional transport, intrusion from upper 262 

atmosphere and background levels. The slopes of PAN to O3 on episodes were 0.043-0.058, 263 

implying that 4.3 to 5.8 ppbv PAN were produced whenever 100 ppbv O3 were generated via 264 

photochemical formation. In comparison, ratios on episodes found in this study were higher than 265 

those at other suburban sites, close to those obtained in urban Beijing and Ontario (Table S4), and 266 

lower than values reported in urban Lanzhou, indicating the contribution of urban air plume at TC 267 
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on episodes. In contrast, average PAN/O3 ratio was 0.011 on non-episodes, within the range of 268 

ratios observed at other rural sites, suggesting the influence of clean air masses from coastal or 269 

marine areas. Moreover, the average NO2 level (30.6 ± 3.9 ppbv) on episode days was much higher 270 

than that (18.2 ± 0.8 ppbv) on non-episode days (p < 0.01) (Figure 3). This was because NO2 was 271 

an important precursor in PAN formation (Xue et al., 2014; Zhang et al., 2014b; Han et al., 2017). 272 

Besides, Figure S8 reveals a moderate correlation between daily averaged PAN and NO2 in Hong 273 

Kong, with an R2 of 0.47. 274 

 275 

 276 

Figure 3. Relationships between daytime PAN and O3 (7:00-19:00) on the sampling days (Gray 277 

dots for others: measurement data on non-episodes) 278 

 279 

In general, higher PAN/O3 was observed in more polluted air, reflecting the fact that O3 production 280 

was less efficient than PAN (Lin et al., 1988; Roberts et al., 1995).  Table 1 lists the production 281 

and destruction rates of O3 and PAN extracted from the PBM-MCM model during episodes and 282 

non-episodes at TC. Both production and destruction processes of O3 and PAN were enhanced on 283 

episodes, since elevated VOCs and NOx in highly polluted air facilitated reaction cycles of O3 and 284 

PAN. The O3 production rate, destruction rate and net production increased only by 15%, 27% and 285 

14% on episodes, respectively, much lower than those of PAN (145%, 149% and 127%, 286 

respectively). This was because O3 production was dependent on NOx conversion, and NO also 287 

titrated O3 rapidly in the atmosphere. In contrast, increased VOCs and NOx significantly enhanced 288 
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the PAN formation, since VOCs and NO2 dominantly contributed to the sole production pathway 289 

“PA + NO2 → PAN”, and the destruction rate driven by NO (~103 in magnitude) was negligible 290 

compared to thermal decomposition (~106~107). 291 

 292 

Table 1 Simulated production and destruction rates of O3 and PAN during episodes and non-293 

episodes at TC 294 

Pathway 
Production and destruction rates (moleculesꞏcm-3ꞏs-1) 

Change 
Episodes Non-episodes 

HO2 + NO 1.34×108 1.19×108 13% 

RO2 + NO 2.65×107 2.03×107 31% 

Gross O3 production 1.60×108 1.39×108 15% 

HO2 + O3 1.12×106 1.11×106 1% 

O1D + H2O 3.79×106 3.12×106 22% 

OH + O3 8.42×105 7.36×105 14% 

OH + NO2 4.51×106 3.15×106 43% 

O3 + alkenes 2.26×105 1.66×105 36% 

Gross O3 destruction 1.05×107 8.28×106 27% 

Net O3 production 1.50×108 1.31×108 14% 

PA + NO2 

(Gross PAN production) 
1.56×107 6.36×106 145% 

Thermal decomposition 1.32×107 5.32×106 149% 

PAN + NO 1.63×103 1.04×103 56% 

Gross PAN destruction 1.32×107 5.32×106 149% 

Net PAN production 2.37×106 1.05×106 127% 

 295 

3.3 Formation mechanism of PAN 296 

3.3.1 Formation and loss pathways of PA radical 297 

Formation and loss pathways of PA radical (hence PAN) were further explored in the sampling 298 

period. Note: production and destruction rates discussed here were all for locally-produced PAN 299 

at TC. Figure 4 illustrates the diurnal patterns of major formation and loss pathways of PA radical 300 

during episodes and non-episodes (production and destruction rates of other pathways are listed in 301 

Table S5). Area shaded with solid color represented pathways derived from oxidations of 302 
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hydrocarbons or OVOCs precursors; while slash-shaded area showed the transformation between 303 

PA radical and PAN, which accounted for 62.1 ± 3.6% and 69.5 ± 2.9% of total production and 304 

destruction of PA radical in the photochemical cycling, respectively. Intensive transformation at 305 

