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Abstract  28 

Vertical profiles of isoprene and monoterpenes were measured by a proton transfer 29 

reaction-time of flight-mass spectrometry (PTR-ToF-MS) at heights of 3, 15, 32, 64, 30 

and 102 m above the ground on the Institute of Atmospheric Physics (IAP) tower in 31 

central Beijing during the winter of 2016 and the summer of 2017. Isoprene mixing 32 

ratios were larger in summer due to much stronger local emissions whereas 33 

monoterpenes were lower in summer due largely to their consumption by much higher 34 

levels of ozone. Isoprene mixing ratios were the highest at the 32 m in summer (1.64 ± 35 

0.66 ppbV) and at 15 m in winter (1.41 ± 0.64 ppbV) with decreasing concentrations to 36 

the ground and to the 102 m, indicating emission from the tree canopy of the 37 

surrounding parks. Monoterpene mixing ratios were the highest at the 3 m height in 38 

both the winter (0.71 ± 0.42 ppbV) and summer (0.16 ± 0.10 ppbV) with a gradual 39 

decreasing trend to 102 m, indicting an emission from near the ground level. The lowest 40 

isoprene and monoterpene mixing ratios all occurred at 102 m, which were 0.71 ± 0.42 41 

ppbV (winter) and 1.35 ± 0.51 ppbV (summer) for isoprene, and 0.42 ± 0.22 ppbV 42 

(winter) and 0.07 ± 0.06 ppbV (summer) for monoterpenes. Isoprene in the summer and 43 

monoterpenes in the winter, as observed at the five heights, showed significant mutual 44 

correlations. In the winter monoterpenes were positively correlated with combustion 45 

tracers CO and acetonitrile at 3 m, suggesting possible anthropogenic sources. 46 
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Introduction  57 

 Volatile organic compounds (VOCs) from both anthropogenic and biogenic 58 

sources play crucial roles in the formation of ozone (O3) and secondary organic aerosols 59 

(SOA) in the atmosphere (Henze et al., 2006). Biogenic VOCs (BVOCs) are mainly 60 

emitted from plant leaves and they account for ~90% of global annual VOC emissions 61 

(Guenther et al., 2012). Due to their relatively higher reactivity with atmospheric 62 

oxidants (Ryerson et al., 2001; Hallquist et al., 2009), BVOCs like isoprene have 63 

exceedingly strong ozone formation potential (OFP) compared with many 64 

anthropogenic VOCs (Atkinson, 2000; Calfapietra et al., 2013). In addition, on a global 65 

scale, it is estimated that SOA derived from biogenic sources greatly exceed that from 66 

anthropogenic sources (Hallquist et al., 2009).  67 

As BVOCs, such as isoprene (C5H8) and monoterpenes (C10H16), are largely 68 

emitted from vegetation, the majority of field observations have been carried out in 69 

natural ecosystems (Baker et al., 2005; Eerdekens et al., 2009; Bai et al., 2017). 70 

However, model results suggest that BVOCs could contribute as much as 15% of 71 

ground level O3 pollution formed in some of the metropolitan areas of Europe (Curci et 72 

al., 2009). Recent studies have also showed that anthropogenic pollutants including SO2 73 

and oxides of nitrogen (NOx, NO + NO2) can largely promote SOA formation from 74 

BVOCs (Shilling et al., 2013; Xu et al., 2015). Monoterpenes are estimated to be the 75 

largest source of summer organic aerosol in the southeastern United States (Zhang et 76 

al., 2018), and BVOC-derived SOA tracers have been widely observed to occur in 77 

atmospheric aerosols over cities (Fu et al., 2009; Ding et al., 2012; Lin et al., 2013; 78 

Martinsson et al., 2017). Thus, the effect of BVOCs in the urban environment is an 79 

important but currently understudied area of research. 80 

Measurements of the vertical distribution of pollutants offer insight into their 81 
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sources, and enable the evaluation of chemical transport models and assessing indoor 82 

pollution at different heights (Jo and Kim, 2002; Caputi et al., 2019). Aircrafts, tethered 83 

balloons and towers are the most common platforms used to assess vertical gradients 84 

of pollutants. Yet, aircrafts are typically limited to higher altitude measurements (> 200 85 

m) (Reeves et al., 2010; He et al., 2012), and tethered balloons are typically confined 86 

to rural areas due to space requirements (Greenberg et al., 1999; Sun et al., 2018). 87 

