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Abstract:  25 

Volatile organic compounds (VOCs) play important roles in the tropospheric 26 

atmosphere. In this study, VOCs were measured at an urban site in Guangzhou, one of 27 

the mega-cities in Pearl River Delta (PRD) using a gas chromatograph mass 28 

spectrometer/flame ionization detection (GC-MS/FID) and a proton transfer reaction 29 

time-of-flight mass spectrometer (PTR-ToF-MS). Diurnal profile analyses show that 30 

stronger chemical removal by OH radicals for more reactive hydrocarbons during the 31 

daytime. Diurnal profiles of OVOCs indicate evidence of contributions from secondary 32 

formation. Detailed source analyses of OVOCs using a photochemical age-based 33 

parameterization method suggest important contributions from both primary emissions 34 

and secondary formation for measured OVOCs. During the campaign, around 1700 ions 35 

were detected in PTR-ToF-MS mass spectra, among of which 462 ions with noticeable 36 

concentrations. VOCs signals from these ions without calibration in PTR-ToF-MS are 37 

quantified based on sensitivities of available VOCs species. OVOC-related ions 38 

dominated PTR-ToF-MS mass spectra with an average contribution of 77.2%. 39 

Combining measurements from PTR-ToF-MS and GC-MS/FID, OVOCs contribute 40 

57.4% to the total concentration of VOCs. Using concurrent measurement of OH 41 

reactivity, OVOCs measured by PTR-ToF-MS contribute greatly to the OH reactivity 42 

(19.3%). In comparison, hydrocarbons account for 20.0% of OH reactivity. Adding up 43 

the contributions from inorganic gases (47.9%), ~12% of the OH reactivity remains as 44 

“missing”. Our results demonstrate the important roles of OVOCs in the emission and 45 

evolution budget of VOCs in urban atmosphere.  46 
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1. Introduction 47 

Volatile organic compounds (VOCs) play important roles in the tropospheric 48 

atmosphere. The oxidation of VOCs by various oxidants contribute to the formation of 49 

ground-level ozone (O3) and secondary organic aerosols (SOA) (Louie et al., 2013;Ran 50 

et al., 2011), influencing both regional air quality and climate change (Fry et al., 2013). 51 

Some selected VOCs (e.g. benzene and formaldehyde) are harmful to human health, 52 

especially in urban environments (Simpson et al., 2013). 53 

Oxygenated volatile organic compounds (OVOCs) are an important group of 54 

VOCs. OVOCs mainly consist of aldehydes and ketones, low molecular organic acids 55 

and organic alcohols. The sources of OVOCs in the environment are complicated. They 56 

can be emitted from primary anthropogenic emissions such as vehicle exhaust (Gentner 57 

et al., 2013), biomass burning (Gilman et al., 2015) and industries (Kim et al., 2008), 58 

and also can be formed by the photo-oxidation of other VOCs in the atmosphere (Millet 59 

et al., 2015). Besides anthropogenic sources, biogenic emissions are reported to 60 

contribute significantly to many OVOCs species (Park et al., 2013). The oxidation of 61 

OVOCs by various oxidants and their direct photolysis can have an important effect on 62 

the radical budget and formations of secondary pollutants in the atmosphere (Mellouki 63 

et al., 2015). 64 

The total OH reactivity can intuitively and effectively characterize the 65 

contributions of various VOCs to atmospheric chemical reaction, especially the 66 

generation of secondary pollutants (Yang et al., 2016). OVOCs has been reported as a 67 

large contributor to the total OH reactivity in a variety of environments (Gilman et al., 68 

2013;Pfannerstill et al., 2019). Aldehydes and other OVOCs were found to contribute 69 

30-50% of modeled urban VOC reactivity (up to 30 s−1) (Lou et al., 2010). In large 70 

cities, OVOCs contributed between 11-24% of OH reactivity (Mao et al., 2010;Kim et 71 

al., 2016). Even though there has been a great number of studies focusing on the OH 72 

reactivity measurements, substantial differences between measured and calculated or 73 

modeled OH reactivity, termed as “missing” reactivity, were revealed in many field 74 

campaigns (Dolgorouky et al., 2012;Hansen et al., 2014;Praplan et al., 2017). 75 
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Unmeasured primary and secondary organic species produced by photochemical 76 

oxidation in the atmosphere likely contributed to the missing reactivity (Karl et al., 77 

2009;Wolfe et al., 2011;Ferracci et al., 2018). The unmeasured OVOC species are 78 

proved to contribute large fractions to the missing reactivity based on previous 79 

observation studies (Kim et al., 2016) and model simulation (Lou et al., 2010;Whalley 80 

et al., 2016). 81 

Proton-transfer-reaction mass spectrometry (PTR-MS) has been demonstrated to 82 

effectively detect many VOCs in the atmosphere with fast response and high sensitivity 83 

(Yuan et al., 2017;de Gouw and Warneke, 2007). The applications of time-of-flight 84 

mass spectrometry (TOF-MS) in PTR-MS in recent years provide significantly higher 85 

mass resolution and measurements of the whole mass spectra (Yuan et al., 2017), which 86 

offered the opportunity to quantify much more VOC species in the atmosphere 87 

(Cappellin et al., 2012), especially numerous oxygenated VOCs species. However, it is 88 

unrealistic to experimentally calibrate all of the VOC species (hundreds to thousands) 89 

detected in the atmosphere. Moreover, gas standards are not commercially available or 90 

easy to make in the laboratory. Several parameterization methods have been established 91 

to estimate calibration factors of the uncalibrated species measured by PTR-ToF-MS, 92 

which facilitates the investigation of these compounds in different environments 93 

(Stockwell et al., 2015;Sekimoto et al., 2017;Koss et al., 2018;Holzinger et al., 2019). 94 

However, to the best of our knowledge, there is no attempt to conduct such analysis in 95 

urban air to better evaluate the roles of these oxygenated species. 96 

In this study, we conducted intensive observations of VOCs concentrations and the 97 

total OH reactivity at an urban site in southern China. We performed systematic analysis 98 

on diurnal profiles to investigate photochemical losses of various hydrocarbons and 99 

secondary formation of OVOCs. After considering VOC signals from uncalibrated 100 

species in PTR-ToF-MS, we used the combined dataset to analyze contributions of 101 

different VOCs groups to total VOCs concentrations. A photochemical age-based 102 

parameterization method was applied to quantify the contributions from different 103 

atmospheric processes to concentrations of OVOCs. In the end, we evaluate the 104 

contributions of measured VOCs by both conventional methods and newly-quantified 105 
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species from PTR-ToF-MS to OH reactivity in this region. 106 

