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Abstract 28 

To what extent anthropogenic emissions could influence volatile organic compound (VOC) 29 

concentrations and related atmospheric reactivity is still poorly understood. China’s 70th National 30 

Day holidays, during which anthropogenic emissions were significantly reduced to ensure good 31 

air quality on Anniversary Day, provides a unique opportunity to investigate these processes. 32 

Atmospheric oxidation capacity (AOC), OH reactivity, secondary transformation, O3 formation 33 

and VOC-PM2.5 sensitivity are evaluated based on parameterization methods and simultaneous 34 

measurements of VOCs, O3, NOx, CO, SO2, PM2.5, JO1D, JNO2, JNO3 carried out at a suburban 35 

site between Beijing and Tianjin before, during, and after the National Day holiday 2019. During 36 

the National Day holidays, the AOC, OH reactivity, O3 formation potential (OFP) and secondary 37 

organic aerosol formation potential (SOAP) were 1.6×107 molecules cm-3 s-1, 41.8 s-1, 299.2 µg 38 

cm-3 and 1471.8 µg cm-3, respectively, which were 42%, 29%, 47% and 42% lower than 39 

pre-National Day values and -12%, 42%, 36% and 42% lower than post-National Day values, 40 

respectively. Reactions involving OH radicals dominated the AOC during the day, but OH 41 

radicals and O3 reactions at night. Alkanes (the degree of unsaturation=0, (D, Equation 1)) 42 

accounted for the largest contributions to the total VOC concentration, oxygenated VOCs 43 

(OVOCs; D≤1) to OH reactivity and OFP, and aromatics (D=4) to the SOAP. O3 production was 44 

identified as VOC-limited by VOC (ppbC)/NOx (ppbv) ratios during the sampling campaign, with 45 

greater VOC limitation during post- National Day and more-aged air masses during the National 46 

Day. The VOC-sensitivity coefficient (VOC-S) suggested that VOCs were more sensitive to PM2.5 47 

in low-pollution domains and during the National Day holiday. This study emphasizes the 48 

importance of not only the abundance, reactivity, and secondary transformation of VOCs but also 49 

the effects of VOCs on PM2.5 for the development of effective control strategies to minimize O3 50 

and PM2.5 pollution. 51 

Key words: Atmospheric oxidation capacity; OH reactivity; Secondary transformation; 52 
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 54 

1 Introduction 55 

High concentrations of natural and anthropogenic O3 and aerosol precursors influence 56 

radiative transfer, climate and urban air quality. (Bloss et al., 2005; Elshorbany et al., 2009; Wang 57 



et al., 2019b; Wang et al., 2015b). Atmospheric oxidation capacity (AOC) controls the abundance 58 

of these precursors as well as the production rates of secondary pollutants (Elshorbany et al., 2009; 59 

Prinn, 2003). Hydroxyl radical (OH) activity accounts for the majority of AOC and initiates the 60 

oxidation of most precursors (Bloss et al., 2005; Levy, 1971). A quantitative measure of the 61 

oxidation capacity is derived from the rate of the total loss of all trace gases due to OH (Ehhalt et 62 

al., 2015), which is equivalent to the inverse of the OH lifetime and depends on the abundances 63 

and compositions of primary pollutants (Di Carlo et al., 2004; Ferracci et al., 2018). The necessity 64 

of quantifying AOC and OH reactivity has therefore become evident for understanding particle 65 

pollution and photochemical pollution. 66 

The concentration of O3, an important indicator and key measure of AOC (Cheng et al., 67 

2008), shows increasing O3 trends of 1-3 ppbv per year in megacity clusters in eastern China (Li et 68 

al., 2019b), reflecting an enhanced AOC during the recent summer season. O3 is produced rapidly 69 

in polluted air by the reaction cycles involving VOCs and nitrogen oxides (NOx= NO+NO2) in the 70 

presence of solar radiation. Therefore, increasing/reducing emissions of key VOC species can 71 

reduce/increase the AOC of the troposphere. Different VOC species significantly differ in their 72 

potential to form O3 (Carter, 2012). Technically, there are several parameterization approaches to 73 

estimate the chemical reactivity of ambient VOCs, including equivalent propene concentrations, 74 

OH loss frequency and maximum incremental reactivity (MIR). The O3 formation potential (OFP), 75 

which is calculated based on MIR, is a direct method to assess the maximum contribution of VOC 76 

species to O3 formation under optimum reaction conditions including high NOx concentration, 77 

high radiative flux and O3 mainly derived from local production (Czader et al., 2008; Wu and Xie, 78 

2017; Xue et al., 2017). Derived from emissions of speciated VOCs, the national OFP in China 79 

shows a persistent increasing trend with a growth factor of 2.6 during 1990–2017 (Li et al., 2019c) 80 

with maximum occurred in the North China Plain, Yangtze River Delta, and Pearl River Delta. 81 

Unsaturated compounds including m/p-xylene, ethylene, formaldehyde, toluene and propene were 82 

the species with the largest OFP contributions (Wu and Xie, 2017). Increasing OFP reflects, to 83 

some extent, increasingly severe O3 pollution and enhanced AOC. In the context of reductions in 84 

critical pollutants such as NO2, SO2, CO and PM2.5 (Sun et al., 2018; Zheng et al., 2018), 85 

identifying hotspots and major reactive VOC species is key to understanding the observed 86 

increasing O3 trend and AOC. 87 



Reportedly, increasing AOC can enhance SOA formation (Feng et al., 2019). Sensitivity 88 

studies show that the SOA decrease caused by reduced AOC is ubiquitous in the 89 

Beijing-Tianjin-Hebei (BTH) region and that their spatial relationship depends on the SOA 90 

precursor distribution (Feng et al., 2019). The propensity of different VOCs to form SOAs differs 91 

significantly and can be scaled to the SOA yield, fractional aerosol coefficient (FAC) and 92 

toluene-weighted mass contributions (Zhang et al., 2017). Derived from speciated VOCs, the BTH 93 

area and surroundings, the Yangtze River Delta, the Pearl River Delta, and the 94 

Sichuan-Chongqing District were found to have the highest SOA potential (SOAP), and toluene, 95 

n-dodecane, m/p-xylene, styrene, n-decane and n-undecane had the largest SOAP (Wu and Xie, 96 