Tower-based measurements are, therefore, the most suitable option for use in the urban 88 

environment (Hollaway et al., 2019). While, many previous tower-based studies have 89 

been conducted in forests (Hemig et al., 1998; Kesselmeier et al., 2002; Yanez-Serrano 90 

et al., 2015), we believe the results presented here represent some of the first vertical 91 

profiles of BVOCs measured above a major urban conurbation.  92 

Like many cities in developing countries, Beijing has air quality problems 93 

including very high levels of O3 and fine particulate matter. Numerous field campaigns 94 

have been conducted to characterize anthropogenic VOCs in Beijing (Liu et al., 2017; 95 

Yang et al., 2018), but relatively few studies have focused on the measurement of 96 

biogenic compounds such as isoprene and monoterpenes and those that have typically 97 

been confined to offline analytical techniques (Duan et al., 2008; Cheng et al., 2018; 98 

Mo et al., 2018). Since monoterpenes are highly reactive with O3, inefficient removal 99 

of O3 during sampling could lead to the loss of monoterpenes and an underestimation 100 

of their abundance (Fick et al., 2001; Arnts et al., 2008). Furthermore, wall adsorption 101 

and storage time may also influence the determination of BVOCs in bags and canisters 102 

samples (Ahn et al., 2016). In contrast, online instruments such as proton transfer 103 

reaction-time of flight-mass spectrometry (PTR-ToF-MS) overcome these 104 

shortcomings by offering real-time monitoring with a sample resolution on the order of 105 

seconds (de Gouw and Warneke, 2007; Liu et al., 2016; Huang et al., 2017; Yuan et al., 106 
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2017). 107 

In this study, mixing ratios of isoprene and monoterpenes were measured by a 108 

PTR-ToF-MS in the winter of 2016 and the summer of 2017 at 5 different heights from 109 

the 325-meter the Institute of Atmospheric Physics (IAP) tower in central Beijing. The 110 

aims of this study were (i) to obtain vertical profiles of isoprene and monoterpenes in 111 

urban Beijing, (ii) to explore the factors influencing their abundance, and (iii) to 112 

evaluate if these predominantly biogenic species also have a significant contribution 113 

from anthropogenic sources within Beijing. 114 

1. Material and methods 115 

1.1 Vertical Profile Measurements  116 

Field measurements were conducted as part of the joint UK-China Atmospheric 117 

Pollution and Human Health in a Developing Megacity (APHH-Beijing) research 118 

programme. The monitoring site (39°58′33′′ N, 116°22′41′′ E) is located in the Institute 119 

of Atmospheric Physics, Chinese Academy of Sciences (IAP, CAS), which is an urban 120 

site, between the North 3rd and 4th Ring Road in Beijing (Shi et al., 2019). Although 121 

in a central location, the sampling site is surrounded by four parks containing a variety 122 

of grassed and forested areas (Fig. 1). The dominant plants are evergreen trees, 123 

deciduous trees, evergreen shrubs and deciduous shrubs in the urban area of Beijing 124 

(Ghirardo et al., 2016). These trees are also the main species in parks near the sampling 125 

site.  126 

Online monitoring was conducted at the 325 m tall tower located within the 127 

grounds of the IAP tower section. For each hour, ~15 minutes were spent measuring 128 

vertical profiles of isoprene and monterpenes mixing ratios by sequentially sampling 129 
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air from the five measurement heights at 3, 15, 32, 64, and 102 m. Online measurements 130 

of ambient BVOCs were jointly conducted with colleagues from the United Kingdom 131 

who measured eddy covariance BVOC fluxes also using data from the same PTR-ToF-132 

MS. Air samples were drawn from inlets at different heights to the ground station with 133 

high-volume pumps to minimize the residence time in the sampling lines to be less than 134 

1 second. Then the automatic switching valves were used to achieve gradient switching. 135 