2. Experimental 107 

Field measurements were conducted at an observation site in Guangzhou (113.2ºE, 108 

23ºN) from September to November 2018. The sampling site (~25 m above the ground 109 

level) is located on the 9th floor of a building on the campus of Guangzhou Institute of 110 

Geochemistry, Chinese Academy of Sciences, which is regarded as a typical urban site 111 

in Guangzhou. 112 

2.1 VOC measurements using PTR-ToF-MS 113 

During the campaign, a commercial PTR-QiToF-MS (Ionicon Analytic GmbH, 114 

Innsbruck, Austria) with H3O+ chemistry and NO+ chemistry was used to measure 115 

VOCs in the atmosphere. Ambient air was continuously introduced through an 8 m long 116 

Teflon tubing (1/4”) into PTR-ToF-MS with an external pump (5.0 L/min). The Teflon 117 

tubing was wrapped with a self-controlled heater wire (40 °C) to prevent air 118 

condensation inside the tubing. During the campaign, the PTR-ToF-MS automatically 119 

switched between H3O+ and NO+ chemistry every 10-20 minutes. In each ionization 120 

mode, background measurements were automatically performed by passing ambient air 121 

through a custom-built Platinum catalytical converter heated to 365 °C for 3 minutes. 122 

The mass spectra of PTR-ToF-MS was recorded every 10 s. 123 

When the PTR-ToF-MS was running at the H3O+ ionization mode, the drift tube 124 

was operated at a pressure of 3.8 mbar, a temperature of 50 °C and a voltage of 920 V, 125 

resulting in an operating E/N (E is the electric field and N is the number density of the 126 

gas in drift tube) ratio of ~120 Td. At this condition, the fractions of water-cluster ions 127 

are small, and the fragmentation of most VOCs product ions is not significant (de Gouw 128 

and Warneke, 2007;Yuan et al., 2017). In this study, VOCs measured by H3O+ chemistry 129 

will be shown. The additional species measured by NO+ chemistry are discussed in a 130 

companion paper (Wang et al., 2020). Higher alkanes measured by NO+ chemistry will 131 

be used in section 3.4 for OH reactivity calculation. 132 

A 16-component VOC gas standard (Apel Riemer Environmental Inc.) was used 133 

for daily calibrations under both dry (RH<1%) and ambient humidity during the 134 
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campaign. As shown in Figure S3, the obtained VOCs sensitivities from automatical 135 

calibrations indicate quite stable instrumental performance during the campaign. 136 

Additional VOC gas standard with 23-component (Linde Spectra Environment Gases) 137 

was used during the later period of this campaign. Some additional VOCs species, 138 

including organic acids and nitrogen-containing species, were calibrated in the 139 

laboratory using a Liquid Calibration Unit (LCU, Ionicon Analytik). The sensitivities 140 

of the calibrated species are listed in Table S1. Humidity dependencies of various VOCs 141 

were determined in the laboratory with absolute humidity in the range of 0-30 142 

mmol/mol (relative humidity of 0%-92% at 25 °C), which fully cover the humidity 143 

range encountered during the entire campaign. Figure S4 shows the humidity 144 

dependence of selected VOCs (benzene, toluene, C8 aromatics, formaldehyde, 145 

acetaldehyde and acetone) determined from laboratory experiments. We only observed 146 

significant humidity dependence for a few selected VOCs species, including 147 

formaldehyde, benzene, methanol, ethanol and furan, consistent with the results 148 

determined from other PTR-QiToF-MS instruments or similar quadrupole interfaced 149 

PTR-ToF-MS (Yuan et al., 2017;Koss et al., 2018;Kari et al., 2018). Humidity effects 150 

were taken into account during the calculation of concentrations for these VOCs species. 151 

2.2 Other Measurements 152 

A total of 56 non-methane hydrocarbons (NMHCs) were measured using a gas 153 

chromatography-mass spectrometer/flame ionization detector (GC-MS/FID) system, 154 

coupled with a cryogen-free pre-concentration device (Wang et al., 2014b). The system 155 

contains a two-channel sampling and GC column separation, able to measure C2-C5 156 

hydrocarbons with the FID detection in one channel and measure C5-C12 hydrocarbons 157 

using MS detection in the other channel. In addition to PTR-ToF-MS, formaldehyde 158 

was also measured by a custom-built online instrument based on the Hantzsch reaction 159 

and absorption photometry from October 16 to November 20, 2018.  160 

Inter-comparisons between different instruments for overlapped VOCs species 161 

were carefully evaluated. Good agreements for toluene, styrene, C8 aromatics, C9 162 

aromatics between PTR-ToF-MS and GC-MS/FID are obtained during the campaign 163 
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(Figure S5). Formaldehyde measured by PTR-ToF-MS shows reasonable agreement 164 

with the Hantzsch formaldehyde instrument. 165 

Total OH reactivity was measured by the comparative reactivity method (CRM) 166 

(Sinha et al., 2008). The CRM system consists of three major components: an inlet and 167 

calibration system, a reactor and a measuring system. Here, pyrrole (C4H5N) was used 168 

as the reference substance in CRM and was quantified by a quadrupole PTR-MS 169 

(Ionicon Analytic, Austria). The calibration of the CRM system was conducted using 170 

single-species gas standard with propane and propene, respectively (Huayuan Gas Ltd, 171 

