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Abstract: Reducing the amount of organic aerosol (OA) is crucial to mitigation of particulate 14 

pollution in China. We present time and air-origin dependent variations of OA markers and source 15 

contributions at a regionally urban background site in South China. The continental air contained 16 

primary OA markers indicative of source categories, such as levoglucosan, fatty acids and oleic 17 

acid. Secondary OA (SOA) markers derived from isoprene and monoterpenes also exhibited higher 18 

concentrations in continental air, due to more emissions of their precursors from terrestrial 19 

ecosystems and facilitation of anthropogenic sulfate for monoterpenes SOA. The marine air and 20 

continental–marine mixed air had more abundant hydroxyl dicarboxylic acids (OHDCA), with 21 

anthropogenic unsaturated organics as potential precursors. However, OHDCA formation in 22 

continental air was likely attributable to both biogenic and anthropogenic precursors. The 23 

production efficiency of OHDCA was highest in marine air, related to the presence of sulfur 24 

dioxide and/or organic precursors in ship emissions. Regional biomass burning (BB) was identified 25 

as the largest contributor of OA in continental air, with contributions fluctuating from 8% to 74%. 26 

In contrast, anthropogenic SOA accounted for the highest fraction of OA in marine (37±4%) and 27 

mixed air (31±3%), overriding the contributions from BB. This study demonstrates the utility of 28 
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molecular markers for discerning OA pollution sources in the offshore marine atmosphere, where 29 

continental and marine air pollutants interact and atmospheric oxidative capacity may be enhanced.  30 

Keywords: Secondary organic aerosols; Biomass burning; Source apportionment; Ship emission; 31 

Hydroxyl dicarboxylic acids 32 

 33 

1. Introduction 34 

Organic aerosol (OA) constitutes a considerable fraction (20-90% globally) of airborne fine 35 

particulate matters (PM) [1, 2], and is considered to significantly account for haze occurrence [3, 4], 36 

climatic consequences [1, 5] and impairments to health [6]. Despite successful efforts to decrease 37 

nationwide fine PM loadings in China, reducing OA has been a major obstacle for China to win 38 

the battle against air pollution [3, 7]. This is mainly due to insufficient understanding of OA, 39 

particularly the rapidly changing and spatially diverse contributions of primary (POA) and 40 

secondary (SOA) sources [8, 9]. 41 

To identify sources of OA and quantify their contributions, receptor models based on known 42 

tracers of specific sources are widely adopted [3, 10]. The filter-based technique makes use of fine 43 

PM collected and accumulated on filters, which are chemically characterized following solvent 44 

extraction (SE) [11, 12] or thermal desorption (TD) [13]. Data obtained from filters are generally of 45 

low time resolution (12 – 24 hours) [11-13]. While filter-TD can substantially enhance ease of 46 

laboratory analysis, it performs poorly in analysis of polar organic compounds, unless online 47 

derivatization is utilized [13, 14]. As an alternative, Aerosol Mass Spectrometry (AMS) is extensively 48 

used in source apportionment of OA, based on the fast detection of OA at resolution of minutes [15, 49 

16]. However, the AMS-based technique usually fails to identify specific sources of OAs [15, 16], due 50 

to the lack of compound based separation during analysis and the chemical similarity of many 51 

source markers with each other. Overall, there is a present challenge to determine the continuously 52 

changing (rather than average) contributions of specific (rather than lumped) sources to ambient 53 

OA. 54 

Hong Kong in South China is an Asian metropolis, with tertiary industries (e.g. financial service 55 

and tourism) as the main economic pillars. Restaurants are scattered throughout every corner of 56 

the city, supplying a mix of Chinese and western foods. The city is also known for its heavy traffic, 57 
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i.e. more than 300 licensed vehicles per km of road. With a population of 7.4 million and a land 58 

area of merely 1.1 × 103 km2, the air in Hong Kong is polluted by many local sources. Additionally 59 

weather driven forces affect Hong Kong air quality with southern winds from the South China Sea 60 

(SCS) providing cleaner air to Hong Kong in the summer, while the continent-originated northern 61 

winds deteriorate air quality in winter [17-19]. The meso-scale circulations and emissions in 62 

microenvironments also modulate air quality [18-20]. These factors may explain the discrepancies in 63 

the sources of OA or source contributions reported in previous studies [21-24]. For example, cooking 64 

emissions have been determined to explain more than 30% (~3.6 μg m-3) of OA at a roadside site 65 

in Hong Kong using AMS and Aerosol Chemical Speciation Monitoring data [21-22], which 66 

however were not resolved or identified with much lower contributions (1.2%, ~0.2 μg m-3) in 67 

many other places by filter-based source apportionment [23-24]. Hu et al. [23] argued that biomass 68 

burning (BB) contributed ~38% (3.6 μg m-3) to OA at 4 suburban sites in Hong Kong with the 69 

intrusion of regional air, including 2.2 μg m-3 of BB-related POA and 1.4 μg m-3 of BB-induced 70 