Sample air was drawn through individual 1/4 inch outer diameter (O.D.) Polytetra 136 

fluoroethylene (PTFE) sample lines at a flow rate of 3.3 L/min, with 0.3 L/min of this 137 

airflow diverted into heated (30 C) 10 L stainless steel canisters. The turnover time of 138 

air within each of the five canisters was ~ 30 min, which meant the PTR-ToF-MS could 139 

sample sequentially from each canister for just 170 sec and provide mixing ratios that 140 

were representative of the average during the previous half an hour. A further 5 minutes 141 

was spent measuring the instrument background and the remaining 40 min of each hour 142 

were for eddy covariance flux measurements. All air samples entered the PTR-ToF-MS 143 

via a 1 m long 1/4 inch O.D. PTFE line followed by a 20 cm long 1/16 inch O.D. 144 

polyetheretherketone (PEEK) inlet tube. A PTFE filter (Mitex, Merck KGaA, Ireland) 145 

was installed in front of the inlet to remove particulate matters. Trichlorobenzene was 146 

introduced into the inlet flow via diffusion through a needle valve to provide a high 147 

mass compound for mass calibration. The VOCs were measured by a PTR-ToF-MS 148 

2000 (Ionicon Analytik GmbH, Innsbruck, Austria) housed in an air-conditioned 149 

container from November 23rd to December 12th, 2016 during the winter campaign 150 

and from June 10th to June 25th, 2017 during the summer campaign.  151 
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1.2 Instrument setup 152 

The basic principles of PTR-ToF-MS have been described elsewhere in detail 153 

(Jordan et al., 2009; Huang et al., 2016). Briefly, the instrument consists of a hollow 154 

cathode ion source that generates a pure H3O+ reagent ion stream, a drift tube is used to 155 

ionize VOCs, and a high resolution time-of-flight mass spectrometer separates the ions 156 

according to their mass-to-charge ratio (m/z). 157 

During the campaigns, the PTR-ToF-MS was operated under conditions of 1.9 158 

mbar drift tube pressure, 60 C of inlet and drift temperature, and a drift tube voltage of 159 

484 V, and E/N of 130 Td (where, E is electric field strength and N is the number density 160 

of a neutral gas; 1 Td is 10-17 V·cm2).  161 

Multipoint calibrations were performed twice every week using a VOC standard 162 

mixture (UK National Physical Laboratory; ~1 ± 0.10 ppmV) by dynamic dilution with 163 

two mass flow controllers (Model 8500, KOFLOC, Japan; F-201CV, Bronkhorst, 164 

Germany), which had been calibrated before use by a flowmeter (Gilian Cilibrator 2, 165 

Sensidyne, USA). Calibration curves and method detection limit (MDLs) of isoprene 166 

and α-pinene in this campaign were presented in Appendix A Fig. S1. The MDLs of 167 

isoprene and α-pinene were 58 and 64 pptV, respectively (Huang et al., 2017). It is 168 

worth noting that isoprene (m/z 69) may be overestimated due to interference from 169 

Furan and the fragmentation of 2-methyl-3-butene-2-ol (MBO) (de Gouw et al., 2003; 170 

Yuan et al., 2017). Monoterpenes (m/z 137) were quantified by the sensitivity of α-171 

pinene and may be underestimated because of a small fragment in m/z 87 (Warneke et 172 

al., 2003). 173 

1.3 Trace gases and meteorological data 174 

Data of other pollutants such as carbon monoxide (CO) and O3 were obtained from 175 
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the Beijing Air Quality Monitoring Network with online monitoring at the site 176 

Chaoyang Olympic Sports Center (39°59′01′′ N, 116°23′56′′ E). The meteorological 177 

data including wind direction (WD), wind speed (WS), relative humidity (RH), and 178 

temperature (T) were obtained from the IAP tower where these parameters were 179 

monitored at three heights (8, 120 and 240 m); solar radiation (SR) was obtained from 180 

monitored at ground level on the tower; planetary boundary layer (PBL) height was 181 

calculated online from NOAA's READY Archived Meteorology program 182 

(http://ready.arl.noaa.gov/READYamet.php). 183 

During the winter campaign (November 23rd to December 12th, 2016), air 184 

temperature ranged from -3.8 to 11.5 C with an average of 3.4 C; relative humidity 185 

ranged 11%-92% with an average of 43%; PBL height ranged 50-2047 m with an 186 

average of 225 m; solar radiation was 70.2 W/m2 on average with a maximum of 625.8 187 