2018). Overall, identifying the major VOC contributors to SOA formation might provide useful 97 

insights for particulate pollution control. 98 

National Day is one of the largest holidays in China, especially in 2019. The government 99 

held great ceremony in Beijing to celebrate the 70th anniversary of the People’s Republic of China. 100 

To ensure good air quality during Anniversary Day on October 1, the local government enacted 101 

strict emission controls over the BTH area. The work focuses on the analysis of a comprehensive 102 

suite of data collected during an autumn field campaign carried out at a suburban site between 103 

Beijing and Tianjin. The temporal variations in VOC concentration, AOC, OH reactivity and 104 

secondary transformation of measured species were investigated. In addition, the temporal 105 

characteristics of O3 formation and VOC-PM2.5 sensitivity were determined. These results will 106 

help to understand the PM2.5 pollution and O3 pollution in suburban areas around the BTH area. 107 

2 Methodology  108 

2.1 Measurements 109 

The sampling site is located at the Xianghe Atmospheric Observatory (39.798 °N, 116.958 °E; 110 

15 m above sea level), a typical suburban site between Beijing and Tianjin, as depicted in Figure 1. 111 

The unique geographical location makes it an indispensable platform in Beijing air pollution 112 

warning system and plays an important strategic role in regional air pollution research (Sun et al., 113 

2016b; Xin et al., 2015; Yang et al., 2019b). The sampling site is approximately 4 km west of the 114 

downtown center and is surrounded by residential areas and agricultural land. As observation 115 

platform, the station has carried on many science projects, such as MAX-DOAS SO2 observations 116 

(Wang et al., 2014a), the "Strategic Priority Research Program" of the Chinese Academy of 117 



Sciences including Category A and Category B (Xin et al., 2015). Samples were collected from 118 

September 20 to October 15, 2019. The VOCs instrument was placed in a room of a second-story 119 

building (10 m above the ground level) with an air conditioner. The measurement instrument of 120 

photolysis frequencies was installed in a room of a four-story building (15 m above the ground 121 

level). The measurement instruments of O3, NOx, SO2, CO and PM2.5 were housed in a container 122 

about 50m south-west of the four-story building. Located between several megacities, the 123 

sampling sites experiences frequent pollution plumes and are subject to multiple source influences 124 

such as local emissions and regional transport from the urban areas (Sun et al., 2016b; Xin et al., 125 

2015). 126 

O3, NOx, SO2, and CO were measured using a UV photometric O3 analyzer (model 49C/I, 127 

Thermo-Fisher Scientific, USA), chemiluminescence NOx analyzer (model 42C/I, Thermo-Fisher 128 

Scientific, USA), pulsed fluorescence SO2 analyzer (model 43C/I, Thermo-Fisher Scientific, USA) 129 

and nondispersive infrared analyzer (model 48I, Thermo-Fisher Scientific, USA). The lowest 130 

detection limit, precision, zero drift, span drift and response time can be seen in (Tang et al., 2012; 131 

Wang et al., 2013; Wang et al., 2014b). PM2.5 was measured by an RP1400a TEOM 132 

micro-oscillation balance ambient particulate monitor and detailed information can be seen in (Liu 133 

et al., 2015; Xin et al., 2012). The sampling methods and instrument protocols as well as quality 134 

assurance/quality control (QA/QC) procedures for air quality monitoring are described in detail in 135 

the Chinese National Environmental Protection Standard, Automated Methods for Ambient Air 136 

Quality Monitoring (HJ/T 193–2005; State Environmental Protection Administration of China, 137 

2006). Ambient VOC samples were collected and analyzed continuously and automatically with a 138 

temporal resolution of 1 h using a custom-built gas chromatography-mass spectrometry/flame 139 

ionization detector (GC-MS/FID, Shimadzu, Japan). The measurement principle and quality 140 

assurance and control procedures were described in our previous study (Yang et al., 2019a). The 141 

photolysis frequencies, JO1D, JNO2 and JNO3 in the atmosphere were measured by a PFS-100 142 

photolysis spectrometer (Juguang Technology (Hangzhou) Co., Ltd., Hangzhou, China) (Wang et 143 

al., 2019a). Meteorological parameters were obtained from the National Meteorological 144 

Information Center (http://data.cma.cn/), including wind speed, wind direction, temperature and 145 

relative humidity with a temporal resolution of 2 minutes, which were averaged over 1-hour time 146 

intervals for the data evaluation. 147 



2.2 Metrics and Parameterization methods 148 

2.2.1 Degree of unsaturation 149 

The degree of unsaturation (D), which is also known as “ring and double bond equivalent”, 150 

can be calculated from the molecular formula as well as from any structural representation of a 151 

molecule corresponding to that molecular formula (Badertscher et al., 2001; Gilman et al., 2015; 152 

Murray et al., 2013) and is equal to 153 

� = [2� + � − 
 + 2] /2   (1) 154 

where C, N, and H denote the number of carbons, nitrogen, and hydrogen atoms, respectively. The 155 

calculated D values of the measured VOC species are presented in Table S1 in the Supplementary 156 

material. 157 

2.2.2 AOC 158 

AOC is defined as the sum of oxidation rates of various primary pollutants (e.g., CO, CH4, 159 

and VOCs) by various oxidants (e.g., OH, O3 and NO3 radicals) (Elshorbany et al., 2009; Geyer et 160 

al., 2001; Li et al., 2018; Xue et al., 2016). This study is limited to the oxidation of the measured 161 

CO and VOCs. 162 

�� = � �����[��]
���

[�]   (2) 
Here, [��] and [�] are mixing ratios of molecule �� and oxidant �, respectively. ����� is the 163 

rate constant of the oxidation of molecule �� with oxidant �. The higher the AOC, the higher the 164 

removal rate of most pollutants. 165 

Simultaneous measurements of OH and NO3 are not available in this study. OH radical 166 

concentration (in molecule cm−3) can be estimated from the parameterization method suggested by 167 

(Ehhalt and Rohrer, 2000).  168 

[�
] = � × (�� !)" × (�#�$)% × & × [��'] + 1
) × [��']' + * × [��'] + 1           (3) 