China). Measured and calculated OH reactivity agreed well within the uncertainty for 172 

all calibrations. The OH reactivity measurement by CRM method is interfered by high 173 

concentrations of ambient NO, which produces additional OH radicals via the recycling 174 

of HO2 radicals (Sinha et al., 2008;Dolgorouky et al., 2012;Michoud et al., 2015). A 175 

series of experiments were conducted in the field to quantify the interference from NO, 176 

by introducing different levels of NO (0-100 ppb) and given amounts of VOC gas 177 

standard into the CRM reactor. A correction curve was derived from these NO-178 

interference experiments and was used to correct the obtained OH reactivity according 179 

to simultaneously measured ambient NO concentrations. The detection limits of CRM 180 

methods in this campaign were around 5 s-1 and the total uncertainty was estimated to 181 

be about 20%. 182 

Air-quality-related trace gases (including O3, NO, NO2, NOx, CO, SO2 and CH4), 183 

together with meteorological data (i.e., temperature, solar radiation, precipitation, 184 

relative humidity, wind speed and wind direction) were also continuously measured in 185 

this campaign. Photolysis frequencies of H2O2、HCHO、HONO、NO2、NO3 and O1D 186 

were obtained from measurements of a PFS-100 Photolysis spectrometer (Focused 187 

Photonics Inc.). 188 

3 Results and discussion 189 

3.1 Characteristics of selected VOCs  190 

Diurnal variations of selected VOCs species measured by PTR-ToF-MS are shown 191 

in Figure 1. The time stamps are the middle time of the respective hourly data bin (e.g. 192 
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10 for data averaged between 9:30 and 10:30). 193 

Diurnal variations of hydrocarbons are controlled by multiple atmospheric 194 

processes, including variability of primary emissions, chemical removal by reactions 195 

with oxidants (e.g. OH radical, O3 and NO3) and boundary layer variations (de Gouw 196 

et al., 2017). As an abundant aromatic species, toluene had an average concentration of 197 

1.8±1.9 ppb during the campaign. Toluene concentrations varied little throughout the 198 

day with lower concentrations during the daytime. Another aromatic species, 199 

naphthalene, showed similar diurnal profile as toluene, but daytime concentrations of 200 

naphthalene decreased more significantly than toluene relative to nighttime, which is 201 

as the result of higher reactivity for naphthalene (kOH=2.44×10-11 cm3 molecule-1 s-1) 202 

than toluene (kOH=5.63×10-12 cm3 molecule-1 s-1). The diurnal variations of aromatics 203 

with different reactivity along with CO are normalized to the midnight values for 204 

comparison, as shown in Figure 2(a). We can clearly observe higher daytime removal 205 

fractions for more reactive species. To further quantify this behavior, we determine the 206 

concentration ratios between measurements at 14:00 and at 6:00-8:00 for measured 207 

hydrocarbons during the campaign. The daytime removal fractions as a function of OH 208 

rate constants of hydrocarbons are shown in Figure 2(b). Again, the daytime removal 209 

fractions increasing with larger OH rate constants are observed, with the largest daytime 210 

removal rate up to 70-80% for highly reactive species, e.g. styrene and internal alkenes. 211 

Following the work of de Gouw et al. (2009), an exponential curve (y=A×(1-exp(-212 

kVOC[OH]t) is used to fit the data points in Figure 2(b), yielding an OH exposure of 7.2213 

±1.7×1010 molecule cm-3 s. The derived OH exposure corresponds to an average OH 214 

concentration of 3.3±0.8×106 molecule cm-3 between 8:00-14:00. The estimated OH 215 

concentration is in good agreement with simulated average OH concentration during 216 

the same period using an observation-constrained box model (3.4×106 molecule cm-3) 217 

(Figure 2a). The encouraging result suggests that the variations of hydrocarbons with 218 

different reactivity in the daytime could provide an approach to estimate OH 219 

concentrations in the atmosphere. 220 

In addition to primary emissions, OVOCs can also be secondarily produced in the 221 

atmosphere from oxidations of other VOCs. Diurnal profiles of selected OVOCs, 222 
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including formaldehyde, acetone and methanol, are also shown in Figure 1 and Figure 223 

2. Apparently, both formaldehyde and acetone had the highest concentrations in the 224 

afternoon, with daytime enhancement ratios of 1.61 and 1.45, respectively. The diurnal 225 

variations of formaldehyde and acetone indicate that secondary formation contributed 226 

significantly to their concentrations during the campaign. Different from formaldehyde 227 

and acetone, no daytime enhancement was observed for methanol. The diurnal profile 228 

of methanol follows well with other species with similar low reactivity, e.g. CO and 229 

benzene, indicating methanol is mainly contributed by primary emissions. In addition 230 

to the three common OVOCs species, the diurnal profile of cresol, one of the first-231 

generation oxidation products of toluene (Schwantes et al., 2016), is also shown in 232 

Figure 1. As a highly reactive species (4.1-5.9×10-11 cm3 molecule-1 s-1 for different 233 

isomers), cresol concentrations show large enhancement in the afternoon, indicating 234 

strong secondary formation during the daytime. A minor peak of cresol is also observed 235 

in the evening, when other primary species also increased, possibly due to traffic 236 

emissions during this period. It implies that cresol may also be emitted by primary 237 

sources, e.g. vehicle exhausts. 238 

Biogenic emissions are also an important source of VOCs, with isoprene as one of 239 

the largest components (Guenther et al., 2012). According to Figure 1, a regular diurnal 240 

profile is observed for isoprene, with the highest concentration around noon. The two 241 

oxidation products of isoprene, methyl vinyl ketone (MVK) and methacrolein (MACR) 242 

were measured as the sum by PTR-ToF-MS. MVK+MACR showed similar diurnal 243 

variation as isoprene, with somewhat later peak time than isoprene. 244 

Another interesting VOCs species included in Figure 1 is furan (C4H4O). Furan 245 

produces the ions with the same nominal mass as isoprene (m/z 69) in PTR-MS, 246 

preventing its detection using the traditional quadrupole PTR-MS. A number of PTR-247 

ToF-MS applications have allowed the detection of furan in biomass burning plumes or 248 

air strongly influence by biomass burning (Sarkar et al., 2016;Koss et al., 2018;Coggon 249 

et al., 2019). Here, an average concentration of 0.05±0.03 ppb for furan was observed 250 

during the campaign. Diurnal variation of furan shows a peak concentration in the 251 

evening (~20:00), with gradually decreased concentrations for the whole night, 252 
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suggesting a strong evening source for furan and slow removal in the nighttime. The 253 

variations of furan concentrations during the daytime are small. Considering that furan 254 

is highly reactive (4.2×10-11 cm3 molecule-1 s-1), it implies that secondary formation 255 

contributed significantly to furan during the daytime. 256 

3.2  Analysis of PTR-ToF-MS mass spectra 257 

In addition to the typical individual VOCs discussed above, signals of many ions 258 

from different VOCs were observed in PTR-ToF-MS mass spectra during this campaign. 259 