W/m2. During the summer campaign (June 10th to June 25th, 2017), air temperature 188 

ranged from 17.8 to 39.9 C with an average of 27.4 C; relative humidity ranged 14%-189 

100% with an average of 54%; PBL height ranged 50-3078 m with an average of 676 190 

m; solar radiation was 211.4 W/m2 on average with a maximum of 1156.0 W/m2. 191 

2. Results and discussion 192 

2.1 Overview about mixing ratios of isoprene and monoterpenes 193 

Figs. 2 and 3 showed the time series of mixing ratios of isoprene and monoterpenes 194 

as well as that of meteorological parameters (wind speed and direction, temperature, 195 

relative humidity, PBL and solar radiation) during the winter and the summer campaign, 196 

respectively.  197 

During the winter campaign, measured mixing ratios of isoprene at the five heights 198 

ranged from 0.01 to 3.11 ppbV with averages from 0.71 ± 0.42 ppbV (102 m) to 1.41 ± 199 
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0.64 ppbV (15 m). Our measured isoprene mixing ratios (1.18 ± 0.53 ppbV) at the 3 m 200 

height was comparable with that of 1.00 ± 0.48 ppbV (Table 1) measured 2.5 m above 201 

ground also during November 2016 by PTR-ToF-MS at an urban site about 10 km away 202 

from the IAP tower (Sheng et al., 2018). However, measured mixing ratios of isoprene 203 

at 15 m (1.41 ± 0.64 ppbV) or at other heights in this study were much higher than those 204 

previously reported based on canister-sampling offline measurements in Beijing during 205 

the cold non-growing seasons, for example 0.22 ±0.13 ppbV observed ~15 m above 206 

ground at an urban site in Beijing during January-February 2015 (Li et al., 2019), 0.14 207 

± 0.14 ppbV at another urban site ~12 m above the ground in Beijing during January 208 

2015 (Cheng et al., 2018), or even 0.04 ± 0.04 ppbV at an suburban site ~12 m above 209 

the group in Beijing during November-December, 2014 (Li et al., 2019). The mixing 210 

ratios on average were also much higher than that of 0.05 ppbV reported at a forest site 211 

532 m above sea level in Cyprus during March 2015 (Debevec et al., 2018). 212 

During the winter campaign, observed mixing ratios of monoterpenes ranged from 213 

below the MDL to 1.31 ppbV with similar averages at the five heights from 0.57 ± 0.20 214 

ppbV at 3 m (the highest) to 0.42 ± 0.22 ppbV at 102 m (the lowest). The average 215 

mixing ratios of monoterpenes at 15 m was 0.54 ± 0.18 ppbV. These averages were also 216 

about an order of magnitude higher when compared to those based on canister-sampling 217 

offline measurements in Beijing, such as 0.06 ± 0.06 ppbV at an urban site ~15 m above 218 

the ground during January-February 2015 or 0.04 ± 0.04 ppbV at a suburban site ~12 219 

m above the ground during November-December 2014 (Table 1; Li et al., 2019). They 220 

were also substantially much higher than that measured in situ (0.28 ± 0.31 ppbV) with 221 
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an online gas chromatography-flame ionization detector (GC-FID) system at the forest 222 

site in Cyprus during March 2015 (Debevec et al., 2018).  223 

During the summer campaign, which captured the growing seasons of the local 224 

vegetation, observed mixing ratios of isoprene were between 0.44 and 2.51 ppbV with 225 

an average from 1.35 ± 0.51 ppbV at 102 m to 1.64 ± 0.66 ppbV at 32 m (Table 1). 226 

These are higher than those measured during the winter campaign. This is not surprising 227 

because isoprene is typically emitted from vegetation as a function of light and 228 

temperature (Guenther et al., 2006, 2012). They are also higher than those previously 229 

observed using offline canister-sampling measurements in Beijing during the growing 230 

seasons. For example, Xie et al. (2018) reported concentrations of 0.89 ± 0.55 ppbV at 231 

an urban site ~20 m above ground during August-September 2006, Li et al. (2019) 232 

reported concentrations of 0.93 ± 0.53 ppbV at another urban site ~8 m above ground 233 

during July-August 2014, and Gong et al. (2018) observed concentrations of 0.29 ± 234 