 169 

Here, �� ! and �#�$ are the measured photolysis frequencies (s−1) of O3 and NO2, respectively. 170 

The values of α=0.83, β=0.19, a=4.1×109, b=140, c=0.41 and d=1.7 were obtained from 171 

measurement data with NOx concentrations > 1 ppb during the POPCORN campaign at a rural 172 

site in Germany. [NO2] is measured NO2 concentration (ppb). The method used here to estimated 173 

OH concentration has been used in other places of China (Lu et al., 2013; Yuan et al., 2013; Zheng 174 



et al., 2011), and the uncertainty was within 50% according to the study by (Zheng et al., 2011) in 175 

North China Plain. Therefore, we think the method used to estimated OH concentration here is 176 

reasonable. 177 

NO3 concentration could be determined from steady-state assumption proposed by 178 

(Liebmann et al., 2018). 179 

[��,] = �#�$-�. × [��'] × [�,]
�#�. + �#�-#�. × [��] + /#�. + 012 × 345 × [��']            (4) 

345 = 789:
;     (5) 180 


<=<, �#�. is the measured photolysis frequency (s−1) of NO3. /#�. (s−1) is the VOC reactivity 181 

with NO3. The rate coefficients for NO2-O3 (�#�$-�.) and NO-NO3 (�#�-#�.) were taken from 182 

the JPL-NASA Evaluation of Chemical Kinetics and Photochemical Data for Use in Atmospheric 183 

Studies (Atkinson et al., 2004) and are 3.5×10-17 and 2.6×10-11 cm3 molecule-1 s-1, respectively. 184 

345  is the loss frequency due to the heterogeneous uptake of N2O5 to particles, which is 185 

approximately valid if the particles are less than ≈ 1µm in diameter. 012  (=1.9×10-12 cm3 186 

molecule-1 s-1) is the equilibrium constant for NO3 +NO2 +M⇆N2O5 +M. ? (=0.022) is the 187 

dimensionless uptake coefficient taken from (Tham et al., 2018). ) @ is the mean molecular 188 

velocity of N2O5 (26233 cm s−1 at 298 K). A is the aerosol surface area density (cm2 cm−3). 189 

detailed information can be seen in text S1 and Figures S1 and S2 in the Supplementary material. 190 

2.2.3 Implications for atmospheric reactivity 191 

The estimation of the impact on atmospheric chemistry of measured species is based on the three 192 

metrics including hydroxyl radical (OH) reactivity, O3 formation potential (OFP) and secondary 193 

organic aerosol (SOA) formation potential, as shown in equations (6)-(8).  194 

�
 =<�)ABCBAD = � 0�E-F�G� [H���] + 0�E-G�[��] + 0�E-#�[��] + 0�E-#�'[��'] 
+0�E-I�'[J�'] + 0�E-�,[�,] + 0�E-K541L [MAℎ<=]     (6) 
�PQ � =  [H��]�  ×  RST�                (7) 

J�Q =  [H��]�  ×  J�Q�            (8) 
In the above equations, the rate coefficients 0�E  (in cm3 molecule-1 s-1) were taken from 195 

(Atkinson and Arey, 2003; Atkinson et al., 2006; Atkinson et al., 1997). MIR� is the MIR of the 196 

i54 VOC species, which were from the report entitled "Estimation of Ozone Reactivities for 197 

Volatile Organic Compound Speciation Profiles in the Speciate 4.2 Database". SOAP� is the 198 



potential of each VOC to form an SOA on a mass basis relative to the SOA formation potential of 199 

toluene, and its values were taken from (Derwent et al., 2010). [H���], [��], [��], [��'], 200 

[J�'] and [�,] denote concentrations (in molecules cm-3). The rate coefficients 0�E , MIR and 201 

SOAP� values of the measured VOC species are presented in Table S1 in the Supplementary 202 

material. 203 

3 Results and discussion 204 

3.1 Observational overview 205 

In order to quantify the temporal variations of the AOC, OH reactivity and secondary 206 

transformation of measured species, three episodes are separately defined in this study: 207 

“pre-National Day” (September 20 to 30, 2019), National Day (October 1 to October 7, 2019), and 208 

“post-National Day” (October 8 to 15, 2019). 209 

The mean diurnal profiles of major pollutants, photolysis frequencies and meteorological 210 

parameters during the three episodes are depicted in Figures 2 and S3. (the time series are shown 211 

in Figure S4 in the Supplementary material). The ambient temperature gradually decreased during 212 

the sampling period, with diurnal maxima of 28, 23 and 17℃ during the pre-National Day, 213 

National Day and post-National Day, respectively. The observed wind patterns during the field 214 

campaign showed a predominant contribution from the north-west sector, with higher wind speed 215 

during the National Day. The photolysis frequencies JO1D, JNO2 and JNO3 displayed similar 216 

diurnal variations, with the peak values occurring at approximately 12:00. However, JO1D, JNO2 217 

and JNO3 were highest during pre-National Day and comparable during the National Day and 218 

post-National Day episodes. The diurnal maximum O3 concentration measured during the 219 

pre-National Day, National Day and post-National Day was 90 ppb, 55 ppb and 30 ppb, 220 

respectively. The diurnal cycle for the O3 and PM2.5 precursors CO, NOx, and VOCs was opposite 221 

that of O3, with mixing ratios varying by a factor of ~2 according to the time of day, but similar to 222 

that of PM2.5. The diurnal patterns of the O3 and PM2.5 precursors were generally similar for the 223 

three episodes, with two obvious peaks during the morning and evening rush hour, which may 224 

result from elevated traffic emissions and lower consumption. In contrast, as depicted in Figure S3, 225 

the oxygenated VOC (OVOC; D=2) concentrations increased from a minimum near sunrise to a 226 

maximum in the late afternoon, reflecting the accumulation of OVOCs during the 227 

photochemically active period of the day. 228 



The fractional composition and total concentration of measured VOCs are shown in Figure 229 