A peak list with more than 1700 ions was used to perform high-resolution peak fittings 260 

from the mass spectra of PTR-ToF-MS, among of which 462 ions had noticeable 261 

concentrations in the atmosphere after performing background correction. As discussed 262 

in section 2.2, a total of 31 VOCs species were calibrated using either gas cylinders or 263 

liquid standards. As shown in Figure S6, the calibration factors of most VOCs species 264 

are basically around 4000 cps/ppb, except for the species that are known to be 265 

associated with lower sensitivity, due to either proton affinities of those species close 266 

to water (e.g. formaldehyde), or easily fragmenting to smaller masses (e.g. ethanol) 267 

(Koss et al., 2017). We also tried the method proposed in Sekimoto et al. (2017), but no 268 

clear relationship between calibration factors and their capture kinetic rate constants 269 

was derived. Therefore, we used the average calibration factor of 4170 cps/ppb to 270 

quantify those species without external calibration measured by PTR-ToF-MS. 271 

The average mass spectra of PTR-ToF-MS during this campaign expressed in 272 

concentration is shown in Figure 3. We divided the VOCs measured by PTR-ToF-MS 273 

into groups according to the oxygen atoms in the formula, i.e. “CxHy”, “CxHyO1”, 274 

“CxHyO2”, “CxHyO≥3”, “N/S-containing”, representing hydrocarbon species (without S 275 

or N), OVOCs with one oxygen atom, OVOCs with two oxygen atoms, OVOCs with 276 

three or more oxygen atoms, and species containing nitrogen and/or sulfur, respectively. 277 

OVOCs related ions dominated the mass spectra of PTR-ToF-MS with an average 278 

contribution of 77.2%, which mainly contained one oxygen (54.1%) and two oxygen 279 

(22.0%) compounds (Figure 4a). OVOCs with one oxygen atom are mainly contributed 280 

by common OVOCs, e.g. formaldehyde, acetaldehyde, methanol, ethanol, acetone, 281 
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MVK+MACR and methyl ethyl ketone (MEK), which totally accounts for 91% of 282 

OVOCs with one oxygen atom (Figure S7). The fraction of CxHyO≥3 in the PTR-ToF-283 

MS mass spectra is quite low (1.05%). The low contributions from OVOCs with three 284 

or more oxygen atoms are different from the concurrent observations of iodide ToF-285 

CIMS during the campaign, which observed higher fractions of CxHyO≥3 than CxHyO2 286 

in the mass spectra. These results indicate that OVOCs with more than two oxygen 287 

atoms may be underestimated by PTR-ToF-MS, possibly as the result of losses to the 288 

inlet of PTR-ToF-MS instrument used in this study (Riva et al., 2019). 289 

Diurnal variations and concentration ratios of daytime (6:00-18:00) relative to 290 

nighttime (18:00-6:00) for different categories of ions measured by PTR-ToF-MS are 291 

presented in Figure 4(b) and Figure 5, respectively. The “CxHy” and “N/S-containing” 292 

ions have similar diurnal profiles to hydrocarbons (Figure 1), indicating they are mainly 293 

from primary emissions. The different categories of OVOCs have similar diurnal 294 

profiles with higher concentrations in the daytime, and the enhancement ratio of 295 

concentration increases with the larger oxygen atom number, indicative of higher 296 

contributions from the secondary formation for these more oxidized species. 297 

Combining measurements of different VOCs groups by GC-MS/FID and PTR-298 

ToF-MS, we analyze their relative importance in VOCs speciation. The total 299 

concentration of OVOCs is 44.3±3.2 ppb, which is significantly higher than alkanes 300 

(19.5±1.4 ppb), alkenes+acetylene (4.7±0.7 ppb) and aromatics (4.4±0.5 ppb). The 301 

average contribution of OVOCs to the total measured VOCs is determined to be 57.4% 302 

during the campaign (Figure 4c-d). This result stresses that OVOCs are important 303 

components in VOCs in the urban atmosphere. The fractions of OVOCs in total VOCs 304 

shown here is significantly higher than previous results, which usually demonstrates 305 

the dominant contribution from hydrocarbons to VOCs in urban air (Yang et al., 2018;Li 306 

et al., 2019). The higher OVOCs fraction determined in the study is the result of taking 307 

into account the signals from uncalibrated species in mass spectra of PTR-ToF-MS. If 308 

only considering the six common OVOCs measured by PTR-MS, i.e. formaldehyde, 309 

acetaldehyde, methanol, acetone, MEK and MVK+MACR, the OVOCs fraction in total 310 

VOCs would be only 38.9%. It suggests the valuable information provided by PTR-311 
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ToF-MS in characterizing VOC compositions in urban air. 312 

3.3  Source analysis of OVOCs 313 

The variations of OVOCs concentrations are influenced by the boundary layer 314 

effects, primary emissions, secondary formation and chemical removal processes. Here, 315 

a photochemical age-based parameterization method (de Gouw, 2005;de Gouw et al., 316 

2018;Yuan et al., 2012) was used to quantify the contributions of primary anthropogenic 317 

emissions, secondary anthropogenic formation, biogenic emissions and background to 318 

concentrations of various OVOCs. The photochemical age-based parameterization 319 

method for source analysis of OVOCs is based on the following assumptions: (1) the 320 

amount of each OVOCs emitted is proportional to an inert tracer (e.g. CO and acetylene 321 

C2H2); (2) the chemical removal of OVOCs is dominated by reactions with OH radicals; 322 