TC was attributed to the high temperature (31.6 ± 3.3℃) during the sampling period. Except for 306 

the reactions between O3 and C5H8 for PA production, and the PA destruction driven by NO3 307 

(Table S5), most pathways related to precursors (solid-colored) enhanced after sunrise and peaked 308 

at noontime (~12 pm). This feature was associated with the highest solar radiation at around 12 309 

pm, when photochemical reactions became the most intensive, leading to highest simulated OH 310 

and HO2 levels (Figure S8S9). Instead, production rate of PA through “O3 + C5H8” reached the 311 

maximum at 4 pm when the highest O3 was observed, whereas NO3 started to accumulate in the 312 

afternoon reaching the peak destruction rates of “PA + NO3” at night. In addition, reaction rates 313 

of transformation between PA and PAN had high correlations with temperature (peaked at ~2pm) 314 

on both episodes (R2 = 0.75-0.84) and non-episodes (R2 = 0.75-0.77). Due to the combined effect 315 

of all pathways including transformation, both production and destruction of PA radical peaked at 316 

~1 pm.  317 

In comparison, the gross production or destruction rate of PA radical during episodes (1.86 ± 0.12 318 

× 107 moleculesꞏcm-3ꞏs-1) was much higher than that on non-episodes (9.19 ± 0.05 × 106 319 

moleculesꞏcm-3ꞏs-1), so was each individual pathway (p < 0.01).  It suggested more efficient radical 320 

cycling and photochemical formation on episodes, propelled by higher temperature, stronger solar 321 

radiation and more abundant precursors. 322 
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 323 

Figure 4. PA production and destruction rates of major formation and loss pathways during 324 

episode and non-episodes  325 

 326 

For the contribution of each pathway to PA (hence PAN) production (Figure S9S10), the 327 

transformation between PA radical and PAN was not considered so as to better investigate the role 328 

of precursors. Oxidation of acetaldehyde by OH and NO3 was the most significant source of PA 329 

at TC, accounting for 65.3 ± 2.3%, followed by photolysis and oxidation of MGLY by OH and 330 

NO3 with a percentage of 12.7 ± 1.2%. OH and NO3 radicals are both important photochemical 331 

oxidants in the atmosphere, while OH outweighs NO3 in daytime chemistry, and NO3 plays a vital 332 

role at night (Vrekoussis et al., 2004). Propagation of other radicals to PA radical (named radical 333 

cycling hereafter), including decomposition of some larger RO/RO2 radicals or reactions of larger 334 

acyl peroxy radicals with NO, was also an important source of PA, accounting for 12.2 ± 0.8%, 335 

while the oxidation of other OVOCs made a contribution of 8.0 ± 0.6%. Moreover, oxidation of 336 

acetone (1.2 ± 0.3%), reaction between O3 and isoprene (0.5 ± 0.2%), and oxidation of MVK and 337 

MACR (0.1 ± 0.02%) had minor contributions to PA production. Compared to previous studies in 338 

Beijing (34.11 - 50.19%) (Xue et al., 2014) and Guangzhou (46%) (Yuan et al., 2018), 339 

acetaldehyde oxidation made larger contributions in suburban Hong Kong, likely due to a higher 340 

proportion of CH3CHO within potential precursors (3.06 ± 0.20% in percentage and 1.51 ± 0.13 341 

ppbv in mixing ratio). Furthermore, reaction with NO was the most predominant pathway of PA 342 
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destruction (99.5 ± 0.3%). No significant differences in proportions of individual pathways to PA 343 

were found between episodes and non-episodes, suggesting similar pollutant profiles (composition) 344 

in the atmosphere around TC. 345 

Oxidation of acetaldehyde played a predominant role in PA production. Apart from primary 346 

emissions, acetaldehyde can be generated through secondary formation from hydrocarbons. The 347 

PBM-MCM model simulation suggested that 57.6 ± 8.2% of acetaldehyde at TC was of 348 

photochemical origin (Ling et al., 2016). In addition, the other OVOCs were mainly produced 349 

during the oxidation of hydrocarbons. Therefore, the identification of key first-generation 350 

precursors governing PAN formation was crucial.  351 

3.3.2 PAN-precursors relationship 352 

Figure 5 shows the relative incremental reactivity (RIR) values of PAN precursors, including NOx, 353 

each group of VOCs, and average contribution of each VOC group to PAN. In Figure 5(a), RIRs 354 

of all VOC groups were positive. Carbonyls had the highest RIR value, followed by aromatics, 355 

alkenes/alkynes, BVOCs, alkanes and halocarbons. In addition, the RIR of NO was negative, while 356 