SOA. In cool seasons when Hong Kong received regional air from mainland China, the BB 71 

contributions (1.6 μg m-3) were even comparable to those of vehicle emissions (1.5 μg m-3) at a 72 

suburban site [24]. Nevertheless, this finding was not supported by AMS-based source 73 

apportionment which did not identify BB as a significant source of OA in either suburban or 74 

roadside environments [15, 21-22]. Besides, the sum of SOA components resolved by filter-based 75 

approach was not always comparable in concentration to the total oxygenated organic aerosol 76 

(OOA) determined by AMS [15, 21-24]. In addition to the changing atmospheric conditions and 77 

emissions, methodological differences might be another reason for the discrepancies. Hence, to 78 

better understand the driving forces of poor air quality in Hong Kong, it is necessary to determine 79 

specific sources of OA with higher time- and space-resolution, by combining the advantages of 80 

filter-based and AMS-based source apportionment techniques.  81 

Thermal-desorption Aerosol Gas-chromatograph (TAG), an in-situ chemical marker oriented 82 

instrument, has been developed for time resolved analysis of organic molecular makers and is 83 

increasingly applied in OA studies [25-28]. Table S1 lists the development and representative 84 

application of different versions of TAG, including impactor TAG, 2D-TAG, SV-TAG and TAG-85 

AMS developed by US groups [29-35], and Q-TAG, Dual-trap TAG and 2D-Q-TAG developed by 86 

a China group [36-38]. The main findings of the application are summarized in Table S1, and we 87 

also briefly commented on the performance of the instruments. Overall, TAG families have 88 
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contributed to comprehensive measurements of semi-volatile, intermediate-volatility and 89 

condensed organic compounds [27], study on gas/particle partitioning [25], identification of sources 90 

of airborne organics [28], and research on SOA formation mechanisms [26]. In this study, a modified 91 

impactor TAG with in-situ calibration, on-line derivatization and high-resolution time-of-flight 92 

mass spectrometry analysis, which provided in-situ measurement of both polar and non-polar OA 93 

markers every 1.5 hours, was applied to analyze the molecular composition of OA in Hong Kong. 94 

The specific sources of OA and their dynamics were determined in air masses of different origins. 95 

Intense formation of anthropogenic SOA in relatively clean air was also demonstrated. This paper 96 

presents a reliable method of tracking the sources of POA and formation processes of SOA in 97 

abrupt and transient pollution events, which should assist policy-makers in taking actions against 98 

spikes in fine PM pollution. 99 

2. Overview of sampling campaign 100 

In November–December 2018, a sampling campaign was carried out at a relatively remote coastal 101 

site at the southeast tip of Hong Kong (Figure S1) to study the photochemical air pollution in this 102 

highly urbanized subtropical region. Though it is located in Hong Kong, the site has long been 103 

regarded as a regionally urban background site in South China, given that air pollutants in the 104 

adjoining Pearl River Delta reached the site within a few hours [39, 40]. A Thermal desorption 105 

Aerosol Gas chromatograph – Time of Flight – Mass Spectrometer (TAG-Tof-MS, hereinafter 106 

referred to as TAG) was deployed to measure the OA markers in airborne PM1 (PM with 107 

aerodynamic diameters less than 1 μm) during 13 November–19 December. PM1 was focused to 108 

match the data analyzed by Aerosol Mass Spectrometer, which is introduced below. Figure 1 109 

shows a schematic of TAG. Fine PM was sampled through a PM1 cyclone to eliminate coarse 110 

particles above 1 µm before collection in an inertial impactor based collection and thermal 111 

desorption (CTD) cell.  Collected samples were thermally desorbed from 30 to 315 ºC into helium. 112 

To improve analysis of polar compounds, silylation derivatization was performed in-situ 113 

simultaneously with desorption using helium purge flow ~80% saturated with a sylating reagent 114 

(N-Methyl-N-(trimethylsilyl)trifluoroacetamide, MSTFA) (DVZ). All the desorbed species were 115 

directed through a secondary focusing trap (FT), where the target compounds were trapped and 116 

the high volatility species including excess MSTFA were vented. Next, the FT was heated and 117 

back-flushed with helium to transfer trapped species to the miniature gas chromatograph for 118 



5 
 

chemical analysis. A low-polarity metal column with length of 20 m (Restek, Cat. # 71822) was 119 

used for analysis with the column flow controlled by an electronic pressure controller (EPC). In 120 

this campaign, the TAG was operated at the resolution of 1.5 hours per sample. The continuous 121 

measurement was interrupted by instrument maintenance in some time slots. Polar compounds 122 

were not detected between 22 November 12:00 and 26 November 19:00, due to running out of 123 

MSTFA. The operation procedures of TAG are elaborated in Text S1 and Table S2. 124 