3(a)-(c). The concentration of total VOCs (TVOCs) averaged 68.7 ppb during pre-National Day, 230 

was reduced to 43.5 ppb during the National Day episode, and increased to an average of 54.8 ppb 231 

during post-National Day. Thus, the concentration of TVOCs during the National Day was 232 

reduced by 37% compared with that pre-National Day and by 21% compared with that 233 

post-National Day. In the case of a diel cycle, alkanes (D=0) were the most abundant VOC group 234 

in all three periods, composing 33%, 35% and 33%, respectively, of the total, followed by OVOCs 235 

(D≤1) (27%, 24% and 24%) and halocarbons (D≤1) (17%, 18% and 18%). Although lower than 236 

that of alkanes, the contribution of alkenes (D= 1) increased over time, with this group composing 237 

3%, 4% and 5% of the TVOCs during the pre-National Day, National Day and post-National Day, 238 

respectively. Compared with the pre-National Day values, the National Day levels of alkanes 239 

(D=0), alkanes (D=1), alkenes (D=1), alkenes (D=2), aromatics (D=4), aromatics (D=5), OVOCs 240 

(D≤1), OVOCs (D=2), halocarbons (D≤1), halocarbons (D=4) and acetylene (D=2) were 241 

decreased by approximately 34%, 34%, 19%, 33%, 41%, 39%, 44%, 38%, 32%, 28% and 34%, 242 

respectively, but that of acetonitrile (D=2) was increased by approximately 1%. Post-National Day, 243 

aromatics (D=5), aromatics (D=4) and alkenes (D=1) increased to the greatest extent, with 244 

enhancement factors of 1.5, 1.6 and 2.7, respectively, but alkenes (D=2), OVOCs (D=2) and 245 

halocarbons (D=4) decreased by approximately 4%, 11% and 37%, respectively, compared with 246 

the pre-National Day levels. Of the top 10 species in each episode, 8 were the same, including 247 

hexanal (D=1), propane (D=0), acetone (D=1), methylene chloride (D=0), ethane (D=0), n-butane 248 

(D=0), 1,2-dichloroethane (D=0) and acetylene (D=2), differing only in terms of rank order, as 249 

shown in Figure S5(a)-(c). Most of these species have lower degrees of unsaturation (D=0), which 250 

are less likely to react with atmospheric oxidants (OH, O3 and NO3 radicals), facilitating their 251 

accumulation. These species are mainly from fuel combustion and vehicle exhaust (Liu et al., 252 

2017; Song et al., 2018); hence from perspective of the current emission-based limits, we 253 

recommend that the priorities for the control of VOC sources include fuel combustion and vehicle 254 

exhaust. 255 

3.2 AOC 256 

The calculated maximum AOC for pre-National Day, National Day and post-National Day 257 

was 8.5×107 molecules cm-3 s-1, 4.9×107 molecules cm-3 s-1 and 7.1×107 molecules cm-3 s-1, with 258 



campaign-averaged values of 1.6×107 molecules cm-3 s-1, 9.3×106 molecules cm-3 s-1 and 8.2×106 259 

molecules cm-3 s-1, respectively. Obviously, the AOC was largest during pre-National Day, with a 260 

decreasing trend from pre-National Day to post-National Day. As such, the total number of CO 261 

and VOC molecules depleted during the day were 1.4×1012, 8.0×1011 and 7.1×1011, respectively, 262 

per cm-3 of air. Such AOC levels were lower than those determined at the Tung Chung air quality 263 

monitoring station (maximum AOC was up to 2.04×108 and 1.27×108 molecules cm−3 s−1 on 25 264 

and 31 August, respectively) (Xue et al., 2016), and in a polluted area in Santiago, Chile with a 265 

peak of 3.2×108 molecules cm−3 s−1 (Elshorbany et al., 2009), but comparable to those determined 266 

at the Hong Kong Polytechnic University's air monitoring station at Hok Tsui with maximum 267 

AOC levels up to 1.4×108, 6.2×107 and 4.1×107 molecules cm−3 s−1 in the late summer, autumn 268 

and winter, respectively(Li et al., 2018) and at the Jiangwan campus of Fudan University in 269 

northeast Shanghai with a peak of 8.8×107 molecules cm−3 s−1 (Zhu et al., 2020). 270 

During the National Day episode, the average AOC for OH, O3 and NO3 radicals throughout 271 

the entire day were 8.8×106, 1.0×105 and 3.7×105 molecule cm-3 s-1, representing 95%, 4% and 1% 272 

of the total AOC, respectively. These values were 41%, 50% and 65% lower than those 273 

pre-National Day. The AOC presented similar diurnal variation patterns during the three episodes, 274 

with the maximum intensity at approximately noon and lower levels at night (Figure 4); due to the 275 

dominant contribution of OH to AOC, these patterns closely tracked with the diurnal variations of 276 

the calculated OH concentration (figures not shown) and solar radiation (as indicative of the 277 

observed JNO2), in accordance with previous studies at other urban locales (Li et al., 2018; Zhu et 278 

al., 2020). The daytime average AOC was 2.3×107 molecules cm-3 s-1, 1.4×107 molecules cm-3 s-1 279 

and 1.2×107 molecules cm-3 s-1, while the nighttime average AOC was 6.4×105 molecules cm-3 s-1, 280 

4.4×105 molecules cm-3 s-1 and 4.1×105 molecules cm-3 s-1 for pre-National Day, National Day and 281 

post-National Day, respectively. OH was, as expected, the predominant oxidant, accounting for 282 

94%, 96% and 98% of the daytime (06:00-18:00 LT) AOC. O3 was the second most important 283 

oxidant, with contributions of 4%, 3% and 2% during the pre-National Day, National Day and 284 

post-National Day (Figure 5). In comparison, NO3 made only a minor contribution (2%, 1% and 285 

<1%). At night, O3 was the major oxidant, accounting for 49%, 45% and 38% of the AOC, 286 

followed by OH (28%, 44% and 59%) and NO3 (23%, 11% and 3%) during the pre-National Day, 287 

National Day and post-National Day, respectively, although the calculated nighttime NO3 288 



concentration were much higher than OH concentration. Compared with OH and O3, NO3 made a 289 

lower contribution during the day and at night, which was mainly caused by the high NO 290 

concentrations (Liebmann et al., 2018). We have emphasized that reactive Cl produced from 291 