NO2 had positive RIR value. The results implied that the photochemical formation of PAN at TC 357 

was mostly controlled by VOCs. It is noteworthy that NO2 also facilitated the PAN formation, 358 

which is different from O3 formation mechanism, because NO2 directly makes PAN while it 359 

produces oxygen radical in O3 formation. In contrast, NO inhibited PAN formation as it 360 

participated in the decomposition of PAN and consumed PA radical in the atmosphere. VOCs 361 

contributed to PAN formation by producing PA radical, not only in the processes of direct 362 

oxidation/decomposition (Factor 1) via seven major production pathways mentioned above, but 363 

also by regulating the OH concentration (Factor 2) in the atmosphere (Zeng et al., 2018). As 364 

introduced in section 2.4, scenarios BS, CS1 and CS2 were performed to distinguish contributions 365 

of each VOC group to PAN mixing ratio through these two factors, as shown in Figure 5(b). 366 

Through direct oxidation/decomposition (Factor 1), carbonyls led to the largest increase of PAN 367 

(0.34 ± 0.02 ppbv, 59 %) at TC, followed by aromatics (0.15 ± 0.02 ppbv, 26 %), BVOCs (0.06 ± 368 

0.01 ppbv, 10 %), alkenes/alkynes (0.01 ± 0.002 ppbv, 2 %), alkanes (0.01 ± 0.001 ppbv, 2 %) and 369 

halocarbons (0.006 ± 0.001 ppbv, 1 %), which was almost consistent with the RIR results. Besides, 370 

active VOCs like carbonyls, aromatics, BVOCs and alkenes/alkynes all had large influence on 371 

facilitating PAN production through building up OH concentration in suburban Hong Kong (Zeng 372 

et al., 2018).  In other words, their stimulation on OH abundance further enhanced the production 373 
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of PA radical. Though alkenes/alkynes were not likely to directly decompose/oxidize to form PA 374 

radical, it facilitated OH/HO2 circulation at TC, which added up to a considerate contribution to 375 

PAN formation. Since carbonyls had both primary and secondary sources, partial carbonyls 376 

considered in the simulation came from other groups of VOCs. Hence, the contribution of 377 

carbonyls on PAN was overestimated, while there was an underestimation on those of other VOCs.  378 

Figure S10 S11 displays RIR values of ten key first-generation VOC species (i.e. hydrocarbons) 379 

governing PAN formation. Xylenes, isoprene, trimethylbenzenes, toluene, branched pentanes and 380 

C2,4,5 alkenes/alkynes were identified as the most important PAN precursors in suburban Hong 381 

Kong. This result agreed with a previous study in suburban Beijing (Xue et al., 2014), which also 382 

proved the importance of aromatics and isoprene. Differently, this study found the significance of 383 

branched pentanes in Hong Kong. 384 

 385 

Figure 5. (a) RIR values of different VOC groups and NOx and (b) average contributions of each 386 

VOC group to PAN at TC (Factors 1 and 2 are shown with green and red bars, respectively). 387 

Please refer to Table S6 for details of the VOC species in each group. 388 

 389 

3.4 Impact on local O3 formation 390 

PAN photochemistry influences the budget of NOx and VOCs/OVOCs that act as O3 precursors in 391 

the troposphere, thus regulating local O3 formation. Figure 6 shows variations of O3, NO2, OH and 392 

HO2 induced by PAN formation in the daytime (7:00-19:00). The variations were derived from 393 

the differences between CS3 and BS described in section 2.4. Overall, PAN formation at TC 394 
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suppressed the local O3 production, with an average O3 reduction of 1.80 ± 0.25 ppbv on these 395 

days. The O3 reduction correlated well (R2=0.67) with the increment of PAN at a slope of 2.84 396 

ppbv/ppbv (Figure S11S12). In other words, O3 was reduced by 2.84 ppbv with one ppbv PAN 397 

formation at TC. By looking into the variations of NOx and atmospheric oxidative capacity (Figure 398 

6), it was found that decrease in NO2 (0.15 ± 0.04 ppbv), OH (5.00 ± 1.16×105 moleculesꞏcm-3) 399 

and HO2 (2.21 ± 0.56×107 moleculesꞏcm-3) was driven by PAN production. Meanwhile, average 400 