0.03 ppbV at a forest site 1690 above sea level in TianJian Mountain in south China 235 

during July-August 2016 (Table 1).  236 

During the summer campaign, mixing ratios of monoterpenes ranged from below 237 

detection limits to 0.62 ppbV as observed at the five heights with an average from 0.07 238 

± 0.06 ppbV at 102 m to 0.16 ± 0.10 ppbV at 3 m (Table 1). They are even lower than 239 

that of 0.28 ± 0.31 ppbV at the forest site in Cyprus during March 2015 (Debevec et al., 240 

2018). It is worth noting that the monoterpenes concentrations at the five heights during 241 

the summer campaign were much lower than those during the winter campaign (Table 242 

1). Given that biogenic monoterpene emissions are temperature and/or light dependent, 243 
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this finding is somewhat counterintuitive. This is likely the result of the combination of 244 

atmospheric chemistry and boundary layer dynamics. Evergreen trees and shrubs, 245 

which account for ~50% of Beijing's vegetation distribution (Ghirardo et al., 2016) can 246 

emit a small amount of monoterpenes, even in wintertime (Guenther et al., 2012). 247 

However, PBL height (225 m) during the winter campaign was much lower than that 248 

during the summer campaign (676 m). This would facilitate the accumulation of 249 

monoterpenes in the winter. In addition, monoterpenes have a much shorter atmospheric 250 

lifetime with respect to ozone than compared with isoprene (Seinfeld and Pandis, 1998). 251 

During the summer, the O3 concentration (62.8 ppbV) during the summer campaign 252 

was about 7-fold that of 8.6 ppbV during the winter campaign, resulting in a much 253 

shorter chemical lifetime in the summer (Shi et al., 2019). Thus, both the strong 254 

chemical sink and the higher boundary layer contributed to the higher measured 255 

monoterpene concentrations in the summer despite stronger emission rates (Acton et 256 

al., 2018). 257 

2.2 Vertical profiles of isoprene and monoterpenes 258 

2.2.1 Gradient distributions  259 

Tower-based and airborne measurements in Amazonia indicate that concentrations 260 

of BVOCs declined strongly with altitude (Kuhn et al., 2007). As showed in Fig. 4 and 261 

Table 1, the highest average mixing ratios of isoprene (1.41 ± 0.61 ppbV) in the winter 262 

campaign was observed at 15 m, which is at a similar height as the tree canopy. Average 263 

mixing ratios of isoprene at 3 m was 1.18 ± 0.53 ppbV, just below that at 15 m. This 264 

was probably influenced by deposition towards the ground, as revealed in an 265 
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Amazonian rainforest when strong gradients towards the ground level from canopy 266 

height were also observed (Yanez-Serrano et al., 2015). From 15 to 102 m, isoprene 267 

mixing ratios showed a gradual decreasing trend, with the minimum of 0.71 ± 0.42 268 

ppbV at 102 m, about 50% of that at 15 m. In the summer campaign, isoprene mixing 269 

ratio peaked at 32 m (1.64 ± 0.66 ppbV), and decreased to 15 m (1.61 ± 0.68 ppbV) and 270 

3 m (1.49 ± 0.64 ppbV). This is probably also due to deposition towards the ground. 271 

From 32 to 102 m, it also showed a downward trend with the lowest level at 102 m 272 

(1.35 ± 0.51 ppbV), about 82% of that at 32 m. The contrast between the maximum and 273 

minimum of the averages at the five heights for isoprene was within 50% in the winter 274 

campaign but only 20% in the summer campaign, largely due to better near-surface 275 

mixing in the summer. 276 

For monoterpenes, the highest mixing ratios were observed at 3 m during both the 277 

winter and the summer campaigns, and the average mixing ratios of monoterpenes all 278 

showed a downward trend from 3 to 102 m (Table 1; Fig. 4). During the winter 279 

campaign, the average mixing ratios of monoterpenes decrease by about 27% from 0.57 280 