ClNO2 photolysis may contribute to AOC (Bannan et al., 2015; Xue et al., 2016), but this 292 

contribution was not quantitatively characterized in the present study. 293 

3.3 Implications for atmospheric reactivity 294 

3.3.1 OH reactivity of measured species 295 

The calculated OH reactivity was categorized into the values for NO2, NO, CO, SO2, O3 and 296 

VOCs. The average values during the National Day episode were 41.8 s-1, which was 29% and 42% 297 

lower than those pre-National Day (59.1 s-1) and post-National Day (72.2 s-1), respectively. In 298 

general, the OH reactivity assessed in this study was much higher than that determined in Beijing 299 

(16.4 s−1/20±11 s−1), Shanghai (13.5 s−1), Chongqing (17.8 s−1), Jinan (19.4±2.1 s−1), Wangdu 300 

(10-20 s−1), Houston (9-22 s-1), London (18.1 s−1), Nashville (11.3 ± 4.8 s−1), Guangzhou (22.7 s−1), 301 

Heshan (31±20 s−1), Backgarden (mean maximum value of 50 s−1) and New York (25 s−1) 302 

(Dolgorouky et al., 2012; Fuchs et al., 2017; Kovacs et al., 2003; Lou et al., 2010; Lyu et al., 2019; 303 

Mao et al., 2010; Ren et al., 2006; Tan et al., 2019; Whalley et al., 2016; Yang et al., 2017; Zhu et 304 

al., 2020), showing that the abundance of pollutants in Xianghe was much higher than that in other 305 

metropolitan areas of the world. During pre-National Day, NO2 made the largest contribution to 306 

total OH reactivity (46%), followed by VOCs (26%), NO (15%), CO (13%), SO2 (<1%) and O3 307 

(<1%). During the National Day, NO2 accounted for the majority of total OH reactivity (47%), 308 

followed by VOCs (19%), CO (18%), NO (16%), SO2 (<1%) and O3 (<1%). During post-National 309 

Day, NO2 and NO dominated the total OH reactivity (37% and 36%, respectively), followed by 310 

VOCs (17%), CO (10%), SO2 (<1%) and O3 (<1%). 311 

The fractional composition and total OH reactivity of measured VOCs is shown in Figure 312 

3(d)-(f). The total OH reactivity of the measured VOCs during the pre-National Day, National 313 

Day and post-National Day episodes were 15.2, 7.9 and 12.1 s−1, respectively. In general, OVOCs 314 

(D≤1), OVOCs (D=2), alkenes (D=2), aromatics (D=4) and alkanes (D = 0) were major 315 

contributors to OH reactivity due to the relatively large concentration and rate coefficients for 316 

reaction with OH, accounting for ~90% of the total OH reactivity of measured VOCs in the three 317 

episodes, illustrating the importance of these groups in atmospheric photochemistry and O3 318 



generation. Of the top 10 species in each episode, 5 were the same, as shown in Figure S5 (d)-(f): 319 

hexanal (D=1), isoprene (D=2), m/p-xylene (D=4), acrolein (D=2), n-butanal (D=1), ethylene 320 

(D=1) and 1,3-butadiene (D=2). Most of these species are highly reactive with a variety of 321 

oxidants, and many of their oxidation products are photochemically active (Gilman et al., 2015). 322 

These species are mainly from traffic-related emissions, industry and solvent usage (Chen et al., 323 

2014; Liu et al., 2017; Song et al., 2018). Therefore, in terms of OH reactivity-based limits, we 324 

recommend that the priorities for the control of VOC sources include traffic-related emissions, 325 

industry and solvent usage. 326 

In general, the OH reactivity was lowest in the afternoon and highest during the morning and 327 

evening rush hour, as shown in Figure S6. Most campaigns have also reported slightly higher OH 328 

reactivity during morning rush hour, which can be explained by higher levels of reactive gases 329 

such as NO and VOCs due to heavy traffic (Dolgorouky et al., 2012; Fuchs et al., 2017; Mao et al., 330 

2010; Ren, 2003; Ren et al., 2006; Williams et al., 2016; Yang et al., 2016). From a practical 331 

perspective, as depicted in Figure S6, NO2, NO, CO, alkanes (D=0), alkanes (D=1), alkenes (D=1), 332 

alkenes (D=2), aromatics (D =4), aromatics (D=5), OVOCs (D≤1), acetonitrile (D=2) and 333 

acetylene (D=2) showed similar diurnal cycles, with minimum levels occurring at approximately 334 

15:00 and peak values during morning and evening rush hour, which are typically connected to 335 

emissions from anthropogenic activities. The peak values of OH reactivity in the morning are 336 

mainly due to the increased NOx from rush hour traffic (Sheehy et al., 2010). The peak values 337 

during the night could be due to enhanced emissions that are released into the shallow nocturnal 338 

boundary layer (Fuchs et al., 2017). By contrast, the diurnal variations in O3 and OVOCs (D=2) 339 

were inversely related to those of the above groups. The O3 and OVOC (D=2) concentrations 340 

scaled with the photochemical parameters; hence, maximum mixing ratios were reached in the 341 

afternoon. The diurnal profiles of O3 and OVOCs partly counteracted the decrease in OH 342 

reactivity in the afternoon due to the decreases in NOx, CO, alkanes, alkenes, aromatics, 343 

acetonitrile and acetylene. 344 

3.3.2 OFP of measured species 345 

The fractional composition and total OFP of the measured VOCs are shown in Figure 3(g)-(i). 346 

Clearly, the OFP of TVOCs was much lower (299.2 µg cm-3) during the National Day than during 347 

the pre-National Day (567.2 µg cm-3) and post-National Day (466.4 µg cm-3). Thus, the OFP of 348 



TVOCs was 47% and 36% lower during the National Day than during the pre-National Day and 349 

post-National Day. Overall, the OFP was dominated by OVOCs (D≤1) and aromatics (D=4), 350 

together constituting 56% to 67%, during the three episodes, followed by OVOCs (D=2) (8%-15%) 351 

and alkanes (D=0) (10%-12%). Unsaturated OVOCs and saturated aromatics composed the 352 

dominant fraction during the three episodes due to their relatively large concentration and/or high 353 

MIR values in the atmosphere (Atkinson and Arey, 2003; Sommariva et al., 2011). The top 10 354 

VOCs contributing to the OFP during the three episodes are shown in Figure S5 (g)-(i). These 10 355 

species contributed approximately 72%, 67%, and 73% to the total OFP in the three cases, 356 

respectively. The top 10 VOCs were unsaturated compounds (D≥1), which are more likely to react 357 

with atmospheric oxidants, making unsaturated species potentially important O3 precursors 358 

(Gilman et al., 2015). The top 10 VOCs are mainly from traffic-related emissions and solvent 359 

usage (Chen et al., 2014; Liu et al., 2017; Song et al., 2018). Therefore, in terms of OFP-based 360 

limits, we recommend that the priorities for the control of VOC sources include traffic-related 361 

emissions and solvent usage. 362 

3.3.3 SOA formation potential of measured species 363 

According to our estimates, the National Day episode had the lowest SOA potential (1471.8 364 

µg cm-3) compared to that during the pre-National Day and post-National Day, which had 1.7 and 365 

1.7 times greater estimated SOAP values, respectively, as shown in Figure 3(j)-(l). Overall, 366 

aromatics (D=4), such as m/p-xylene, toluene, benzene, o-xylene, ethylbenzene, m-ethyltoluene, 367 

o-ethyltoluene, p-ethyltoluene and n-propylbenzene, and aromatics (D=5) accounted for the 368 

largest contributions to the SOAP, which is consistent with previous studies (Dominutti et al., 369 

2019; Song et al., 2018; Wu and Xie, 2018). Generally, the tendency for aerosol formation 370 

increased as the size and polarity of VOCs increased because the size and polarity of VOCs has 371 

fundamental effects on the vapor pressure of molecules (Han et al., 2018; Kroll and Seinfeld, 372 

2008). The initiation mechanism dominates the oxidation of aromatics, so the predominant 373 

products contain two polar functional groups (Jang et al., 2006; Lambe et al., 2012). Conversely, 374 

SOA formation from alkanes involves functionalization and fragmentation (Lambe et al., 2012), 375 

although alkanes accounted for the largest contributions to the TVOC concentration. The top 10 376 

species constituted 97%, 97% and 98% of the total OFP during the pre-National Day, National 377 

Day and post-National Day, respectively, as shown in Figure S5 (j)-(l). Traditionally, these species 378 



are thought to have the largest propensity to form SOAs, although the levels of predicted SOAs 379 

are typically much lower than those observed in ambient air (de Gouw et al., 2005; Volkamer et al., 380 

2006). It is known that these species can be emitted from vehicular exhaust or associated with the 381 

solvent emissions of paints, inks, sealant, varnish and thinner for architecture and decoration 382 

(Ait-Helal et al., 2014; Liu et al., 2017; Liu et al., 2008; Wang et al., 2015a; Yang et al., 2019a). 383 

Therefore, in terms of SOA-based limits, we recommend that the priorities for the control of VOC 384 

sources include vehicular exhaust and solvent usage. 385 

3.4 Photochemical age and O3 386 

[OH]×∆t named OH exposure (Jimenez et al., 2009), the product of OH radical concentration 387 

[OH] and reaction time ∆t for the VOCs in the atmosphere between emission source and receptor, 388 

is derived from the photochemical age (Yuan et al., 2012). The photochemical age is usually 389 

calculated with two different methods: first, by employing the ratio of two compounds of same 390 

origin with different rate coefficients towards OH, e.g., propene and ethene, n-butane and propane, 391 

iso-butane and propane, benzene and toluene, m/p-xylenes and benzene, ethylbenzene and 392 

m/p-xylenes, benzene and 1,2,4-trimethylbenzene (Borbon et al., 2013; Chen et al., 2016; de 393 

Gouw et al., 2017; de Gouw et al., 2005; Ensberg et al., 2014; Hayes et al., 2013; Jimenez et al., 394 

2009; Laurila and Hakola, 1996; Nelson and Quigley, 1983; Parrish et al., 1998; Roberts et al., 395 

1984; Sun et al., 2016a; Warneke et al., 2007; Yuan et al., 2012), and second, by defining the 396 

photochemical age as log10(NOx/NOy) (Hayes et al., 2013; Kleinman et al., 2008). Despite some 397 

limitations and substantial uncertainties (McKeen et al., 1996; Parrish et al., 2007), those ratios 398 

not merely yield useful measures of photochemical processing in the troposphere, but provide 399 

useful test of the treatment of mixing and chemical processing in chemical transport models 400 

(Parrish et al., 2007). In this study, the aromatic isomers m/p-Xylenes and ethylbenzene are the 401 

two VOCs used here in the calculation of the photochemical age (Guo et al., 2007; So and Wang, 402 

2004; Zhang et al., 2008). It is based on three facts established by (Nelson and Quigley, 1983): 1) 403 

these compounds occur in significant concentrations and constant relative proportion in the major 404 

anthropogenic sources of hydrocarbons, 2) the compounds disappear from the atmosphere at 405 

markedly different rates by photochemical reaction and 3) various sources of these two species 406 

tend to have a similar ratio of about 3.6. 407 



[OH] × ∆t = 1
b�c/d�efg1h1i − �154fgj1hk1h1l × mln [p/q − rDs<t<u]

[<AℎDs&<tv<t<] │5�x − ln [p/q − rDs<t<u]
[<AℎDs&<tv<t<] │5y  (9) 

where the parameters k|/}�~������  and k������������  are rate constants of m/p-xylene and 408 

ethylbenzene, respectively. 
[c/d�efg1h1i]
[154fgj1hk1h1] │5  is the measured ratio of 409 

m/p-xylenes/ethylbenzene.  [c/d�efg1h1i]
[154fgj1hk1h1] │5�x is the initial ratio of m/p-xylenes to ethylbenzene. 410 

As presented in Figure S7, we chose 3.54, 3.48 and 3.95 ppb ppb-1 as initial emission ratios of 411 

ethylbenzene to m/p-xylene for the pre-National Day, National Day, and post-National Day, 412 

respectively, as they were the largest ratios for the diurnal variations during the three episodes. 413 

The diurnal maximum OH exposure was calculated as 3.7×1010 molecules s cm-3, 2.8×1010 414 

molecules s cm-3 and 1.5×1010 molecules s cm-3 during the National Day, pre- and post-National 415 

Day, respectively, as shown in Figure 6a, indicating a more-aged atmospheric environment during 416 

the National Day holiday. 417 

Generally, higher O3 concentrations are indicative of greater photochemical age. Figure 6b 418 

shows the relationship between the OH exposure and O3 concentration. During the three episodes, 419 

higher O3 mixing ratios coincided with greater OH exposure, although O3 seemed to be not highly 420 

correlated with photochemical age. The relatively poor correlation during the National Day (R2= 421 

0.35) and post-National Day (R2=0.27) may indicate that the entrainment of air from the O3-rich 422 

residual layer trapped aloft is important to the accumulation of surface O3 during the two episodes 423 

(Xu et al., 2011). 424 

3.5 VOC-NOx-O3 sensitivity 425 

The VOC (ppbC)/NOx (ppbv) ratio is often used to determine the O3 formation sensitivity (Li 426 

et al., 2019a; Zou et al., 2015) based on experiential criteria in previous studies and the transition 427 

from VOC-limited to NOx-limited conditions at a VOC (ppbC)/NOx (ppbv) ratio of approximately 428 

8:1 (Seinfeld, 1989). The daily mean value of the VOC (ppbC)/NOx (ppbv) ratio was 8.4, 7.2 and 429 

5.0 during the pre-National Day, National Day and post-National Day, respectively, indicating that 430 

the production of O3 was more sensitive to VOCs during the post-National Day than during the 431 

National Day and pre-National Day due to the presence of strong NOx emissions. Considering that 432 

the impact of VOCs on ozone formation was more closely related to the reactivity of individual 433 

VOC species than to the amount of total VOCs, defining O3 production regimes in terms of the 434 

OH reactivities of VOCs and NOx is also a way of assessing the sensitivity of O3 production to the 435 



prevailing conditions. (Kirchner et al., 2001; Lyu et al., 2019; Pfannerstill et al., 2019; Sinha et al., 436 

2012). The O3 production regime plot, as illustrated in Figure S8, showed that the three episodes 437 

were characterized by strong VOC limitation. The higher the O3 concentration is, the more 438 

obvious the VOC limitation. Overall, the results suggested that O3 formation was more likely to be 439 

VOC-limited during the three episodes; hence reduction in VOC emission or increase in NOx 440 

emission can increase O3 reduction. 441 

From the daily variations in the VOC/NOx ratio (Figure 7a), higher ratios were observed at 442 

night, exceeding 8:1, especially during the pre-National Day and National Day. These 443 

observations suggested more emission sources of VOCs at night, resulting in the O3 formation 444 

system shifting to NOx-limited. O3 formation depends not only on the abundance of precursors 445 

but also on the VOC/NOx ratio (Li et al., 2019a). However, there were no discernible relationship 446 

(R2<0.1) between O3 and VOC/NOx occurred during the three episodes, as depicted in Figure 7b, 447 

possibly due to the counteraction of other uncertain factors. It should be noted the analysis is only 448 

approximate in terms of the assessment of VOC or NOx limitations for O3 control because the 449 

VOC (ppbC)/NOx (ppbv) ratio indicator obtained from the numerical simulations of O3 pollution 450 

in Los Angeles in the 1980s, which may be different from the air measured in Xianghe. Further 451 

investigation based on a photochemical model and more accurate measurements of VOCs and 452 

NOx is needed in the future to obtain more robust conclusions. 453 

3.6 VOC–PM2.5 sensitivity 454 

In general, the relationship of VOC concentrations with the PM2.5 concentration displayed 455 

similar trends, as shown in Figure S9. The above trends were useful indicators of qualitative 456 

relationships but cannot quantitatively reveal the pattern of variation. Rather than a simple 457 

concentration comparison, we used a gradient model (Equation 10), which used a PM2.5-dependent 458 

function to incorporate data from pre-National day to post-National day, to investigate the 459 

relationship between VOC and PM2.5 concentrations. The partitioning of atmospheric VOCs 460 

between gaseous and particulate phases is affected by particulate matter concentrations and other 461 

factors. Here, we propose a VOC-sensitivity coefficient (VOC-S) (Equation 10) to evaluate the 462 

degree to which VOC concentrations were influenced by the PM2.5 concentration (Han et al., 2017; 463 

Han et al., 2018). Detailed descriptions of the gradient model and VOC-sensitivity coefficient can 464 

be seen in the text S2 in supporting Information. 465 



� = ∆F�Gi∆��$.�
                                         (10) 

VOCs– S = �∆�� = ∆F�Gi �F�Gi⁄
∆��$.� ���$.�⁄     (11) 

where ∆F�Gi, ∆��$.�, �F�Gi, and ���$.� represent the concentrations of VOCs and PM2.5 in 466 

specific PM2.5 gradients and the background concentrations of VOCs and PM2.5, respectively. In 467 

this study, the average PM2.5 concentrations in the <5 μg m-3 domain were considered ���$.�, and 468 

the corresponding mean VOC concentration was regarded as �F�Gi. The larger the VOCs–S value, 469 

the more sensitive the VOC concentrations were to PM2.5, which means that VOC concentrations 470 

could exhibit major changes, while PM2.5 concentrations only displayed minor variations.  471 

To examine the variation in the level of sensitivity of VOCs to PM2.5, VOCs and PM2.5 were 472 

subdivided into 16, 14 and 12 groups on the basis of concentration in intervals of 5 μg m−3 PM2.5 473 

during the pre-National Day, National Day, and post-National Day, respectively. The mean 474 

VOC-S coefficient of VOCs in each group were plotted against R (the ratio of ∆��$.� to ���$.�) 475 

and were fitted with a typical power function: 476 

D = � × rj                (12) 
where r and D represent R and VOC-S, respectively, and � and & are regression parameters. 477 

As shown in Figure 8, a statistically significant relationship was found between VOC-S and R, 478 

with fitted r2 values of 0.97 (p < 0.001), 0.92 (p < 0.001) and 0.72 (p < 0.001) during the 479 

pre-National Day, National Day, and post-National Day, respectively. Overall, the low VOC-S 480 

values in each episode remained almost constant, while the high VOC-S values displayed a 481 

steadily decreasing trend, suggesting that VOCs were more sensitive to PM2.5 in low-pollution 482 

domains. The parameter m, which is the slope of the linear regression between ln (∆F�Gi/�F�Gi) 483 

and ln (∆��$.�/���$.�) and equal to “1+ &”, revealed more information, such as differences among 484 

VOC species and temporal variations (Han et al., 2018), reducing the possible bias resulting from 485 

comparing only concentrations (Han et al., 2017). As depicted in Figure S10, TVOCs produced 486 

similar results, with m values of 0.34, 0.68 and 0.56 during the pre-National Day, National Day, 487 

and post-National Day, respectively, indicating that TVOCs were less sensitive to PM2.5 during the 488 

pre-National Day than during the National Day and post-National Day. 489 

The VOC-S values of alkanes (D=0), alkenes (D=1), alkenes (D=2), aromatics (D=4), 490 

aromatics (D=5), OVOCs (D≤1), and acetylene (D=2) were also investigated, and the results were 491 



similar to the TVOC results, as shown in Figures S11-S17. Pre-National Day, alkenes (D=1) had 492 

stronger effects on PM2.5, with an m value of 0.61, followed by aromatics (D=4), aromatics (D=5), 493 

alkanes (D=0), acetylene (D=2), OVOCs (D≤1) and alkenes (D=2), as shown in Figure S10. 494 

During the National Day, alkanes (D=0) and acetylene (D=2) had comparable effects on PM2.5, as 495 

they did during post-National Day. Therefore, although aromatics (D=4) and aromatics (D=5) 496 

accounted for the largest contributions to the SOAP, both were less sensitive to PM2.5, especially 497 

during the National Day and post-National Day. In contrast, alkanes (D=0) and acetylene (D=2) 498 

made smaller contributions to the SOAP, but both were more sensitive to PM2.5. These results 499 

indicated that further study on SOA formation should take into account the properties of specific 500 

VOC. 501 

4 Conclusions 502 

In this study, we comprehensively analyzed the variations in AOC, OH reactivity, secondary 503 

transformation, O3 formation and VOC-PM2.5 sensitivity based on parameterization methods and 504 

simultaneous measurements of major pollutants, photolysis frequencies and meteorological 505 

parameters at a suburban site between Beijing and Tianjin before, during, and after National Day 506 

2019. The diurnal cycle of CO, NOx, and VOCs was opposite that of O3, but similar to that of 507 

PM2.5 during the three episodes. During the National Day holidays, the TVOC concentration, 508 

AOC, OH reactivity, OFP and SOAP were lower than pre-National Day and post-National Day 509 

values. Overall, the concentrations of alkanes (D=0) were higher than that of other groups, 510 

however, OVOC (D≤1) and aromatics (D=4) made larger contributions for OH reactivity, OFP 511 

and SOAP. OH radicals dominated the AOC during the day, but OH radicals and O3 reactions at 512 

night. OH reactivity presented similar diurnal variation patterns during the three episodes with 513 

lowest in the afternoon and highest during the rush hour. The O3 photochemical formation regime 514 

during the three episodes was identified as VOCs-limited by VOC (ppbC)/NOx (ppbv) ratios, with 515 

greater VOC limitation during the post-National Day and more-aged atmospheric environment 516 

during the National Day holiday. VOC-S coefficient indicated VOCs were more sensitive to PM2.5 517 

in low-pollution domains and during the National Day holiday. Alkenes (D=1) and aromatics 518 

(D=4) were more sensitive to PM2.5 pre-National Day, but alkanes (D=0) and acetylene (D=2) 519 

during the National Day and post-National Day. 520 
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Figure 1. The location of the sampling site, marked with a red dot. The provincial boundary layer 

with a scale of 1:4,000,000 was obtained from the National Geomatics Center of China 

(http://www.ngcc.cn/ngcc/). Maps were generated based upon a geospatial analysis using ESRI 

ArcGIS software (version 10.1, http://www.esri.com/software/arcgis/arcgis-for-desktop). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 2. Diurnal variations (mean and 95% confidence interval of the mean) in the measured 

temperature (a), WS (b), RH (c), CO (d), SO2 (e), O3 (f), NOx (g), TVOCs (h), PM2.5 (i), JO1D (j), 

JNO2 (k) and JNO3 (l) in Xianghe before, during, and after National Day 2019. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 3. Contributions of VOCs to (a)-(c) the measured TVOC concentrations, (d)-(f) OH 

reactivity, (g)-(i) relative OFP and (j)-(l) relative SOAP in Xianghe before, during, and after 

National Day 2019. Absolute totals for each period are shown below each pie chart in the 

respective units. D= degree of unsaturation. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Figure 4. Mean diurnal variations in the calculated daytime AOC in Xianghe before, during, and 

after National Day 2019. 

 

 

 

 

 

 

 

 

 



 

Figure 5. Comparison of the relative contributions of OH, O3 and NO3 to the daytime and 

nighttime integral of the AOC in Xianghe before, during, and after National Day 2019. 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 6. Daily variations in OH exposure (a) and scatter plots of OH exposure to O3 (b) in 

Xianghe before, during, and after National Day 2019. OHE= OH exposure. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 7. Daily variations in the VOC/NOx ratio (a) and scatter plots of O3 versus the VOC/NOx 

ratio (b) in Xianghe before, during, and after National Day 2019. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 8. Trends of the VOC-S coefficient against R (the ratio of ∆���.�
/����.�

) for TVOCs in 

Xianghe before, during, and after National Day 2019. 

 



Highlights: 

� The significant decreases of atmospheric oxidation capacity and photochemical reactivity 

occurred during the National Day holiday 

� Hydroxyl radical and O3 correspondingly dominated the daytime and nighttime AOC during 

the sampling campaign 

� Unsaturated species, the degree of unsaturation ≥1, are the major contributors to OH 

reactivity, O3 and SOA formation 

� VOCs were more sensitive to PM2.5 in low-pollution domains and during the National Day 

holiday 
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