(3) the photochemical age can be calculated using the ratios of two hydrocarbons that 323 

react at different rates with OH radicals; (4) biogenic sources of OVOCs are 324 

proportional to emissions of isoprene (de Gouw et al., 2005). Based on the above 325 

assumptions, the concentration of OVOCs can be expressed by Eq. 1: 326 

					ሾOVOCሿ ൌ ை௏ை஼ܴܧ ൈ ሾܥଶܪଶሿ ൈ exp൫െ൫݇ை௏ை஼
∗ െ ݇஼మுమ൯ሾܱܪሿ∆ݐ൯ 327 

																								൅ܴܧ௣௥௘௖௨௥௦௢௥ ൈ ሾܥଶܪଶሿ ൈ	
݇௣௥௘௖௨௥௦௢௥

݇ை௏ை஼
∗ െ ݇௣௥௘௖௨௥௦௢௥

 328 

																								ൈ
exp൫െ݇௣௥௘௖௨௥௦௢௥ሾܱܪሿ∆ݐ൯ െ expሺെ݇ை௏ை஼

∗ ሾܱܪሿ∆ݐሻ

exp൫െ݇஼మுమሾܱܪሿ∆ݐ൯
 329 

																							൅ܴܧ௕௜௢௚௘௡௜௖ ൈ ௦௢௨௥௖௘݁݊݁ݎ݌݋ݏܫ ൅ ሾܾܽܿ݇݃݀݊ݑ݋ݎሿ               (1) 330 

Where ܴܧை௏ை஼ and ܴܧ௣௥௘௖௨௥௦௢௥ are emission ratios versus C2H2 for the OVOC 331 

and their precursors. ݇஼మுమ and ݇௣௥௘௖௨௥௦௢௥ are OH rate constants of C2H2 and OVOC 332 

precursors, respectively. ݇ை௏ை஼
∗   is the rate constant of OVOC representing the 333 

combined loss to reaction with OH radicals and photolysis. ሾܥଶܪଶሿ  is the 334 

concentration of acetylene, as the tracer for primary anthropogenic sources. CO can 335 

also be used as the primary anthropogenic tracer. The fitting results using CO would be 336 

similar as acetylene, considering the good correlation between CO and acetylene 337 

(R=0.93, slope=6.62 ppb/ppm, Figure S10). ܴܧ௕௜௢௚௘௡௜௖  is the emission ratio of 338 
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OVOCs to isoprene from biogenic emissions. ݁݊݁ݎ݌݋ݏܫ௦௢௨௥௖௘  is calculated from 339 

concentrations of isoprene and its photochemical products MVK and MACR (Apel et 340 

al., 2002;Stroud et al., 2001) (see details in SI). ሾܾܽܿ݇݃݀݊ݑ݋ݎሿ  is the background 341 

concentration of OVOCs. ሾܱܪሿ∆ݐ is the OH exposure which is calculated from the 342 

ratios between concentrations of m+p-xylene and ethylbenzene (Yuan et al., 2013). 343 

ሾܱܪሿ∆ݐ ൌ ଵ

௞೉ି௞ಶ
ൈ ቂ݈݊ ሾ௑ሿ

ሾாሿ
|௧ୀ଴ െ ݈݊ ሾ௑ሿ

ሾாሿ
ቃ                  (2) 344 

Where ݇௑  and ݇ா  are rate constants of m+p-xylene and ethylbenzene, 345 

respectively. 
ሾ௑ሿ

ሾாሿ
|௧ୀ଴ is the initial concentration ratio of m+p-xylene /ethylbenzene in 346 

fresh emissions (4.0 ppb/ppb, Figure S11) . 
ሾ௑ሿ

ሾாሿ
 is the measured concentration ratio of 347 

m+p-xylene /ethylbenzene. 348 

The chemical losses caused by photolysis cannot be ignored for many OVOCs, 349 

e.g. formaldehyde (de Gouw et al., 2018). Therefore, the effective rate constant ݇ை௏ை஼
∗  350 

is used to represent the combined loss of OH oxidation and photolysis, which can be 351 

considered as a correction factor (f) for their OH rate constant (Table 1 and Table S2, 352 

see details in SI for the calculation using Eq. 3). 353 

							݇ை௏ை஼
∗ ൌ ݇ை௏ை஼ ൅

௝ೀೇೀ಴
ሾைுሿ

ൌ ݇ை௏ை஼ ቀ1 ൅
௝ೀೇೀ಴

ሾைுሿ௞ೀೇೀ಴
ቁ ൌ ݂ ൈ ݇ை௏ை஼        (3) 354 

The fitting results using Eq. 1 for formaldehyde and acetone are shown in Figure 355 

6. The calculated concentrations of the two OVOCs from the four parts in Eq. 1 356 

compared well with measured concentrations, with correlation coefficients of 0.70 and 357 

0.69, respectively. Most of the formaldehyde concentrations are attributed to 358 

anthropogenic secondary (31%) and biogenic sources (36%), with minor contributions 359 

from primary anthropogenic emissions (9%). The background level of formaldehyde 360 

was determined to be 0.16±0.33 ppb, accounting for 24% of its concentration. Acetone 361 

concentrations are dominated by anthropogenic primary emission (53%), consistent 362 

with previous studies (Yuan et al., 2012;Wang et al., 2014a;Sahu and Saxena, 2015). 363 

The fitting results for other typical OVOCs are shown in Table 2 and Table 3. The 364 

correlation coefficients between measured and calculated concentrations of OVOCs 365 

species are relatively high (0.63-0.76). Overall, the contributions of secondary 366 
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formation from anthropogenic emissions are important for aldehydes (31-44%), while 367 

ketones are mainly from primary anthropogenic emissions, with small contributions 368 

from secondary formation of anthropogenic sources. Alcohols have significant fractions 369 

from primary anthropogenic emission with no observed anthropogenic secondary 370 

formation, in good agreement with results in other regions (de Gouw et al., 2005;Yuan 371 

et al., 2012). Biogenic sources account for 7-36% of concentrations of different OVOCs, 372 

generally with larger fractions for aldehydes (19-36%). 373 

The photochemical age-parameterization method has only been used for source 374 

analysis of individual OVOCs species. Here, we attempt to use this method to explore 375 

the sources of different categories of OVOC ions in PTR-ToF-MS mass spectra, i.e. 376 

CxHyO1, CxHyO2 and CxHyO≥3. An effective OH rate constant of 2×10-11 cm3 molecule-377 