± 0.20 ppbV at 3 m to 0.42 ± 0.22 ppbV at 102 m; whereas during the summer campaign 281 

it decrease by about 56% from 0.16 ± 0.10 to 0.07 ± 0.06 ppbV. This larger contrast in 282 

mixing ratios of monoterpenes between 3 and 102 m in the summertime reflects the 283 

influence of ozone on the scavenging of monoterpenes as discussed above.  284 

The highest isoprene mixing ratios were observed on November 26th, 2016 in the 285 

winter campaign and June 16th, 2017 in the summer campaign. The highest mixing 286 

ratios of monoterpenes appeared were observed on November 26th, 2016 during the 287 
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winter campaign and on June 11th and 13th, 2017 in the summer campaign. As showed 288 

in Fig. 4, the vertical profiles of the isoprene and monoterpenes during these days were 289 

similar to that of the campaign averages, but the average mixing ratios during these 290 

particular days were about 50% higher. 291 

2.2.2 Correlation of BVOCs between different heights 292 

To indicate if the mixing ratios of BVOCs at the five heights changed in a similar 293 

pattern, the correlation analysis between BVOCs at the height with the highest average 294 

concentration and those at other heights and were performed (Fig. 5). During the winter 295 

campaign, the mixing ratios of isoprene at 102, 64, 32 and 3 m were only modestly 296 

correlated with those at 15 m, with correlation coefficient R2 of 0.31-0.60. In the 297 

summer, however, the mixing ratios of isoprene at other heights showed significant 298 

correlations with those at 32 m with R2 of 0.91-0.98. This is probably due to the 299 

dominant contribution of local emission from plant leaves and better near-ground 300 

mixing conditions in the summer. In contrary to isoprene, monoterpenes at 3 m showed 301 

a much better correlation with those at other heights in the winter (R2 = 0.54- 0.75) than 302 

in the summer(R2 = 0.78-0.95). The relatively poorer correlations of the mixing ratios 303 

of monoterpenes between the different heights and the decrease in R2 with heights, 304 

might be resulted from their reaction with ozone at a much higher rate than in the winter 305 

during upward transport.  306 

2.2.3 Diurnal variations at different heights 307 

As shown in Fig. 6, similar diurnal variations were observed at the five heights. 308 

During the winter campaign, isoprene showed no obvious diurnal changes while 309 
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monoterpenes had the higher concentrations at night and the lowest ones occurred at 310 

midday, consistent with the results by Hellen et al. (2012) and Cheng et al. (2018). 311 

Unlike isoprene, monoterpenes are emitted not only directly by plants’ synthesis under 312 

light but also by pool storage (Oderbolz et al., 2013). For some tree species, terpenes 313 

may be formed and preserved in mesophyll or glandular cells during the night and 314 

evaporates as the temperature increases (Loreto and Schnitzler, 2010). Overall, the 315 

diurnal variation of BVOCs is a balance between the higher emission during daytime 316 

under elevated temperature or solar radiation and enhanced accumulation during 317 

nighttime with lower PBL heights. 318 

During the summer campaign, isoprene mixing ratios peaked at 15:00-16:00, 319 

coincident with the maxima in solar radiation, and decreased from 18:00 until the 320 

following morning. In the summer, the stronger emissions of BVOCs during the 321 

daytime overtook the influence of changing PBL heights, thus they all had higher 322 

mixing ratios during daytime than nighttime.  323 

2.3 Influencing factors and source implications 324 

As shown in Appendix A Fig. S2, monoterpenes were positively correlated with 325 

relatively humidity (RH, R2 = 0.41-0.47) during the winter campaign. Previous studies 326 

demonstrated that humidity could increase monoterpenes emission rates under dry 327 

conditions (Lamb et al., 1985; Schade et al., 1999). A recent study in the Mediterranean 328 

also suggested that higher relative humidity and rainfall will promote the emission of 329 

plant BVOCs in the dry season (Debevec et al., 2018). During the winter campaign, 330 

mixing ratios of isoprene and monoterpenes were both elevated on November 25th and 331 
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December 3rd-4th, largely due to their accumulation in a shallow boundary layer 332 

heights and lower wind speeds (Fig. 2); the higher relative humidity might also be a 333 

contributing factor to elevated mixing ratios during these two episodes. Except 334 

humidity, no further significant correlations between isoprene and monoterpeens and 335 

other meteorological parameters during the winter campaign.  336 

The mixing ratios of isoprene were significantly correlated with temperature (R2 = 337 