 125 

Figure 1. Schematic of TAG. The term “Air – gaseous organics” means air samples with the 126 

gaseous organics being removed by a carbon denuder (not shown) and coarse particles removed 127 

by PM1 cyclone. DVZ: derivatization; CTD: collection and thermal desorption cell; FT: focusing 128 

trap; EPC: electronic pressure controller; EI-Tof-MS: electron impact–time of flight–mass 129 

spectrometer. 130 

Throughout the field campaign, 66 compounds with the volatilities spanning C13–C35 n-alkanes in 131 

478 valid samples were quantified by TAG, with the use of internal and authentic/surrogate 132 

standards. A mix of 41 deuterated compounds was adopted as internal standards in analysis of each 133 

sample and in calibration, to track and correct the changes in instrumental sensitivity. In this study, 134 

we focused on 40 out of 66 quantified organic compounds, which were routinely at detectable 135 

concentrations and indicative of OA sources. The detection rates were lower than 75% for the 136 

other 26 compounds. Table S3 lists the average concentrations of the 40 organic compounds, with 137 

the quantification ions, internal standards, surrogate standards, and quality control metrics. To 138 

facilitate discussion, the 40 OA compounds were grouped according to their chemical structures, 139 
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potential sources and correlations. Table S4 shows the 15 species groups, including isoprene SOA 140 

tracers (Isop-SOA-T), monoterpene SOA tracers (MT-SOA-T), saccharides, hydroxyl 141 

dicarboxylic acids (OHDCA), hydroxyl benzoic acids (OHBA), even n-alkanes type 1 & 2 (even 142 

n-alk1&2), odd n-alkanes type 1 & 2 (odd n-alk1&2), even fatty acids (even FA), 2,3-dihydroxy-143 

4-oxopentanoic acid (DHOPA), vanillic acid (VA), mannosan, levoglucosan and oleic acid. Both 144 

the even and odd n-alkanes were divided into two types, due to the potentially different sources. 145 

The species in each group were at least moderately correlated, with R2 higher than 0.7. A majority 146 

of the 15 groups were used as tracers in OA source apportionment, and the rationalities and 147 

uncertainties are elaborated in section 3.3. 148 

Additionally, a High Resolution – Time of Flight – Aerosol Mass Spectrometer (Aerodyne 149 

Research Inc. HR-Tof-AMS, hereinafter referred to as AMS) was applied to analyze the non-150 

refractory composition of PM1, including sulfate, nitrate, ammonium, chloride and total organic 151 

matter (OM). Text S2 illustrates the calibration and measurement configurations of the AMS. The 152 

collection efficiency of 0.73 (Text S2 and Figure S2) was applied to the concentrations of all PM1 153 

components. In this study, five-minute averaged W-mode data was used. It is worth noting that 154 

AMS data were not available after 7 December, due to malfunction of the chopper. Moreover, 155 

additional air pollutants and meteorological conditions were monitored by the Hong Kong 156 

Environmental Protection Department (HKEPD) and other research groups. Table S5 summarizes 157 

the instruments for these auxiliary measurements. 158 

3. Results and Discussion 159 

3.1 Time and air-origin dependent concentrations of OA markers 160 

Throughout the field campaign, the origins of air masses arriving at the sampling site (Hok Tsui, 161 

HT) were examined. Analysis of the daily clustered 72 hour backward trajectories (not shown) 162 

indicated that the air parcels originated from either the continent or SCS, labeled as continental 163 

and marine air, respectively. For the former, some trajectories passed over SCS before reaching 164 

HT, representing a mix of continental and marine air. Figure 2 shows the distribution of air mass 165 

concentrations for the three types of air. Continental air accounted for the largest fraction (~60%) 166 

of the sampled air, with the rest being equally constituted by marine (~20%) and mixed air (~20%). 167 

The east part of Guangdong (GD), central and southern Jiangxi (JX) and coastal area of Fujian (FJ) 168 

were the main points of origin of the continental air. While the mixed air was still partially 169 
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stemming from GD and JX, the back trajectories showed mainly offshore origins for marine air. 170 

The uncertainties in further analyses related to the classification of air mass origins are discussed 171 

in Text S3. 172 

 173 

Figure 2. Distribution of air mass concentrations (in unit of mass m-3 hr-1) in (a) continental, (b) 174 

marine and (c) mixed air masses within 500 m during 13 November–19 December 2018, according 175 

to the HYSPLIT Lagrangian backward particle release simulation at HT (22.209 N, 114.253 E). 176 

GD: Guangdong; GX: Guangxi; FJ: Fujian; HN: Hunan; JX: Jiangxi. Hong Kong is symbolized 177 

by the blue circle. 178 

Among the quantified OA markers, OHDCA group exhibited the highest concentrations (266±17 179 

ng m-3), dozens to hundreds of times higher than those of the other OA markers. Malic acid and 180 

two isomers of tartaric acid were the main components of OHDCA. The concentration of malic 181 

acid (most abundant individual specie) ranged from 9 ng m-3 to 517 ng m-3, with a mean of 182 