NO level was enhanced by 0.16 ± 0.04 ppbv. Moreover, O3 variation had highly positive 401 

correlations with the changes of OH (R2 = 0.75) and HO2 (R2 = 0.78) radicals, and negative 402 

correlation with the NO pattern (R2 = 0.60), suggesting the VOC-limited regime in suburban Hong 403 

Kong. It is known that PAN and O3 formation competes for NO2 in the photochemistry. In this 404 

study, NO2 participated in the reaction “𝑁𝑂ଶ
௛௩
ሱሮ 𝑁𝑂 ൅ 𝑂” to form O3 and the reaction “𝑁𝑂ଶ ൅405 

𝑃𝐴 → 𝑃𝐴𝑁” to generate PAN, with branching ratios of 0.995 and 0.005, respectively. Solar 406 

radiation, temperature and PA concentration were the important influence factors branching these 407 

two pathways. Figure 7 displays production rates of O3 formation/loss pathways with/without PAN 408 

photochemistry. Generally, O3 was formed alongside the NO-NO2 conversion in the OH-RO2-RO-409 

HO2 cycle. PAN formation consumed NOx and radicals, thus suppressing the whole cycle. This 410 

weakened both O3 formation and loss pathways by ~33 % and ~25 % respectively, leading to 411 

reduction of O3 production. Therefore, net O3 production rate decreased by ~36 %. In addition, O3 412 

formation rates of two dominant pathways, i.e. “RO2+NO” and “HO2+NO”, decreased by ~43 % 413 

and ~28 %, respectively. The dramatic weakening of “RO2+NO” was attributable to the reduction 414 

of RO2 (~40 %) caused by PAN photochemistry.  415 

As the most abundant species among total peroxyacetyl nitrates (TPANs), PAN on average 416 

accounted for 40.8±2.3% of TPANs during the sampling period in suburban Hong Kong, which 417 

further implied a non-negligible contribution of TPANs to O3 formation.  418 
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 419 

Figure 6. Variations of O3, NO2, NO, OH and HO2 induced by PAN formation during 7:00-19:00 420 

(Unit: ppbv for O3, NO and NO2; molecules/cm3 for OH and HO2) 421 

 422 

Figure 7. Formation/loss pathways of O3 production at TC with/without PAN photochemistry 423 

 424 

4. Conclusions 425 

A field measurement was performed at TC site in suburban Hong Kong in autumn 2016, in order 426 

to understand the origin and atmospheric fate of PAN in this region and its influence on local O3 427 

formation. The average and maximum values of observed PAN were 0.63 ± 0.05 ppbv and 7.30 428 

ppbv, respectively. Several high pollution episodes were captured with more abundant precursors 429 
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and favorable meteorological conditions, leading to more intensive in-situ secondary formation. 430 

Higher PAN/O3 ratio on episodes than on non-episodes implied that O3 production was less 431 

efficient than PAN when there was an elevation of precursors, i.e. VOCs and NOx. 432 

In-situ PAN photochemistry was investigated using the PBM-MCM model, which underestimated 433 

PAN levels during episodes due to the lack of consideration of regional transport in the model. 434 

Simulations found that except for the transformation between PA and PAN, oxidations of 435 

acetaldehyde, MGLY and other OVOCs as well as radical cycling were key pathways to form PA 436 

radical and hence PAN. Analysis of relative incremental reactivity indicated that PAN production 437 

was limited by both VOCs and NO2 in suburban Hong Kong. Among various VOC groups, 438 

carbonyls had the highest RIR value and made the largest contribution to PAN level (0.34 ± 0.02 439 

ppbv, 59%), followed by aromatics (0.15 ± 0.02 ppbv, 26%) and BVOCs (0.06 ± 0.01 ppbv, 10%) 440 

through direct oxidation/decomposition to form PA radical. Furthermore, active VOCs (i.e. 441 

carbonyls, aromatics, BVOCs, alkenes/alkynes) further facilitated PAN production through 442 

building up OH abundance in the atmosphere. In addition to primary emissions, carbonyls came 443 

from oxidations of first-generation precursors, i.e. hydrocarbons, mainly including aromatics, 444 

isoprene, branched pentanes and C2,4,5 alkenes/alkynes.  445 

Analysis on the impact of PAN on local O3 formation revealed that the formation of PAN 446 

suppressed the HOx and NO2 production and increased NO level during the sampling period, 447 

leading to an O3 reduction at a rate of 2.84 ppbv per ppbv PAN formation. Moreover, each 448 

individual production/loss pathway of O3 was inhibited, and the net production rate decreased by 449 

~36 % during the sampling period in suburban Hong Kong.  450 
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