0.73-0.86) but negatively correlated with relative humidity (R2 = 0.22-0.39). In the 338 

summer campaign, isoprene mixing ratios were the highest on June 14th-17th and 20th-339 

21st when the temperature and solar radiation were higher (Fig. 3). Although biogenic 340 

emissions of isoprene are known to be both light and temperature dependent (Guenther 341 

et al., 2006), no correlation between isoprene and light were observed during either 342 

measurement campaign. No significant correlations between the monoterpenes and 343 

meteorological parameters were found in the summer.   344 

To further examine if there were sources of BVOCs other than emission from plant 345 

leaves, the relationship between BVOCs and other traces gases were also investigated. 346 

Monoterpenes showed significant correlations with CO and acetonitrile in the winter as 347 

observed at the 3 m height with R2 of 0.54 and 0.71, respectively (Fig. 7). Since CO is 348 

a typical tracer of incomplete combustion of biomass or fossil fuels (Parrish et al., 2009; 349 

Zhang et al., 2015) and acetonitrile was a marker of biomass burning (Fang et al., 2017), 350 

this good correlation between monoterpenes and combustion tracers at 3 m near the 351 

ground suggests that combustion sources, particularly biomass burning, might have 352 

contributed to monoterpenes at the IAP site. Indeed, biomass burning has been reported 353 
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as an anthropogenic source of monoterpenes (Andreae and Merlet, 2001; Stockwell et 354 

al., 2015). In addition, wintertime heating in Beijing started on November 15th, and 355 

coal consumption and residential biomass were still the main fuels for central heating 356 

in Beijing (Beijing Municipal Bureau of Statistics, 2017; Yang et al., 2018). Thus, it 357 

was possible that combustion processes contributed to the emission of monoterpenes in 358 

the winter. Isoprene did not show a significant correlation with combustion tracers. 359 

3. Conclusions 360 

The mixing ratios of isoprene and total monoterpenes mixing ratios were measured 361 

online with a PTR-ToF-MS at five heights in central Beijing during two contrasting 362 

seasons (winter 2016 and summer 2017). Observed mixing ratios of isoprene and 363 

monoterpenes based on online measurements at the five heights were much higher than 364 

those previous measured by offline canister measurements. At the lowest height of 3 m, 365 

the average mixing ratios of isoprene reached 1.49 ± 0.64 ppbV in the summer and 1.18 366 

± 0.53 ppbV in the winter, suggesting potential important contribution to ozone 367 

formation by BVOCs even in the urban areas of Beijing. 368 

Among the five heights, average mixing ratios of isoprene were highest at 32 m 369 

(1.64 ± 0.66 ppbV) in the summer and 15 m (1.41 ± 0.64 ppbV) in the winter. From the 370 

height with the highest average isoprene mixing ratios, isoprene showed a downward 371 

trend towards the ground and towards the height of 102 m. Mixing ratios of 372 

monoterpenes were highest at 3 m both in the winter (0.71 ± 0.42 ppbV) and the summer 373 

(0.16 ± 0.10 ppbV), and they decreased with altitude during both the winter and summer 374 

campaigns. The main reason for the lower ambient mixing ratios of monoterpenes 375 
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observed in the summer, when higher emissions occur, is much higher levels of O3 and 376 

reduced the atmospheric lifetime of the monoterpenes.  377 

At the five heights, isoprene observed in summer and monoterpenes observed in 378 

winter, showed highly significant mutual correlations, while isoprene observed in 379 

winter or monoterpenes observed in the summer showed poorer mutual correlations, 380 

largely due to different roles play by emissions, atmospheric oxidation and dispersion 381 

conditions in the two seasons. Isoprene showed significant correlations with 382 

temperature in the summer while monoterpenes with relative humidity in the winter. In 383 

addition, in winter monoterpenes showed significantly positive correlations with CO 384 

and acetonitrile, suggesting possible emissions from anthropogenic sources, 385 

particularly combustion sources such as biomass burning and coal combustion. 386 
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Table 1 Comparison of average mixing ratios of isoprene and monoterpenes (average 617 
± standard deviation) observed at IAP tower in our study with those reported in Beijing 618 
and other forest sites. 619 