119±8 ng m-3. These were at the same magnitude as those observed [41] at an urban site in Hong 183 

Kong in summer (mean: 192 ng m-3; maximum: 662 ng m-3) and those reported [42] at another urban 184 

site in winter (mean: 155 ng m-3; maximum: 179 ng m-3). The concentrations of two isomerized 185 

tartaric acids were 76±5 ng m-3 and 67±4 ng m-3, respectively. Levoglucosan, as a BB tracer [43], 186 

ranked highest in concentration (12±1 ng m-3) among the OA markers except OHDCA. However, 187 

the average concentration of levoglucosan was lower than 30 ng m-3 measured at the same site in 188 

autumn of 2001 [44] and 67 ng m-3 at a mountainous site in autumn of 2010 [17]. The increasingly 189 

stringent prohibition of field fires might account for the lower concentrations of levoglucosan 190 

observed in this campaign. As listed in Table S4, the SOA tracers were of relatively low 191 

concentrations, regardless of DHOPA derived from anthropogenic precursors [45] (0.4±0.02 ng m-192 
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3) or biogenic SOA tracers (Isop-SOA-T: 5.1±0.4 ng m-3; MT-SOA-T: 1.7±0.1 ng m-3). However, 193 

this was not necessary to indicate low SOA fraction in PM1-bounded OM (PM1-OM, measured by 194 

AMS in this study), due to the incomplete analysis of SOA compounds and the unknown origin of 195 

OHDCA, as discussed later. 196 

Figure 3 presents the time series of OA markers and PM1-OM, along with black carbon (BC), PM1 197 

and meteorological parameters. It is notable that OHDCA concentrations were significantly higher 198 

in the earlier phase of the sampling campaign (before 7 December), when the temperature was 199 

relatively high (mean of 22±0.1 °C compared to 17±0.2 °C in the later phase). The Isop-SOA-T 200 

and MT-SOA-T were also enhanced in the earlier phase. Conversely, most primary OA markers, 201 

such as levoglucosan, n-alkanes, fatty acids and oleic acid (cooking emission tracer [46]), were 202 

substantially built up in the later phase coincident with the dominance of continental air, indicating 203 

a rise of POA fraction in PM1-OM. In view of the concurrent spikes of BC, we infer that the POA 204 

enhancements were likely attributable to transport, associated with the passing of a cold front on 205 

7 December (Figure S3) which brought in continental air in the following days. The same 206 

phenomena were observed after another cold front passed Hong Kong on 21 November (Figure 207 

S3), with obvious enhancements of PM1 and PM1-OM. Carbon preference index (CPI) and the 208 

mixing ratios of acetonitrile (gas phase BB indicator [47]) increased as well (Figure S4). Besides, 209 

no correlation with either total or individual even FA implied that the m/z 60 and m/z 73 ions 210 

detected by AMS were more related to BB in this campaign, in line with previous studies [48]. The 211 

concentrations of both ions increased notably during 22–25 November (Figure S4). All these 212 

signatures indicated the arrival of BB plumes with continental air induced by the shifting cold 213 

front. This process might also apply to the other POA components. The cross-validation between 214 

CPI (TAG data) and m/z 60, 73 (AMS data) during the plateau period, in combination with the 215 

quality control metrics in Table S3, confirmed the robustness of OA markers measured by TAG. 216 

Furthermore, the simultaneous increases of CPI and levoglucosan during 6–7 December (Figure 217 

S4) implied the enhanced contributions of BB to PM1-OM caused by the second cold front, though 218 

the rise in CPI was less significant due to the concurrent enhancement of vehicle emissions (section 219 

3.3). 220 

Note that the correlation between levoglucosan and acetonitrile (particle and gas phase BB tracers, 221 

respectively) was undermined by high levoglucosan concentrations observed with low 222 
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temperatures (<20.4 °C, median temperature), and levoglucosan inversely correlated (R = -0.79) 223 

with temperature (Figure S5). It was plausible that the shift of gas-to-particle partitioning also 224 

accounted for the elevated concentrations of some POA components (e.g. levoglucosan) in the 225 

continental air induced by cold fronts. 226 

 227 

Figure 3. Time series of meteorological conditions, black carbon (BC), PM1 and PM1 compositions 228 

(including OA markers). Orange, green and blue bars on bottom axis denote continental, mixed 229 

and marine air, respectively. Black dashed lines indicate dates when cold fronts passed Hong Kong. 230 

Missing data are caused by maintenance of the instruments, except for the unavailable polar 231 

compounds during 22 November 12:00–26 November 19:00 due to running out of MSTFA. 232 

Generally, the concentrations of OA markers were closely associated with air mass type, as listed 233 

in Table 1. An exception was isoprene, which exhibited comparable levels in all types of air masses. 234 

This was likely attributable to the dominance of local emissions in isoprene sources regardless of 235 

air mass origins, and/or inhibited isoprene emissions from terrestrial system in cool season. The 236 

local emissions might also partially account for the observed mixing ratios of monoterpenes and 237 

toluene in marine and mixed air, which were lower than those in continental air but were still of 238 
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significant levels. Under the assumption that local emissions were relatively consistent, the 239 

comparisons in Table 1 still reveal different air pollution features for different air mass types.  240 

The continental air was laden with mostly primary air pollutants and POA tracers, such as carbon 241 

monoxide (CO), levoglucosan, fatty acids and oleic acid. Many other species not listed here, e.g. 242 

nitrogen oxides (NOx), BC and n-alkanes, also exhibited higher concentrations in continental air. 243 

BB, vehicle exhaust and cooking emissions were the most likely sources. Despite the expected 244 

suppression of atmospheric oxidative capacity by NOx [49, 50], the continental air still contained the 245 

largest amount of MT-SOA-T, attributable to higher background concentrations (section 3.2), 246 

more abundant monoterpenes as precursors (159±4 pptv) and enhanced formation of MT-SOA-T 247 

facilitated by sulfate (section 3.2). The marine air was characterized by the highest level of SO2, 248 

indicating the impact of ship emissions. Isop-SOA-T was most deficient in marine air, despite little 249 

dependence of isoprene mixing ratios on air mass types, perhaps suggesting minor influence of 250 

local photo-oxidation of isoprene on Isop-SOA-T levels and/or higher background levels in 251 

continental and mixed air (section 3.2). Ozone (O3) and OHDCA were somehow more abundant 252 

in marine air than in continental air, though they were even more prevalent in mixed air. This 253 

might be explained by the enhancement of oxidative capacity in offshore marine atmosphere 254 

(OMA), with the ageing of continental air in a NOx-deficient atmosphere [51, 52]. Therefore, photo-255 

degradation likely dominates production of OHDCA. The slightly lower levels of O3 and OHDCA 256 

in marine air than in mixed air might be due to the lower abundance of reactants involved in photo-257 

oxidation. 258 

Table 1. Mean levels of OA markers (italic, ng m-3) and trace gases including volatile organic 259 

compounds (VOCs) (ppbv unless otherwise specified) by air mass origins. 260 

Species Continental air Marine air Mixed air 
O3 39.2 ± 2.3 52.6 ± 2.0 65.3 ± 2.3 
CO 372 ± 9 263 ± 11 260 ± 15 
SO2 1.1 ± 0.1 1.5 ± 0.1 1.3 ± 0.1 
Isoprene 1.6 ± 0.04 1.5 ± 0.05 1.7 ± 0.1 
Monoterpenes (pptv) 
* 

159 ± 4  130 ± 4 142 ± 4 

Toluene 3.3 ± 0.1 2.0 ± 0.1 1.9 ± 0.1 
OHDCA 183 ± 16 355 ± 38 384 ± 33 
Isop-SOA-T 5.9 ± 0.7 3.8 ± 0.3 5.8 ± 0.7 
MT-SOA-T 2.1 ± 0.2 1.1 ± 0.2 1.3 ± 0.1 
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Levoglucosan 16.9 ± 1.1 5.0 ± 1.0 5.4 ± 0.7 
Even fatty acids 10.6 ± 1.0 4.6 ± 0.4 5.1 ± 0.6 
Oleic acid 2.0 ± 0.5 0.2 ± 0.02 0.2 ± 0.02 

* Sum of monoterpenes detected by a Proton Transfer Reaction Quadrupole ion Time-of-Flight 261 

Mass Spectrometry. The molecular formula of the protonated compounds is (C10H16)H+, according 262 

to the parent ion of m/z 137.13248. 263 

3.2 Diurnal patterns and correlation analysis 264 

3.2.1 Diurnal patterns of OA markers 265 

Diurnal pattern is a reflection of the evolution, sources and vertical mixing of air pollutants in a 266 

day. Figure 4 shows the diurnal variations of several typical OA markers. Both OHDCA and MT-267 

SOA-T followed the diurnal pattern of Ox (O3 + NO2) (Figure S6), showing peaks in the afternoon, 268 

indicating their secondary origin. Although many OHDCA are extensively present in fruits and 269 

are used as food additives [53], they are also considered to be the late oxidation products of 270 

unsaturated hydrocarbons and fatty acids, and aldehydes [54, 55]. The Ox-like diurnal pattern 271 

suggested that OHDCA observed in this campaign were more likely to be derived from photo-272 

oxidation.  273 

Interestingly, Isop-SOA-T did not show analogous patterns to those of MT-SOA-T or Ox. The 274 

Isop-SOA-T concentrations were higher at night and lowest at noon, consistent with the diurnal 275 

development of Planetary Boundary Layer (PBL) (Figure S6). Isoprene, as the precursor of Isop-276 

SOA-T, however had typical peaks at around 13:00 – 15:00 (not shown). Therefore, it was 277 

plausible that the detected Isop-SOA-T was a regional background signal more influenced by PBL 278 

height than by daytime photo-oxidation. This was verified by the smallest differences in Isop-279 

SOA-T concentrations between marine air and continental/mixed air at noon, when the PBL was 280 

fully developed. In fact, there was a discernable increase for Isop-SOA-T in marine air during 281 

01:00 – 07:00. This was also interpretable, given that the air above marine boundary layer might 282 

be of continental origin and the air rich in Isop-SOA-T intruded into the marine boundary layer 283 

where the background Isop-SOA-T was less abundant. However, the possibility that some dark 284 

reactions [56, 57] contributed to the higher nocturnal Isop-SOA-T cannot be ruled out.  285 

The diurnal patterns of levoglucosan in continental air were opposite to the variations of 286 

temperature, likely resulting from the gas-to-particle partitioning. However, unusual increases 287 
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were observed for levoglucosan from 1:00 to 09:00 – 11:00 in marine and mixed air, which were 288 

analogous to the rise of Isop-SOA-T in marine air in the early morning. Therefore, the development 289 

of PBL and consequent air mixing caused the enhancement of levoglucosan in marine and mixed 290 

air before 09:00 – 11:00. Again, the smallest differences of levoglucosan concentrations among 291 

different air masses were also observed at noon, confirming the modulation of levoglucosan 292 

concentration by PBL development. A previous study [38] implied the downward transport of 293 

levoglucosan at the same site with the Philippines as potential source region in spring. While the 294 

vertical mixing still existed, the source regions might be different in our study, due to the very few 295 

air masses originating from or passing the Philippines (Figure 2).  296 

Lastly, the diurnal patterns of oleic acid in continental air were also noteworthy, with an obvious 297 

peak during 19:00 – 21:00 (Figure S6). This coincides with the dining habits of Hong Kong people 298 

– big dinner and simpler breakfast and lunch.  299 

  300 

  301 
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Figure 4. Average diurnal cycles of OHDCA, MT-SOA-T, Isop-SOA-T and levoglucosan in 302 

different air masses. Error bars and shaded area represent 95% confidence intervals (CIs). 303 

3.2.2 Correlations of SOA markers with Ox 304 

To further understand the formation processes of OHDCA and MT-SOA-T, correlation analyses 305 

were performed. Figure 5 shows the correlations of OHDCA vs. Ox and MT-SOA-T vs. Ox in 306 

different air masses. The moderate correlations between OHDCA and Ox reaffirmed the secondary 307 

source of OHDCA. Further correlation analysis found that OHDCA moderately (R2=0.44) 308 

correlated with DHOPA (aromatics SOA) and fairly well (R2=0.73) with MT-SOA-T in 309 

continental air. However, the correlations became much weaker in marine and mixed air. Nearly 310 

no correlation was identified between OHDCA and Isop-SOA-T in any type of air. Therefore, 311 

OHDCA in continental air might be derived from both anthropogenic and biogenic precursors, 312 

while it was likely attributable to anthropogenic precursors other than aromatics in marine and 313 

mixed air. The inferences were reasonable for individual compounds included in the group of 314 

OHDCA (Table S4), except for citramalic acid (CMA) and 2-hydroxyglutaric acid (2-HGA) which 315 

might be partially derived from biogenic VOCs in marine air due to their good correlations with 316 

MT-SOA-T (R2=0.65 and 0.72, respectively). However, CMA and 2-HGA only constituted 0.5% 317 

and 1.4% of OHDCA in mass concentration, respectively. This supports the argument of Hu and 318 

Yu [42], who indicated that only in summer were biogenic VOCs the main precursors of OHDCA 319 

in Hong Kong.  320 

Furthermore, the slope of OHDCA vs. Ox in marine air was highest among the three regressions, 321 

and we found that the high levels of OHDCA in marine air were generally accompanied by 322 

elevated SO2 concentrations. The SO2 spikes in marine air most likely related to ship emissions, 323 

which has become the largest source of SO2 in Hong Kong [58]. It was therefore plausible that the 324 

production efficiency of OHDCA was enhanced in marine air with ship emissions. On one hand, 325 

ship emissions might consist of high levels of some OHDCA precursors not detected by us. On 326 

the other hand, it remains to be verified whether SO2 in ship emissions facilitates the formation of 327 

anthropogenic SOA.  328 

For MT-SOA-T, the correlation with Ox was weakest in continental air. It is interesting to note that 329 

the samples away from the regression line generally had high concentrations of sulfate in PM2.5, 330 

implying the well-documented catalysis of acidic aerosols to formation of biogenic SOA [59]. 331 
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Besides, the larger intercept in “continental” regression suggested higher background MT-SOA-T 332 

in continental air. The correlation of MT-SOA-T vs. Ox in marine air was somewhat undermined 333 

by several samples with high BC levels, possibly due to the intrusion of continental air. 334 

Regressions excluding these samples achieved better correlations with a slope closer to those 335 

acquired in “continental” and “mixed” regressions. As such, the formation of MT-SOA-T was not 336 

enhanced in marine air. This reduced the possibility that SO2 in ship emissions accelerated the 337 

formation of SOA (e.g. OHDCA), but further studies are needed for confirmation. Nevertheless, 338 

the lower concentrations of MT-SOA-T in marine and mixed air were mostly attributable to the 339 

gaps in background levels, rather than different oxidation efficiencies. 340 

   341 

Figure 5. Correlations of (a) OHDCA vs. Ox, and (b) MT-SOA-T vs. Ox by air mass origins. Size 342 

of square markers in (a) is proportional to SO2 concentration. Size of circles and squares in (b) is 343 

proportional to sulfate level in PM2.5 and BC, respectively. Numbers in parentheses are (slope: 344 

correlation coefficient). Blue dashed line in (b) indicates the regression excluding data points with 345 

high BC concentrations. 346 

 347 

3.3 Sources of PM1-OM 348 

With provision of time resolved concentrations of organic molecular markers, TAG data assisted 349 

to identify dynamic and specific sources of OA [28, 60-63] and other PM bound components (e.g. BC) 350 

[64]. Figure 6 shows the source profiles of PM1-OM resolved by US Environmental Protection 351 

Agency’s Positive Matrix Factorization model (v 5.0.12). A PMF solution of 6 factors was adopted, 352 

according to the metrics of Q/Qexp (Figure S7) and the interpretability of source profiles (Figures 353 
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6 & S8), as illustrated in Text S4 where the model configurations, residual analysis (Figure S9) 354 

and error estimates are also presented.  355 

The first factor was defined as secondary sulfate, due to the dominance of sulfate and ammonium. 356 

8% of PM1-OM and moderate fractions of saccharides and n-alkanes were also allocated in this 357 

factor, partially constituting the unresolved OMs due to the lack of OA markers for some sources 358 

(such as hopanes indicative of vehicle emissions [65]). The second and third factors had exclusively 359 

high loading of Isop-SOA-T and MT-SOA-T, representing isoprene SOA and monoterpenes SOA, 360 

respectively. The fourth factor was characterized by OHDCA and DHOPA, both of which are SOA 361 

components. As discussed above, anthropogenic VOCs were most likely precursors of OHDCA 362 

in marine and mixed air. Though OHDCA in continental air might also be derived from biogenic 363 

VOCs, the concentrations were only half of those in marine and mixed air (Table 1). CMA and 2-364 

HGA partially of biogenic origins in marine air had very low mass fractions (<2%) in OHDCA. 365 

Besides, DHOPA is generally considered to be an oxidation product of aromatics [66]. Hence, this 366 

factor was tentatively identified as anthropogenic SOA. The fifth factor was dominated by BB 367 

tracers, such as levoglucosan, mannosan and vanillic acid [67], thereby representing biomass 368 

burning OA (BBOA). Moderate loadings of nitrate, ammonium and chloride presented in the last 369 

factor, which was termed as secondary nitrate. 24% of PM1-OM was attributed to this factor, being 370 

another part of unresolved OMs. The concentrations of oleic acid were below detection limit in 371 

51% samples, and were not included in source apportionment. Hence, cooking OA was not 372 

identifiable.  373 
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 374 

Figure 6. Source profiles of PM1-OM. The errors are 95% CIs estimated by Bootstrap method. 375 

Since PM1-OM data were only available before 7 December, the source apportionment results 376 

were extended to the period of 7–19 December, by reconstructing PM1-OM with individual source 377 

contributions. This approach is illustrated in Text S5, Figures S10-S11 and Tables S5-S6. In brief, 378 

it was based on the assumptions that the main tracers were still primarily attributed to the 379 

corresponding sources during 7–9 December, and their mass fractions in the total emissions of the 380 

corresponding sources did not significantly differ from those before 7 December. As a validation, 381 

the observed, PMF-predicted and reconstructed PM1-OM are compared in Figure 7. Generally, 382 

both PMF and the reconstruction method reasonably reproduced the observed PM1-OM. The linear 383 

regression of PMF-predicted PM1-OM (reconstructed PM1-OM) against observed PM1-OM 384 

indicated a slope of 0.92 (0.90) and R2 of 0.80 (0.62). As such, we adopted the reconstructed PM1-385 

OM and the corresponding contributions from individual sources. Due to the prevalence of 386 

continental air, the concentrations of primary air pollutants were significantly enhanced after 7 387 

December, such as the ~4 and ~10 fold growth of NOx and oleic acid, respectively. The unresolved 388 

POA components, including vehicle, ship and cooking emissions might make increased 389 

contributions to PM1-OM in this period. Therefore, the PM1-OM was most likely underestimated 390 
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after 7 December. It is hard to determine to what extent the unresolved OM (sum of PM1-OM in 391 

factors of secondary sulfate and secondary nitrate) accounted for these POA components and their 392 

enhancements after 7 December. The uncertainties in source apportionment results related to the 393 

unresolved OM and potentially different sources during 7–19 December (e.g. cooking emissions) 394 

are discussed in Text S6. However, the conclusions on relative importance of the present sources 395 

would not change. 396 

Bearing the uncertainties in mind, we conclude that BBOA contributed 8% – 74% (mean: 50±3%) 397 

to PM1-OM in continental air, followed by anthropogenic SOA (12±1%), monoterpenes SOA 398 

(9±1%) and isoprene SOA (2±0.3%). The contributions of biogenic SOA might be underestimated, 399 

because some fractions of OHDCA potentially derived from biogenic VOCs in continental air 400 

were assigned to anthropogenic SOA. While the BBOA contributions were not quantifiable during 401 

22 – 26 November due to the lack of levoglucosan data (days after passing of a cold front when 402 

continental air dominated), substantial increase in BBOA contributions occurred after 7 December. 403 

This was grounded upon the notable enhancements of levoglucosan in this period, as discussed in 404 

section 3.1. The significant contributions of BBOA in continental air induced by cold fronts were 405 

roughly comparable to those determined at a suburban site (~38%) [23] and at a mountainous site 406 

(~48%) [17] when Hong Kong was shrouded in regional air pollution. In contrast, the BBOA 407 

contributions (23±6%) were overwhelmed by those of anthropogenic SOA (37±4%) in marine air, 408 

so did those in mixed air (BBOA: 17±3% vs. anthropogenic SOA: 31±3%). It is interesting to note 409 

that both the time series and diurnal patterns of anthropogenic SOA were consistent with those of 410 

the more-oxidized oxygenated organic aerosols (MO-OOA) resolved by AMS, despite the overall 411 

lower concentrations of anthropogenic SOA resolved by TAG (Figure S13). This indicates the 412 

high oxidation state of anthropogenic SOA which might be inclined to stay in particles. The OMA 413 

with generally enhanced oxidative capacity might be sufficient in the passing air parcels to produce 414 

higher anthropogenic SOA in marine and mixed air. Like those in continental air, the biogenic 415 

SOA made minor contributions to PM1-OM in marine air (11±1%) and mixed air (9±1%), which 416 

might be explained by the cool weather in this field campaign. 417 
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 418 

Figure 7. Time series of observed, PMF-predicted, reconstructed PM1-OM, and contributions of 419 

individual sources to PM1-OM. Grey area on red line of upper panel represents 95% CIs of the 420 

reconstructed PM1-OM. 421 

 422 

4. Implications 423 

As a neighbor of mainland China and a coastal city facing SCS, Hong Kong air quality is very 424 

susceptible to regional transport of air pollution. Transient but severe air pollution episodes often 425 

occur in Hong Kong, causing rapid deterioration of air quality and acute exposures to toxic 426 

substances in the air. With the application of an in-situ analysis technique, this paper presents 427 

temporally resolved in-situ measurements of OA markers and the determination of changing 428 

contributions of specific sources to PM1-OM. BB remains a significant contributor of OA in 429 

autumn in South China, though burning agricultural residuals had been strictly prohibited and 430 

levoglucosan concentrations indeed decreased compared to those in early 2000s. The temperature-431 

dependent diurnal variations of levoglucosan in continental air suggest a shift of gas-to-particle 432 

partitioning might be an essential factor enhancing BBOA contributions in cool seasons. Even if 433 

marine or coastal air prevailed in Hong Kong, the residual BBOA above the PBL might still be 434 

transported down to the ground, increasing OA burdens. Since the two cold fronts caused strong 435 

continental outflows in this field campaign, we believe that the BBOA in continental air was 436 
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mainly attributable to regional rather than local sources. In addition, the “consensus” that marine 437 

air is relatively clean was challenged by our finding that the marine air was laden with 438 

anthropogenic SOA (mainly OHDCA), whose formation was likely facilitated by SO2 and/or 439 

undetected pollutants in ship emissions. The abundant OHDCA in mixed air might also be 440 

attributable to the enhanced atmospheric oxidative capacity in OMA with the aging of continental 441 

outflows. Therefore, the OMA, where continental and marine air pollutants interacted, may be an 442 

ideal place for SOA formation. As a result, the air quality of coastal cities will be affected under 443 

sea breezes and have climatic consequences. The source apportionment failed to identify the 444 

expected vehicular, ship-emitted and cooking OA; however the findings of relative contributions 445 

of the present sources were still instructive. POA from regional BB and anthropogenic SOA 446 

possibly resulting from or at least enhanced by ship emissions should be controlled in cool seasons 447 

in Hong Kong.  448 
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