1 s-1 was applied for different ion groups. The fitting results are also listed in Table 2 378 

and Table 3. It is observed that all categories of OVOCs have significantly secondary 379 

anthropogenic sources. OVOCs with one oxygen had similar contributions from 380 

primary emissions and secondary formation of anthropogenic sources. The determined 381 

results show that OVOCs with two oxygen atoms are more secondary than those with 382 

one oxygen atom. Primary anthropogenic emission only accounts for minor 383 

contribution to OVOCs with three or more oxygen atoms. These results are in 384 

accordance with the fact that primary emissions are more reducing. The fractions from 385 

biogenic sources to the OVOCs categories are all significant, consistent with the results 386 

of individual OVOCs species discussed above. It should be noted that a substantial 387 

fraction of OVOCs with three or more oxygen atoms is attributed to the background, 388 

which may be due to the tubing delay effects as the result of gas-wall partitioning of 389 

these lower volatility multifunctional species (Pagonis et al., 2017). 390 

3.4  OH reactivity 391 

The oxidation and removal of VOCs depend on the reactivity of VOCs with both 392 

ozone and hydroxyl radicals during daytime and the nitrate radical during nighttime 393 

(Sarkar et al., 2016). VOCs reactivity can visually and effectively characterize the 394 

contributions of various VOCs to atmospheric chemical reactions that are related to the 395 
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formation of secondary pollutants. A number of previous studies showed significantly 396 

missing reactivity between measured and calculated OH reactivities from measured air 397 

pollutants (Yang et al., 2016;Whalley et al., 2016). However, this missing fraction can 398 

also depend on the individual compounds that are taken into account for the calculated 399 

OH reactivity (Pfannerstill et al., 2019). The total OH reactivity is calculated as follows： 400 

݇ைு ൌ ݇஼ைሾܱܥሿ ൅ ݇ேைሾܱܰሿ ൅ ݇ேைమሾܱܰଶሿ ൅ ݇ௌைమሾܱܵଶሿ ൅ ݇ைయሾܱଷሿ ൅ ݇஼ுరሾܪܥସሿ401 

൅	෍ ݇௏ை஼೔
௡

௜
ሾܸܱܥ௜ሿ																																																																									 402 

Where 	݇஼ை	 , ݇ேை , ݇ேைమ , ݇ௌைమ , ݇ைయ , ݇஼ுర  and ݇voci  are the rate constants 403 

between OH radicals and CO, NO, NO2, SO2, O3, CH4 and VOC species, respectively. 404 

ሾܱܥሿ , ሾܱܰሿ , ሾܱܰଶሿ , ሾܱܵଶሿ , ሾܱଷሿ , ሾܪܥସሿ  and ሾVOCiሿ  are the measured 405 

concentration of CO, NO, NO2, SO2, O3, CH4 and various VOC species, respectively. 406 

The rate constants for various VOCs are taken from previous literatures (Atkinson 407 

and Arey, 2003;Atkinson et al., 2004;Atkinson et al., 2006;Koss et al., 2018). The 408 

species taken into account for calculating OH reactivity and their reaction rate constants 409 

are listed in Table S3 and Table S4, including all the hydrocarbons measured by GC-410 

MS/FID and 158 species measured by PTR-ToF-MS. The considered VOCs species in 411 

the calculation of OH reactivity account for 91.1% of the total VOCs concentration 412 

shown in Figure 4 and Table S4. Other VOC species from PTR-ToF-MS were not 413 

considered due to the lack of their rate constants with OH radical. Figure 7 shows the 414 

comparison of measured OH reactivity by the CRM method and calculated OH 415 

reactivity during the campaign. The variations of the measured OH reactivity are 416 

generally controlled by anthropogenic species, as indicated by the strong correlation 417 

between measured OH reactivity with CO (R=0.63) and also the similar diurnal profile 418 

as anthropogenic VOCs species (Figure 7b and Figure 1). 419 

On average, CH4 and inorganic gases, mainly NOx and CO, contribute 47.9% of 420 

the measured OH reactivity. The hydrocarbons measured by the online GC-MS/FID 421 

account for 15.1% of the measured OH reactivity. Another 8.2% of the measured OH 422 

reactivity is contributed by a total of nine OVOCs species calibrated for PTR-ToF-MS 423 

in this study, including the six common OVOCs quantified by PTR-MS instruments, 424 
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acrolein, pentanone and hexanones (Table S4). In total, the above three groups of 425 

compounds explain an average of 71.2% of measured OH reactivity, leaving the 426 

remaining 28.8% of the OH reactivity unaccounted during the campaign. This fraction 427 

of unaccounted OH reactivity is generally comparable to the results in previous studies 428 

that took into account similar VOCs species measured in the urban atmosphere (Yang 429 

et al., 2016). 430 

As discussed in section 3.2, concentrations of a large number of uncalibrated 431 

VOCs are quantified from the signals in PTR-ToF-MS mass spectra. After considering 432 

these VOCs to the calculated OH reactivity, the hydrocarbon masses and OVOCs 433 

masses from PTR-ToF-MS can account for additional 4.9% and 11.1% of the measured 434 

OH reactivity (Figure 7). Note that the contribution of hydrocarbon masses from PTR-435 

ToF-MS also include the contributions from higher alkanes (0.93%) measured by NO+ 436 

chemistry (Table S4). Nitrogen and sulfur-containing masses only represent a small 437 

fraction (0.7%) in OH reactivity. Adding up these contributions, it significantly narrows 438 

the gap between the measured and calculated OH reactivity, leaving only 12.1% of OH 439 

reactivity as “missing” during the campaign, well below the estimated uncertainty (20%) 440 

for the OH reactivity measurements by the CRM method. The results emphasize the 441 

important role of PTR-ToF-MS measurements in quantifying and characterizing 442 

reactive VOCs species that can lead to ozone and SOA formation. On the basis of Figure 443 

7, that the fraction of OVOCs in OH reactivity can be up to 20%, which is comparable 444 

to the summed contribution from hydrocarbons measured by both GC-MS/FID and 445 

PTR-ToF-MS. These results also highlight the significant contribution of OVOCs in 446 

OH reactivity in urban air. 447 

In order to gain more knowledge on potential sources of the remaining missing 448 

OH reactivity, the diurnal variation of the missing reactivity is plotted in Figure 8a, 449 

which illustrates the highest missing reactivity in the morning and evening. This diurnal 450 

profile is similar to many hydrocarbons (e.g. ethene and toluene) that are emitted by 451 

primary anthropogenic sources. Moderate correlations between the missing reactivity 452 

with the reactivities from ethene and NMHCs are also obtained (Figure 8 and Figure 453 

S14), while the correlation with OVOCs is substantially weaker, again suggesting that 454 
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the missing reactivity is more likely due to primary emissions. As the measurement site 455 

is in the downtown of Guangzhou with strong influence from vehicle emissions, the 456 

unique diurnal variations with higher missing reactivity in morning and evening rush 457 

hours indicate that vehicle emissions may play a role. Previous ambient measurement 458 

in Nashville, U.S. and at a coastal site in UK also implied the missing reactivity might 459 

be due to reactive primary species from anthropogenic sources (e.g. alkenes or 460 

aromatics) (Kovacs et al., 2003;Lee et al., 2009). A recent study on gasoline evaporation 461 

also suspected branched alkenes that are not routinely detected by GC-MS may 462 

contribute significantly to OH reactivity (Wu et al., 2015). As most of the species 463 

measured by PTR-ToF-MS have been taken into account for the OH reactivity 464 

calculation, reducing the remaining missing reactivities would only be possible with 465 

the help from other VOCs measurement techniques, e.g. GC×GC method, which 466 

already demonstrated to measure many novel hydrocarbons present in urban air (Xu et 467 

al., 2003;Dunmore et al., 2015). 468 

4 Conclusions 469 

In this study, we continuously measured VOCs and OH reactivity using state-of-470 

the-art online instruments at an urban site in Guangzhou in September-November of 471 

2018. Diurnal profile analysis of hydrocarbons show that more reactive hydrocarbons 472 

are associated with stronger chemical removal by OH radicals during the daytime. This 473 

relationship is used to estimate the daytime average OH radical concentration, obtaining 474 

good agreement with the simulation result of a box model. Diurnal profiles of OVOCs 475 

(e.g. formaldehyde and acetone) show large enhancement in the afternoon, indicating 476 

contributions from the secondary formation during the daytime. A photochemical age-477 

based parameterization method is used to analyze sources of OVOC in the atmosphere. 478 

We find that secondary formation is generally important for aldehydes, while primary 479 

emissions from anthropogenic sources dominated the concentrations of ketones. 480 

During the campaign, around 1700 ions were detected in PTR-ToF-MS mass 481 

spectra, among of which 462 ions are with noticeable concentrations in the atmosphere. 482 

We further quantify VOCs concentrations from signals of 431 ions in mass spectra of 483 

https://doi.org/10.5194/acp-2020-152
Preprint. Discussion started: 7 May 2020
c© Author(s) 2020. CC BY 4.0 License.



18 
 

PTR-ToF-MS that are not explicitly calibrated, based on the calibrated sensitivities of 484 

more than 30 VOCs species. The analyses indicate that OVOC-related ions dominated 485 

PTR-ToF-MS mass spectra with an average contribution of 77.2%, mainly compounds 486 

with one (54.1%) and two oxygen atoms (22.0%). Source analyses of these different 487 

categories of OVOCs from PTR-ToF-MS also show that these OVOCs are contributed 488 

by both primary and secondary sources. Combining measurements from PTR-ToF-MS 489 

and GC-MS/FID, OVOCs contribute 57.4% to the total concentration of VOCs, 490 

indicating the important roles of OVOCs. 491 

Finally, we find OVOCs measured by PTR-ToF-MS contribute greatly to the OH 492 

reactivity (19.3%), with 8.2% from common OVOCs that are explicitly calibrated and 493 

11.1% from other newly-quantified OVOCs signals in the mass spectra. In comparison, 494 

hydrocarbons account for 20.0% of OH reactivity during the campaign, with 15.1% 495 

from hydrocarbons measured by GC-MS/FID and 4.9% by PTR-ToF-MS, respectively. 496 

Adding up the contributions from inorganic gases (47.9%), the missing reactivity is 497 

estimated to be 12.1%. Evidence from diurnal variations and correlation analysis 498 

indicates that the missing reactivity is most likely due to hydrocarbons from primary 499 

emitted by anthropogenic sources. 500 

 In summary, our VOCs measurements at an urban site in Guangzhou demonstrate 501 

the important contributions of OVOCs to both total VOCs concentrations and OH 502 

reactivity in the atmosphere. As urban emissions are transported downwind, 503 

contributions from OVOCs in the urban emissions should continuously increase (de 504 

Gouw et al., 2005). It highlights that OVOCs play important roles in VOCs emissions 505 

and chemistry in urban air. In this study, concentrations of most OVOCs are quantified 506 

by a PTR-ToF-MS instruments, indicating the usefulness of PTR-ToF-MS in 507 

characterizing VOCs emission and chemistry in the atmosphere. Nevertheless, our 508 

analysis on OH reactivity implies potential contributions from highly reactive 509 

hydrocarbons that are not captured by neither GC-MS/FID nor PTR-ToF-MS, calling 510 

for other measurement techniques for VOCs to fill this gap. 511 
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Table 1. Rate constants of OVOCs representing the combined loss to OH and photolysis. 789 

Species 
݇ை௏ை஼ ݆ை௏ை஼/ሾܱܪሿ ݇ை௏ை஼

∗  f # 

cm3molecule-1s-1  

Formaldehyde 9.4×10−12 7.8×10−12±1.2×10−13 17.2×10−12 1.83 

Acetaldehyde 15×10−12 4.2×10−13±6.0×10−15 15.42×10−12 1.03 

Acrolein 19.6×10−12 4.2×10−13±6.0×10−15 20.02×10−12 1.02 

Acetone 0.17×10−12 5.1×10−14±7.2×10−16 0.22×10−12 1.29 

MEK 1.22×10−12 3.7×10−13±5.2×10−15 1.59×10−12 1.30 

Pentanone 7.9×10−12 3.7×10−13±5.2×10−15 8.27×10−12 1.05 

#: f represents the ratio of the rate constant representing the combined losses of reaction 790 

with OH radical and photolysis (݇ை௏ை஼
∗ ) and the OH rate constant (݇ை௏ை஼). 791 
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Table 2. Parameters describing OVOC concentrations. 793 