Sampling site Height (m) Type 
Isoprene 

(ppbV) 

Monoterpenes 

(ppbV) 
Study periods 

PKU, Beijinga ~20 Urban 0.89 ± 0.55 NA Aug.-Sep., 2006 

NCNST, Beijingb ~15 Urban 0.22 ± 0.13 0.06 ± 0.06 Jan.-Feb., 2015 

YUFA, Beijingb ~12 Rural 0.64 ± 0.44 NA Jan.-Feb., 2015 

UCAS, Beijingb ~12 Suburban 0.04 ± 0.04 0.04 ± 0.04 Nov.-Dec., 2014 

CRAES, Beijingc 8 Urban 
0.93 ± 0.53 NA Jul.-Aug., 2014 

0.14 ± 0.14 NA Jan., 2015 

BAAF, Beijingd 2.5 Urban 1.00 ± 0.48 NA Dec., 2016 

Cypruse 532h Forest 0.05 ± 0.01 0.28 ± 0.31 Mar., 2015 

Mt. TianJing, Chinaf 1690h Forest 0.29 ± 0.03 NA Jul.-Aug., 2016 

IAP, Beijingg 

3 

Urban 

1.18 ± 0.53 0.57 ± 0.20 

Nov.-Dec., 2016 

15 1.41 ± 0.64 0.54 ± 0.18 

32 0.99 ± 0.44 0.52 ± 0.17 

64 0.83 ± 0.43 0.49 ± 0.17 

102 0.71 ± 0.42 0.42 ± 0.22 

IAP, Beijingg 

3 

Urban 

1.49 ± 0.64 0.16 ± 0.10 

Jun., 2017 

15 1.61 ± 0.68 0.14 ± 0.09 

32 1.64 ± 0.66 0.11 ± 0.08 

64 1.37 ± 0.62 0.09 ± 0.07 

102 1.35 ± 0.51 0.07 ± 0.06 

aXie et al., 2008, bLi et al., 2019, cCheng et al., 2018, dSheng et al., 2018, eDebevec et al., 2018, fGong et 620 
al., 2018, gThis study; hMeters above sea level. NA: not available; PKU: Peking University; NCNST: the 621 
National Center for Nanoscience and Technology of China; YUFA: Yu Fa Town; UCAS: the University 622 
of Chinese Academy of Sciences; CRAES: the Chinese Research Academy of Environmental Sciences; 623 
BAAF: the Beijing Academy of Agriculture and Forestry; Mt. TianJing: TianJing Mountain.  624 
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 625 

Fig. 1 A map showing the surroundings of the Institute of Atmospheric Physics (IAP) 626 

tower (left), a diagram showing the sampling heights in the IAP tower (middle) and the 627 

location of IAP tower in Beijing (upper-right corner). 628 

  629 
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 630 

Fig. 2 Time series of (a) wind speed and wind direction, (b) temperature (T), (c) relative 631 

humidity (RH), (d) solar radiation (SR) and planetary boundary layer height (PBL), (e) 632 

mixing ratios of isoprene and (f) monoterpenes during the winter campaign in 2016. 633 
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 634 
Fig. 3 Time series of (a) wind speed and wind direction, (b) temperature (T), (c) relative 635 

humidity (RH), (d) solar radiation (SR) and planetary boundary layer height (PBL), (e) 636 

mixing ratios of isoprene and (f) monoterpenes during the summer campaign in 2017.  637 
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 638 

Fig. 4 Vertical profiles for mixing ratios of isoprene and monoterpenes during the 639 

winter and the summer campaigns. Range bars represent the 25% and 75% percentiles. 640 

Solid lines repesents the averages during the whole summer or winter campaign; dashed 641 

lines are the days (2016/11/26, 2017/06/11, 2017/06/13 and 2017/06/16) when higher 642 

levels of isoprene or monoterpenes occurred. 643 

644 
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 645 

Fig. 5 (a) