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 VOCs concentrations were measured online by PTR-MS during autumn in Hong 

Kong. 

 OVOCs were the dominant species with potential for ozone formation. 

 The largest contributor to ambient VOCs was biomass burning during campaign. 

 The air pollution in Hong Kong was strongly influenced by urban plumes from 

GBA/PRD and by oceanic emissions. 
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Abstract 23 

Volatile organic compounds (VOCs) that are emitted from biomass burning, vehicle 24 

exhaust, and industrial emissions play a vital role in the formation of ozone (O3) and 25 

secondary organic aerosols (SOA). Since VOCs are the precursors of O3 and aerosol 26 

pollution which have become the world’s most emergent environmental problems, a 27 

field measurement study focused on VOCs was carried out from 27 August to 10 28 

October 2018 in a rural coastal site in Hong Kong. During the campaign, 13 VOC 29 

species were detected continuously with proton-transfer-reaction quadrupole mass 30 

spectrometry, and their effects on photochemical air pollution were studied. Methanol 31 

was the most abundant species among the measured VOCs (average concentration, 3.73 32 

± 3.26 ppb), and higher concentrations of oxygenated VOCs were found than reported 33 

in previous studies of atmospheric chemistry in rural areas. Diurnal variations were 34 

observed in the concentrations of various VOC species, indicating that the VOC 35 

concentrations were influenced by photochemical reactions. The amount of O3 36 

formation was estimated based on the maximum incremental reactivity scale of the 37 

VOCs. The top five contributors to O3 formation in Hong Kong (in order) were isoprene 38 

(13.46 μg/m3), methyl ethyl ketone (12.74 μg/m3), xylene (8.52 μg/m3), acetaldehyde 39 

(8.22 μg/m3), and acrolein (4.32 μg/m3). Receptor model positive matrix factorization 40 

(PMF) was used to identify the dominant emission sources and evaluate their 41 

corresponding contributions to VOCs. Five major VOC sources were identified with 42 

the PMF method, including (1) industry and vehicle-related sources (8.1%), (2) 43 

biogenic emissions (5.5%), (3) biomass burning (63.7%), (4) secondary formation 44 
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(9.2%), and (5) ship-related emissions (13.5%). The source apportionment results from 45 

PMF analysis show that the sampling site at the southeastern tip of Hong Kong was 46 

strongly influenced by urban plumes from the Guangdong–Hong Kong–Macao Greater 47 

Bay Area/Pearl River Delta region and by oceanic emissions. 48 

 49 

Key Words: Volatile organic compounds (VOCs); Ozone formation potential (OFP); 50 

Source apportionment; PMF model; PTR-MS 51 

 52 

1. Introduction 53 

Volatile organic compounds (VOCs) are typical air pollutants, and many are 54 

carcinogenic (Loh et al., 2007; Stolwijk, 1990) and adversely affect human health 55 

(Azuma et al., 2016). In addition to these direct harmful effects on the human body, 56 

VOCs also exert significant effects on the atmospheric chemistry. In the troposphere, 57 

VOCs oxidized by hydroxyl radicals (OH), ozone (O3) and chlorine radical (Cl) radicals 58 

will generate intermediates such as hydroperoxy radicals (HO2) and organic peroxy 59 

radicals (RO2), causing the recycling of nitrogen oxides (NOx), and further influence 60 

photochemical processes (Claeys et al., 2004; Tham et al., 2016; Wang et al., 2016), 61 

especially the formation of the ground-level O3 (Shao et al., 2009) and secondary 62 

organic aerosols (Yuan et al., 2013). It is thus crucial to identify and understand the 63 

characteristics of VOCs, as they are the precursors of photochemical smog and toxic 64 

species (Guo et al., 2007; Huang et al., 2015; Sun et al., 2018; Wang and Milford, 2001; 65 

Yen and Horng, 2009). 66 
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The Guangdong–Hong Kong–Macao Greater Bay Area (GBA) was defined in 2017 as 67 

including Hong Kong, Macao, and several municipal regions in Guangdong province, 68 

namely Guangzhou, Shenzhen, Zhuhai, Foshan, Huizhou, Dongguan, Zhongshan, 69 

Jiangmen, and Zhaoqing. With the Pearl River Delta region as its basis, the GBA will 70 

become a first-class international bay area and world-class urban agglomeration, but 71 

rapid industrialization and urbanization have led to many air pollution episodes. For 72 

example, the O3 concentration on China’s southern coast increased at a rate of 0.35 73 

ppbv per year between 1994 and 2018 (Wang et al., 2019). Due to its high population 74 

density and its unique location in the southeast of the GBA, Hong Kong has also 75 

struggled with this large increase in VOC emissions (Chan et al., 2002; Cui et al., 2018; 76 

Lee et al., 2002) and O3 pollution (So and Wang, 2003; Wang et al., 2017). 77 

Studies have identified complex VOC sources and contributions in Hong Kong (Guo et 78 

al., 2007; Lau et al., 2010; Liu et al., 2008), which is a major metropolis south of China 79 

(Chan and Yao, 2008). Hong Kong’s air quality is affected by its large population (7.5 80 

million residents) and heavy traffic (nearly 880,000 registered vehicles). Emissions 81 

from solvents and vehicles are the key contributors to O3 formation in the urban area of 82 

Hong Kong (Lam et al., 2013; Lau et al., 2010; Ling and Guo, 2014). Hong Kong is 83 

also affected by the Asian monsoon, which comprises marine wind from the southwest 84 

in summer and continental wind from the northeast in winter. The northern winds from 85 

the continent also reduce the air quality in autumn and winter (Lyu et al., 2020). 86 

In general, the O3 formation potential (OFP) reflects the contribution of VOC species 87 

to O3 generation, and may be used to evaluate the key VOC species in O3 episodes. 88 



5 

Identifying and quantifying the contributions from each source is also crucial for air 89 

pollution abatement and for the formulation of control measures and strategies. Positive 90 

matrix factorization (PMF) is one of the receptor models, which has been widely used 91 

to study the source VOC profiles (Anderson et al., 2001; Brown et al., 2007; Cai et al., 92 

2010; Guo et al., 2011; Zhu et al., 2018). It is crucial to understand the chemical 93 

composition of VOCs, identify major source regions of air pollution, and quantify the 94 

relative contribution of each source sector to ambient VOC concentrations, especially 95 

for cities such as Hong Kong that experience severe photochemical smog and O3 96 

pollution. 97 

In this study, field measurements were conducted at a coastal site (Hok Tsui; HT) in 98 

Hong Kong from August to October 2018. The VOC concentrations were measured 99 

using an online high-resolution instrument (proton-transfer-reaction quadrupole mass 100 

spectrometry; PTR-QMS). The concentrations of the 13 calibrated species of VOCs and 101 

oxygenated VOCs (OVOCs) were determined and thoroughly analyzed. The OFP was 102 

used to identify the key species for O3 generation at the HT site, and PMF was used to 103 

apportion the VOCs to their respective sources. The updated source contributions were 104 

identified and quantified in Hong Kong and the GBA according to the PMF estimation 105 

results. 106 

2. Methods 107 

2.1 Sampling site and periods 108 

The field measurements of VOCs were conducted at the Cape D’Aguilar Supersite Air-109 

Quality Monitoring Station (the HT site; owned by the Hong Kong Environmental 110 
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Protection Department; 22.22°N, 114.25°E, 60 m above sea level), located at the 111 

southeastern tip of Hong Kong Island (Fig. 1). During autumn, the average temperature 112 

is 26.7°C, the average relative humidity is 72.5%, and it has a typical subtropical 113 

monsoon climate. As a rural coastal site that faces the South China Sea with a sea view 114 

of more than 270°, the HT site is usually an upwind corner of Hong Kong and the GBA 115 

and is strongly influenced by oceanic emissions, urban plumes, and biogenic emissions 116 

(Wang et al., 2009). Although this station is located in Hong Kong, the HT site has been 117 

widely used as an ideal regional background site to investigate air pollution in the GBA 118 

and Hong Kong region (Lee et al., 2002; Lui et al., 2017). The field campaigns were 119 

conducted during late summer and autumn in 2018 from 27 August to 10 October, 120 

which is a common period of photochemical and particulate pollution in Hong Kong 121 

and the GBA (Lyu et al., 2020). An extremely powerful and catastrophic tropical 122 

cyclone, Typhoon Mangkhut, formed in early September 2018 and caused extensive 123 

damage in Hong Kong and GBA in middle-to-late September 2018 (Cheung and Su, 124 

2018). Hence, for safety reasons data for trace gases and VOCs were not obtained for 125 

15–19 September and 17–25 September, respectively. 126 

2.2 Measurement 127 

For the first time, state-of-the-art high-resolution PTR-QMS (PTR-QMS 500, 128 

IONICON Analytik, Austria) was used to comprehensively investigate the 129 

photochemical oxidation of VOCs and the formation of secondary organic aerosols at 130 

a regional urban background site in Hong Kong. PTR-MS has been widely used for 131 

online VOC measurements in field studies (Li et al., 2019; Yuan et al., 2013b). In 132 
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principle, the continuous introduced VOCs which are injected into the drift tube via a 133 

Venturi-type inlet undergoes non-dissociative proton transfer from H3O
+ ions (from 134 

water vapor via hollow cathode discharge) and further ionized as VOC·H+ fragments 135 

and then detected by a quadrupole mass filter (Hewitt et al., 2003). Normally, PTR-MS 136 

can only detect the substance with a proton affinity greater than water (165.2 kcal/mol). 137 

During this campaign, the PTR-MS operation system was operated under H3O
+ mode, 138 

and H3O
+ primary ions were set to a constant drift tube pressure of 2.2 mbar. The field 139 

density ratio (E/N; where E is the electric-field strength, and N is the gas-number 140 

density) was 136 Td, and the temperatures of the inside and outside sample inlets were 141 

both 60°C. The sampling flow-rate was 300 mL min-1 for the inlet flow controller and 142 

245 mL min-1 for the pressure controller. 143 

A large variety of VOCs and OVOCs were quantified online with PTR-MS at a high 144 

time resolution. The specific species of interest in this study were (1) alkenes, namely 145 

m/z 69 for isoprene and m/z 137 for monoterpenes; (2) aromatic hydrocarbons, namely 146 

m/z 79 for benzene, m/z 93 for toluene, and m/z 107 for xylene; (3) OVOCs, namely 147 

m/z 33 for methanol, m/z 45 for acetaldehyde, m/z 57 for acrolein, m/z 59 for acetone, 148 

m/z 71 for methyl vinyl ketone (MVK) and methacrolein (MACR), m/z 73 for methyl 149 

ethyl ketone (MEK), and m/z 113 for products from the ozonolysis of terpenes; and (4) 150 

others, such as m/z 42 for acetonitrile. The data were collected and processed with PTR-151 

MS Viewer version 3.2. The signal of m/z 113 was observed in ambient air above a 152 

Ponderosa pine forest canopy in California, and the results from chamber experiments 153 

confirmed that this ion is consistent with the products of terpene ozonolysis (Lee et al., 154 
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2006). Another field study at Mount Tai in China also identified the signal as 155 

representing unsaturated aldehydes or ketones (Inomata et al., 2010). As a result, we 156 

attributed this m/z 113 signal to the products from the ozonolysis of terpenes (terpenes 157 

oxidation products; TOPs). The PTR-MS program measured the above-mentioned m/z 158 

values at a time interval of approximately 26 s. 159 

During the campaign, the ambient temperature changed slightly and humidity change 160 

contributed little on the major uncertainty in PTR-MS measurements (Eerdekens et al., 161 

2009; Kari et al., 2018; Warneke et al., 2001). For quality control, the PTR-MS was 162 

calibrated with a gas calibration unit (GCU, IONICON Analytik, Austria) containing a 163 

standard gas canister (RESTEK canister, IONICON Analytik, Austria) containing 27 164 

types of VOCs. Zero air was introduced every day, to check the baseline of VOCs. 165 

Calibration was conducted every week, and a five-point curve was used to qualify the 166 

concentrations of VOCs. The details of the calibration procedure, including the mixing 167 

ratio of the standard gas, the calibration curve, the correlation coefficient, and the 168 

detection limits, are listed in Table S1. All species observed during the field campaign 169 

had good correlation coefficients (0.995 to 0.997). 170 

In addition, to integrate the VOC measurements, the concentrations of nitric oxide (NO), 171 

nitrogen dioxide (NO2), O3, carbon monoxide (CO), and sulfur dioxide (SO2) were 172 

measured every minute. NO and NO2 were measured with an NOx analyzer (Model 173 

42i-TL, Thermo Fisher Scientific Inc., USA), and O3 was measured with an O3 analyzer 174 

(Model 49i, Thermo Fisher Scientific Inc., USA). CO was measured with an CO 175 

analyzer (Model 48i, Thermo Fisher Scientific Inc., USA), and SO2 was measured with 176 
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an SO2 analyzer (Model 43i, Thermo Fisher Scientific Inc., USA). The data for the CO 177 

and SO2 concentrations and for the meteorological conditions (temperature and relative 178 

humidity) were provided by the Hong Kong Environmental Protection Department. The 179 

sampling inlets of these trace gas analyzers were at the same position as those for PTR-180 

MS, and their flow-rates were 1.5 L min−1. The time series of the above trace gases, the 181 

meteorological conditions, and the representative biogenic VOC isoprene and 182 

anthropogenic VOC benzene are shown in Fig. 2. 183 

2.3 Ozone formation potential 184 

VOCs are important precursors of ground-level ozone (Seinfeld et al., 2016). OFP is 185 

extensively used to estimate the contribution of individual VOC compounds to O3 186 

generation (Huang et al., 2008), as it reflects the relative contribution of various VOCs 187 

to the generation of O3. The OFP was developed by implementing the box model 188 

simulation with different scenarios, and the maximum incremental reactivity (MIR) is 189 

used to reflect the ozone production which is more sensitive to the variation of VOCs 190 

than NOX. As a rural coastal site, the peak ozone concentration at HT is controlled by 191 

both VOCs and NOX in different seasons. But during the sample period, VOCs play a 192 

more sensitive role in ozone formation (Jin and Holloway, 2015). In addition, the MIR 193 

was also used for the estimation of OFP at HT (So and Wang, 2004) and Pearl River 194 

Delta (PRD) rural areas (Tang et al., 2007) in previous studies. This is then used to 195 

determine the key sources and precursors of O3 ,and specific MIR and VOC 196 

concentrations are used for OFP calculations, as follows (Equation (1)): 197 

𝑂𝐹𝑃 (𝑗) = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛(𝑗) × 𝑀𝐼𝑅(𝑗)                                 (1) 198 
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where 𝑂𝐹𝑃 (𝑗) is the OFP for the specific VOC species 𝑗; 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛(𝑗) is the 199 

concentration of the VOC species 𝑗 (in μg/m3); and MIR (in grams of O3 per gram of 200 

organic compound) is the maximum incremental reactivity coefficient of the VOC 201 

species 𝑗, as developed and obtained by Carter (Carter, 2010). 202 

2.4 PMF for source apportionment 203 

Source apportionment techniques generally use a receptor model based on intrinsic 204 

statistical features of ambient measurement data (Watson et al., 2001). The receptor 205 

model is used to estimate the source contributions of pollutions and to evaluate the 206 

bottom-up emission inventories, although these are difficult to establish due to 207 

significant uncertainties (Zhang et al., 2009). PMF is an advanced multivariate receptor 208 

model recommended by the United States Environmental Protection Agency (EPA), 209 

and is thus widely used for site-specific calculations of source profiles and the time 210 

series of these sources, including in cases where little is known about the source profiles 211 

(Brown et al., 2007; Cai et al., 2010; Guo et al., 2011; Huang et al., 2015; Yuan et al., 212 

2012). EPA PMF version 5.0 was used in this field study to characterize and identify 213 

the sources of VOC species. 214 

Theoretically, PMF presents the contribution of n chemical species from p independent 215 

sources with the following chemical mass equation (Miller et al., 1972): 216 

𝑥𝑖𝑗 = ∑ 𝑔𝑖𝑘𝑓𝑘𝑗 + 𝑒𝑖𝑗
𝑝
𝑘=1                                                 (2) 217 

where 𝑥𝑖𝑗  represents the concentration of j th species in 𝑖 th chemical sample; 𝑔𝑖𝑘 218 

represents the contribution of the 𝑘 th source to the 𝑖th sample; 𝑓𝑘𝑗  represents the 219 

score matrix of the jth species on the 𝑘th source factor; 𝑒𝑖𝑗  represents the residual 220 
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factor for the jth species at the 𝑖th chemical sample (Paatero, 1997), and p represents 221 

the total number of independent sources, which is determined by several normalized 222 

different factors, such as the residual distribution for a specific VOC sample, factor 223 

scores of the measured concentrations of a VOC, and the error squares of concentration 224 

for a specific VOC (Anderson et al., 2001). A minimized object function 𝑄  (see 225 

Equation (3)) is introduced into this receptor model to yield the solution, which is based 226 

on uncertainties (u). 227 

𝑄 =  ∑ ∑ (
𝑒𝑖𝑗

𝑠𝑖𝑗
)

2
𝑛
𝑗=1

𝑚
𝑖=1                                                  (3) 228 

where 𝑒𝑖𝑗 represents the residual factor for the jth species at the 𝑖th chemical sample, 229 

and 𝑠𝑖𝑗 represents the uncertainty of the jth species at the 𝑖th chemical sample, which 230 

is calculated using the error fraction and method detection limit (Polissar et al., 1998). 231 

Poirot et al. (2001) and Hopke (2014) have also developed methods to deal with data 232 

that are missing or below the detection limit. The PMF model could extract source 233 

contributions from ambient samples without source profile, source apportionment 234 

rapidly. 235 

3. Results and discussion 236 

3.1 Observation of VOCs 237 

Table 1 shows the concentration of VOC species at the HT site and a comparison with 238 

data from four other suburban sites: (1) Tai O (Guo et al., 2006), another coastal area 239 

on the southwestern tip of Hong Kong; (2) Changdao (Yuan et al., 2013b), a coastal 240 

area between Liaoning Peninsula and Jiaodong Peninsula; (3) the Panyu District of 241 

Guangzhou (Zou et al., 2015), which is approximately 15 km south of downtown 242 
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Guangzhou (a key city in the GBA); and (4) the Huairou District of Beijing (Li et al., 243 

2019), which is approximately 50 km from the North 5th Ring Road and influenced by 244 

the urban plume. The geographic locations of these sites are listed in Fig. S1 in the 245 

Supplemental Information. 246 

The range of average VOC concentrations measured at HT (0.07 ± 0.07 ppb [TOPs] to 247 

3.73 ± 3.26 ppb [methanol]) was similar to that from other rural areas. However, slight 248 

differences existed in the concentration ranges of some species measured in these rural 249 

areas. For example, the average concentration of isoprene (a representative biogenic 250 

VOC (BVOC)) at the HT site was 0.47 ppb, which was similar to that at Tai O. 251 

Nevertheless, it is quite high relative to that at Changdao and Huairou. BVOCs play a 252 

critical role in the atmosphere and exert a great influence on climate (Fuentes et al., 253 

2000); this has a significant effect on Hong Kong, a hot tropical city located downwind 254 

from dense forests (Guenther, 1995). The HT site is part of a marine reserve and is lush 255 

with native coastal plants; this large green area may generate high concentrations of 256 

isoprene. Besides, isoprene is also produced by marine organisms (Arnold et al., 2009; 257 

Broadgate et al., 2004; Tran et al., 2013) and it was detected in marine air by PTR-MS 258 

in southern Indian Ocean (Kameyama et al., 2014) and North Pacific Ocean 259 

(Kameyama et al., 2010). A study conducted on the CHINARE cruises suggested the 260 

existence of isoprene in the marine boundary layer and the importance of oceanic 261 

emissions to isoprene (Hu et al., 2013). As a result, the concentrations of MVK + 262 

MACR and MEK were also high, as they are the major intermediate products generated 263 

by isoprene oxidation. The same phenomenon was also observed in monoterpenes 264 
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commonly emitted from plants, whose concentration was approximately 1.9 times and 265 

3.3 times than those measured at Changdao and Huairou, respectively. 266 

Methanol was the most abundant species of the measured VOCs at HT (average 267 

concentration, 3.73 ± 3.26 ppb). The value was lower than that at Changdao, but similar 268 

to those reported in Barcelona (Filella and Peñuelas, 2006) and in Beijing, whose 269 

nearby areas of vegetation are similar to those of the HT site. Methanol mostly 270 

originated from biogenic emissions and secondary formation (from oxidation of 271 

methane). The dominant sink of methanol was reaction with atmospheric oxidants, such 272 

as OH radicals, NO3 radicals, and O3. The reactivities were low, which resulted in a 273 

relatively high concentration of methanol at the HT site (Atkinson, 2000). Acetone had 274 

the second-highest concentration observed during the HT campaigns (average 275 

concentration was 2.43 ± 1.43 ppb), which was slightly higher than the concentrations 276 

in Changdao (1.85 ppb) and Huairou (1.59 ppb). Similar to methanol, the major source 277 

of acetone was primary biogenic emissions, and it was consumed by photolysis and OH 278 

oxidation in the atmosphere. Although acetone showed less reactivity toward 279 

atmospheric oxidants than methanol, photodissociation still played an important role in 280 

its removal (Atkinson et al., 1999), which led to a lower concentration of acetone than 281 

methanol. Benzene, toluene, and xylene are the main components of aromatic VOCs. 282 

The average concentrations of these benzene series compounds (BTX) were lower than 283 

those in other rural sites. As the HT site is a background site of the GBA, the 284 

concentrations of VOCs measured at the HT site were typically lower than those found 285 

at the Changdao and Beijing rural sites (Table 1). However, some species were present 286 
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in high concentrations, which indicated the importance of BVOCs and the key role of 287 

photochemical oxidation on OVOCs formation at the HT site. 288 

We previously conducted a study at the Mong Kok (MK) air quality monitoring station, 289 

a typical urban station in Hong Kong, using PTR-MS to characterize urban VOCs and 290 

OVOCs (Cui et al., 2016). Fig. 3 shows a comparison of the VOC concentrations at 291 

suburban (HT) and urban (MK) sites and the suburban-to-urban ratios of the average 292 

concentrations for each compound. As shown in Fig. 3(a), almost 80% of the measured 293 

VOCs concentrations at the HT site were lower than those that were previously 294 

recorded at the MK site. The blue line in Fig. 3(b) shows the average ratio (0.59) of the 295 

suburban and urban concentrations. In general, the concentrations of hydrocarbons 296 

were lower at the HT site than at the MK site because fewer emissions from vehicles 297 

and human activities were present at the former. The concentrations of the OVOCs 298 

acetone, MEK, and methanol were slightly higher at the HT site than those that were 299 

previously found at the MK site. As shown in Fig. 3(b), the concentrations of methanol 300 

and acetone at the HT site were 1.13 times higher than those that were previously found 301 

at the MK site. Green plant emissions, including plant growth and decay, are reportedly 302 

the principal sources of methanol (Jacob et al., 2005; Schade et al., 2011). In addition, 303 

the differences in the meteorological conditions during these two campaigns may have 304 

led to an increase in the concentration of methanol. The measurement at the MK site 305 

was conducted during four different months (February, May, August and November 306 

2013), thus the final obtained concentration was the average of the measurements from 307 

all four seasons. The lower temperature and weaker solar radiation during MK 308 
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measurements, especially during February and November (Table S2), may have led to 309 

a lower level of methanol formation from photochemical reactions. The concentration 310 

of MEK in suburban areas is 1.23 times higher than that in urban areas. In addition, the 311 

HT site is more than 90% covered by vegetation, which will lead to a high isoprene 312 

concentration and the generation of more isoprene-oxidation products in this area. 313 

3.2 Diurnal variations 314 

Fig. 4 shows the diurnal variations in VOC concentrations at the HT site. As shown in 315 

Fig. 4, the concentrations of all OVOCs were higher during the daytime than at 316 

nighttime, due to the solar radiation and higher temperature during the daytime, while 317 

there was no obvious peak in the concentrations of acetaldehyde and acrolein during 318 

the daytime. The presence of solar radiation and the higher temperature during the 319 

daytime facilitated the photochemical reactions that generate OVOCs, and thus the 320 

concentrations of the OVOCs peaked at noon. There were several minor peaks in 321 

methanol concentrations (e.g., at 05:00 and 12:00), which indicates that it had different 322 

sources. That 05:00 peak was most likely a result of dew formation. During this period, 323 

the increase in methanol was always accompanied by a reduction in the gap between 324 

the temperature and the dew point and by a low wind speed (Fig. S2), which indicates 325 

that methanol emissions were related to condensation; after the leaves became wet, 326 

methanol was dissolved and then released to the atmosphere. This phenomenon has also 327 

been described elsewhere (Filella and Peñuelas, 2006; Warneke et al., 1999). The noon 328 

peak in methanol concentration due to photochemical reaction was a result of the 329 

strongest solar radiation occurring at this point in the day. The concentration of acetone 330 
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showed a similar diurnal variation to methanol, without an effect from dew formation. 331 

There was a slight increase in the concentration of all OVOCs at night, which was 332 

attributed (except for acrolein) to the change in the boundary layer height. Aromatic 333 

compounds showed several maximum-concentration peaks throughout the day. The 334 

07:00 peak was mainly due to the emissions from commuter traffic from a cable station 335 

near the site. The concentrations of benzene, toluene, and xylene decreased during the 336 

daytime due to reaction with OH radicals, but the differences in their loss ratios 337 

demonstrated the differences in their reaction rates (Seinfeld et al., 1998). Another peak 338 

around 20:00 was slightly later than the time of high emissions from normal rush-hour 339 

traffic, and thus may have been caused by long-distance transportation from the urban 340 

area. Isoprene and monoterpene concentrations exhibited the expected trend consistent 341 

with solar radiation, reached an apex at noon. The concentrations of MVK + MACR, 342 

the major photooxidation products of isoprene and monoterpene, and the products from 343 

the ozonolysis of terpenes, were greater in the afternoon because the accumulation of 344 

oxidated isoprene and monoterpene was lower at night. Acetonitrile, as an inert 345 

substance, reacts very slowly with OH radicals (Atkinson et al., 2008). There was a 346 

slight increase in the concentration of acetonitrile during the daytime, and a slow 347 

decrease after sunset. This curve was similar to that of acetonitrile concentration data 348 

from a rural site in New Hampshire, USA (Jordan et al., 2009), and was likely due to 349 

dry deposition (Talbot et al., 2005). The specific and detailed source apportionment for 350 

VOCs is discussed in Section 3.4. 351 

3.3 Ozone formation potential of VOCs 352 



17 

Because VOCs are the precursors of O3, it is important to evaluate their contribution to 353 

O3 formation The MIR method was developed to calculate and assess the contribution 354 

of each VOC to total O3 production (Carter, 1994). Table 2 presents the OFP of the 355 

VOC species measured at the HT site. The results indicate that the contributions of 356 

alkanes, aromatic hydrocarbons, and OVOCs to O3 formation were 26.54%, 20.45%, 357 

and 53.02%, respectively, which indicates that OVOCs were the dominant species that 358 

contributed to O3 formation at the HT site. OVOCs have also been found to be the major 359 

contributors to O3 formation at rural sites rather than at urban sites (Luo et al., 2011). 360 

The top five VOC species (in order) that contributed to O3 formation were isoprene, 361 

MEK, xylene, acetaldehyde, and acrolein (Fig. 5). Isoprene had the highest OFP (13.46 362 

μg/m3) of the measured VOCs, which accounted for 21.47% of the OFP of all measured 363 

VOC species. Previous field studies showed that biogenic emissions remain major 364 

contributors to O3 formation if only isoprene is considered (Lu et al., 2010; Xie et al., 365 

2008). 366 

3.4 Source identification 367 

In this study, the receptor model PMF version 5.0 was used to analyze the measured 368 

VOC data sets for the HT site. The VOC species measured with online PTR-MS (N= 369 

2597) were used to base run into the PMF model. Factor numbers 2 to7 were explored 370 

to resolve the best solution for the PMF results, and various random SEEDs points were 371 

used to minimize the results for each factor number (Paatero, 1997). In an attempt to 372 

generate rotational ambiguity, the fPeak values were changed from –3 to 3. To confirm 373 

the optimal values of the sources, Fig. S3 shows the trials of the theoretical Q value 374 
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with the function of factor sizes. The value of Q/Qexp decreased by 31% from factor 2 375 

to factor 3, and by 41% from factor 3 to factor 4. As the number of factors continued to 376 

increase to 5, the value of Q/Qexp changed from 1.51 (factor 4) to 1.14 (factor 5), and 377 

the decrease was then not obvious. The additional factors in PMF decrease the Q/Qexp 378 

values gradually, and Q/Qexp values should be approximately equal to the number of 379 

degrees of freedom or the total number of data points (Guo et al., 2011). Finally, five 380 

source factors were selected for our analysis of Q/Qexp values. 381 

Fig. 6 shows the source profiles as the percentage of each species mapped in each 382 

respective factor and in terms of source apportionment. Factor 1 comprised high 383 

percentages of the aromatic hydrocarbons benzene (26.95%), toluene (89.22%), and 384 

xylene (79.17%). Because the industrial use of benzene has been forbidden and toluene 385 

is a common ingredient in solvents, the ratio of toluene to benzene (T/B) is a valuable 386 

indicator for the identification of emission sources (Zhang et al., 2013). The T/B ratio 387 

shows a wide range in various studies. Normally, a relatively high T/B value is observed 388 

in a typical industrial area (Sahu et al., 2016; Tiwari et al., 2010), and the ratio would 389 

decreases as the contribution of vehicle emissions increases (Sahu et al., 2020). When 390 

the T/B ratio falls below 1, biomass burning is the dominant source of emissions (Liu 391 

et al., 2008). Fig. 7 presents a scatterplot of toluene to benzene; the T/B slope at the HT 392 

site of factor 1 was 3.2, which fell between the range of industrial and roadside emission. 393 

The 72-h backward trajectories indicate that winds from mainland China passed 394 

through many cities on the ground during the high T/B period from 19:00 to 21:00 on 395 

September 28 (Fig. S4). This result suggests that factor 1 may reflect the mix of 396 
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industrial and automotive emissions. 397 

The major species of factor 2 were isoprene, comprising more than 80% of its total 398 

concentration, and its oxidation products (MVK + MACR). TOPs also contributed more 399 

than 20% of this factor. Moreover, factor 2 peaked during the afternoon and decreased 400 

at night, which formed a similar diurnal curve with biogenic signals due to 401 

photosynthesis. Therefore, factor 2 was related to biogenic emissions. 402 

Factor 3 was dominated by CO (75.5%), benzene (56.13%), acetonitrile (47.4%), and 403 

OVOCs (acetone, acetaldehyde, MEK, and acrolein). CO is an excellent tracer of 404 

combustion emissions, which are discharged from various sources, such as biomass 405 

(Wu et al., 2016), industry (Taiwo et al., 2014), vehicles (Watson et al., 2001), and 406 

residences (Gros and Sciare, 2009). Acetonitrile is a typical marker of biomass burning 407 

(de Gouw et al., 2003; Li et al., 2014). To better explain the trend and correlation, Fig. 408 

8 (a) illustrates the time series of acetonitrile and CO concentrations. As depicted in 409 

Fig. 8 (a), these two pollutants showed similar concentration variations during the field 410 

study. The time at which acetonitrile and CO reached their peak concentrations was 411 

almost identical, and three notable peaks that occurred on September 28, October 4, 412 

and October 8 are framed by a green dashed line. Fig. S5 shows the 72-h backward 413 

trajectories and fire plots when the concentrations of acetonitrile and CO clearly 414 

increased. This reveals the pathways of the air masses that accompanied large numbers 415 

of fire plots at the HT site, which came mainly from mainland China during the period 416 

of high acetonitrile/CO concentrations. The pollutants that are generated by biomass 417 

burning are likely transported to the HT site by the continental wind. Biomass burning 418 
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has been verified as the major contributor to benzene emissions (Andreae and Merlet, 419 

2001; Liu et al., 2008), and large concentrations of OVOCs, such as acetone, 420 

acetaldehyde, acrolein, and methanol, are also generated by this process (Karl et al., 421 

2007; Read et al., 2012). Also, acetone and MEK had a high contribution to this factor 422 

of 63.6% and 50.6%, respectively. A field study at a rural site in north China revealed 423 

that primary emissions such as biomass burning were also a significant source of some 424 

OVOCs, such as acrolein, acetone, and MEK (Zhang et al., 2020). Lyu also proved that 425 

biomass burning is the largest contributor of organic aerosols at the HT site when the 426 

wind comes from the continent (Lyu et al., 2020). Therefore, the VOC species in factor 427 

3 resulted from biomass burning. 428 

A positive correlation was found between factor 4 and secondary formed tracers OX (O3 429 

+ NO2; correlation coefficient, R2 = 0.59) (Fig. 8 (b)), and factor 4 was distinguished 430 

by its high percentage of oxidation products. For example, the percentages of oxidation 431 

products contributed by isoprene and terpenes were 48.51% and 51.26%, respectively. 432 

In addition, the diurnal variation in factor 4 showed a maximum concentration in the 433 

afternoon and early evening. Hence, the high concentration of OVOCs was attributed 434 

mainly to secondary formation in factor 4. 435 

Factor 5 at the HT site was characterized by high percentages of SO2, NO2, and NO. 436 

SO2 and NOX are important constituents of the marine boundary layer (Davis et al., 437 

2001). Because the HT site is a coastal corner with a sea view of more than 270°, Fig. 438 

S6 demonstrates that the concentration of SO2 increased as the wind originated from 439 

the seaside. Acrolein, which contributed 13% to factor 5, is released when biodiesel is 440 
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heated or burned (Stevens and Maier, 2008). Thus, factor 5 was primarily related to 441 

shipping emissions. 442 

Based on the discussion above, five factors were identified from the PMF results at the 443 

HT site in Hong Kong. Fig. 9 illustrates the contributions of the five major emission 444 

sources to the measured VOC concentrations. Generally, the most significant source 445 

was biomass burning, which contributed to 63.7% of the measured VOC concentrations. 446 

The second-largest source was ship-related emissions, which accounted for 13.5% of 447 

the measured VOC concentrations. Secondary formation, a mix of industrial and 448 

vehicle emissions and biogenic emissions, contributed 9.2%, 8.1%, and 5.5% of the 449 

measured VOC concentrations during the campaign, respectively. 450 

4. Conclusions 451 

The concentrations of VOCs and OVOCs were measured by PTR-MS during autumn 452 

in Hong Kong and their emission characteristics, OFP, and relative contributions from 453 

various sources were explored. Methanol was found to be the most abundant species 454 

among the measured VOCs (average concentration, 3.73 ± 3.26 ppb). The concentration 455 

of isoprene and MEK in HT was higher than that which was previously observed in 456 

other rural studies, suggesting besides biogenic emissions, the distinct oceanic 457 

emissions contribute to BVOCs as well. A VOC data set was collected to estimate the 458 

OFP. According to the MIR method, the top five contributors to O3 formation in Hong 459 

Kong (in order) were isoprene, MEK, xylene, acetaldehyde, and acrolein, and isoprene 460 

accounted for 21.47% of all measured VOC species. OVOCs were the dominant species 461 

at the HT site with the potential for O3 formation. 462 
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The receptor model PMF was also used to identify possible sources and to evaluate the 463 

dominant sources of emissions. Five factors were extracted to identify the sources of 464 

VOCs in Hong Kong, namely industrial and vehicle emissions (8.1%); biogenic 465 

emissions (5.5%), biomass burning (63.7%), secondary formation (9.2%), and ship 466 

emissions (13.5%). The results indicate that the air pollution in Hong Kong was 467 

strongly influenced by urban plumes from GBA/PRD and by oceanic emissions during 468 

autumn. 469 
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Tables 

Table 1 

Average concentration of VOCs at HT site and comparison to other studies*. 

VOCs species This study Tai O, coastal  Changdao, rural Panyu, rural Huairou, rural 

Methanol 3.73 ± 3.26 N.A. 5.67 ± 4.80 N.A. 3.42 ± 2.58 

Acetonitrile 0.20 ± 0.20 N.A. 0.21 ± 0.12 N.A. 0.11 ± 0.10 

Acetaldehyde 0.72 ± 0.59 N.A. 0.63 ± 0.44 3.66 0.83 ± 0.57 

Acrolein 0.26 ± 0.23 N.A. N.A. N.A. N.A. 

Acetone 2.43 ± 1.43 N.A. 1.85 ± 0.92 N.A. 1.59 ± 1.17 

Isoprene 0.47 ± 0.47 0.43 ± 0.73 0.01 ± 0.01 N.A. 0.04 ± 0.04 

MVK + MACR 0.11 ± 0.10 N.A. N.A. 1.14 0.13 ± 0.13 

MEK 0.46 ± 0.31 N.A. 0.35 ± 0.22 N.A. 0.38 ± 0.38 

Benzene 0.29 ± 0.20 0.87 ± 0.92 0.55 ± 0.36 N.A. 0.91 ± 0.91 

Toluene 0.25 ± 0.25 5.67 ± 7.13 0.57 ± 0.51 N.A. 0.73 ± 0.73 

Xylene 0.26 ± 0.26 0.38 ± 0.57 N.A. N.A. N.A. 

Terpenes 

oxidation 

products 

0.07 ± 0.07  

N.A. N.A. N.A. N.A. 

Monoterpenes 0.13 ± 0.12 N.A. 0.07 ± 0.06 N.A. 0.04 ± 0.04 

N.A. – not available. 

*The unit of concentration for all VOCs species is ppb. 
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Table 2  

Ozone formation potential of VOCs species at HT. 

VOCs  Concentration (ug/m3)* MIR (g O3/g VOCs) OFP (ug/m3) 

Methanol 4.89  0.65 3.18  

Acetaldehyde 1.30  6.34 8.22  

Acrolein 0.60  7.24 4.32  

Acetone 5.77  0.35 2.02  

Isoprene   1.31  10.28 13.46  

MVK+MACR (average) 0.32  7.615 2.40  

MEK 1.36  9.39 12.74  

Benzene 0.93  0.69 0.64  

Toluene     0.94  3.88 3.66  

Xylene (average) 1.13  7.55 8.52  

Terpenes products 0.32  1.1 0.35  

Monoterpenes 0.72  4.38 3.17  

*The concentrations are the average concentration of VOCs at HT site. 
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Figures 

Fig. 1. Location and appearance of the sampling site in Hok Tsui (HT), Hong Kong 
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Fig. 2. Time series of meteorological parameters, SO2, CO, O3, NOX and representative 

biogenic VOC isoprene and anthropogenic VOC benzene at the HT site. The yellow 

shaded-areas highlight the O3 episodes; the green shaded-area marked as super typhoon 

Mangkhut landfall period. 

  



Fig. 3 Comparison of VOCs between coastal rural (HT) and urban (MK) sites: (a) the 



average concentration of these two works, the solid squares are average concentration; 

the whiskers are standard deviation; (b) ratio of coastal rural site concentration to urban 

site concentration, the yellow shaded-area marks as hydrocarbon species, the green 

shaded-area marks as OVOCs species, the blue dot line is the average ratio value. 



Fig. 4 Diurnal variations of VOCs and O3 at HT site. The blue lines are average 



concentrations, and gray areas indicate standard deviations. The unit of concentration 

for all VOCs species is ppb. 

  



Fig. 5 Top five VOC species in emission concentration and corresponding OFP at HT 

site. 

*Xylene is the arithmetic mean of m/p/o-xylene. 



Fig. 6 Source profiles (percentage of factor total) resolved from PMF at HT site. 

  



Fig. 7 Scatterplots of toluene to benzene at HT site in factor 1. Red line presents the 

T/B ratio in this study, blue dash line presents a study at Qingxi industrial township in 

Dong Guan, Guangdong province (Tang et al., 2007), green dash dot line presents a 

study from Mong Kok roadside station in Hong Kong (Cui et al., 2016). 

  



Fig. 8 Time series of (a) acetonitrile and CO, the green dash line circles three 

significant increases of acetonitrile and CO; (b) resolved factor 4 and OX (O3+NO2) 

from PMF at HT site during campaign. 



Fig. 9 Source apportionment results from PMF at HT site. 
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