Species EROVOC ERprecursor kprecursor ERbiogenic Background EROVOC
c

ppb [ppb C2H2]-1 10-12cm3 

molecule-1 s-

1 

ppb [ppb 

isoprene]-1

ppbv ppb [ppm 

CO]-1 

Formaldehyde 0.22±0.12 4.49±6.03 4.59±7.22 1.61±0.08 0.66±0.13 1.46 

Acetaldehyde 0.66±0.07 3.69±2.31 5.87±4.50 0.62±0.05 0b 4.37 

Acrolein 0.06±0.01 1.49±8.27 0.87±5.00 0.08±0 0b 0.40 

Methanol 5.12±0.11 0b 0b 3.34±0.26 0b 33.9 

Ethanol 3.08±0.08 0b 0b 1.11±0.16 0b 20.4 

Acetone 1.04±0.13 6.96±63.87 1.42±13.8 1.33±0.1 0.28±0.16 6.88 

MEK 0.45±0.15 0.47±0.13 56.9±31.3 0.15±0.06 0b 2.98 

Pentanone 0.03±0 0.41±1.46 1.33±4.94 0.02±0 0b 0.20 

CxHyO1 11.61±1.13 36.66±18.19 8.78±5.88 10.7± 0.74 0b 76.9 

CxHyO2 3.70±0.68 15.72±8.72 9.39±7.32 4.30± 0.38 0b 24.5 

CxHyO≥3 0.04±0.07 1.45±6.53 3.21±16.2 0.38±0.04 0.25±0.07 0.26 

a The parameters EROVOC, ERprecursor, kprecursor, ERbiogenic and background are fitted 794 

to the measured concentration data according to equation (1). 795 

b As the fitting value of the parameter is negative, that parameter is set to zero 796 

and the fit is repeated. 797 

c Emission ratios relative to CO are calculated from emission ratios relative to 798 

acetylene multipling the emission ratio of acetylene to CO (6.62 ppb/ppm) (Figure 799 

S10). 800 
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Table 3. Contribution fractions of OVOCs from different sources and correlation 802 

coefficient between calculated and measured OVOC concentrations. 803 

Species 

Primary 

Anthropogenic,

% 

Secondary 

Anthropogenic, 

% 

Biogenic, 

% 

Background, 

% 
R 

Formaldehyde 9 31 36 24 0.70 

Acetaldehyde 37 44 19 0 0.76 

Acrolein 35 34 31 0 0.74 

Methanol 82 0 18 0 0.68 

Ethanol 87 0 13 0 0.68 

Acetone 53 17 22 8 0.69 

MEK 50 43 7 0 0.63 

Pentanone 43 35 17 5 0.75 

CxHyO1 40 38 22 0 0.70 

CxHyO2 33 43 24 0 0.62 

CxHyO≥3 6 26 35 33 0.45 
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 805 
Figure 1. Diurnal variations of selected VOCs during the campaign. Blue lines and 806 

shaded areas represent averages and standard deviations, respectively.  807 
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 808 

Figure 2. (a) Normalized diurnal variations of CO, five aromatic hydrocarbons 809 

(benzene, toluene, m,p-xylene, 1,2,4-trimethylbenzene and naphthalene) and two 810 

OVOCs (formaldehyde and acetone). The data are normalized to midnight values. The 811 

rate coefficients for the reactions with OH radicals are shown in the legend (in units of 812 

10-12 cm3 molecule-1 s-1). The orange shaded area indicates the average diurnal variation 813 

of simulated OH by an observation-constrained box model. (b) Daytime removal 814 

fractions of hydrocarbons as a function of their rate constants with OH. The daytime 815 

removal fractions for VOCs species were calculated from the concentration ratio 816 

between measurement at 14:00 and at 6:00-8:00. 817 
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 819 

Figure 3. Average mass spectra obtained by PTR-ToF-MS from ambient measurement 820 

during the campaign. The different ion categories are detailedly discussed in the text.821 
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 822 

Figure 4. (a) The average concentration percentage of each category measured by PTR-823 

ToF-MS during the campaign. The different ion categories shown in (a) and (b) are 824 

detailedly discussed in the text. (b) Diurnal variations of each category measured by 825 

PTR-ToF-MS during the campaign. (c) The average concentration percentage of each 826 

category VOCs during the observation period. Alkanes, alkenes+acetylene and 827 

aromatics were measured by GC-MS/FID, while OVOCs, N/S-containing species were 828 

measured by PTR-ToF-MS. “NMHCs measured by PTR-ToF-MS” represent 829 

hydrocarbons measured by PTR-ToF-MS after removing overlapping species with GC-830 

MS/FID (e.g. C6-C9 aromatics, isoprene). (d) Diurnal variations of each category of 831 

VOCs shown in (c) during the campaign.  832 
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 833 

Figure 5. Average mixing ratios for the different groups of ions measured by PTR-ToF-834 

MS. Nighttime (18:00–6:00) averages are shown in black and daytime (6:00–18:00) 835 

averages in red with the error bars indicating the standard deviations. The ratios 836 

between daytime and nighttime averages are shown in the lower panel in blue. 837 
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 838 

Figure 6. (a) Time series of the measured and fitted concentrations of formaldehyde 839 

from different sources. The different colors represent the four different terms of Eq. 1. 840 

(b) Scatterplot of the calculated versus the measured formaldehyde concentrations. (c) 841 

Time series of the measured and fitted concentrations of acetone from different sources. 842 

(d) Scatterplot of the calculated versus the measured acetone concentrations. 843 

 844 
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 846 

Figure 7 (a) Time series of calculated and measured OH reactivity during the campaign. 847 

(b) Diurnal variation of hourly average results of the calculated reactivity and measured 848 

OH reactivity. (c). Composition of calculated OH reactivity during the campaign. 849 
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 850 

Figure 8 (a) Diurnal variation of hourly average for missing reactivity and ethene 851 

concentration. (b-d) Correlation plots of the missing reactivity versus the reactivity of 852 

ethene (b), NMHCs measured by GC-MS/FID and PTR-ToF-MS (c) and OVOCs 853 

measured by PTR-ToF-MS, including common OVOCs and novel OVOCs (d). 854 
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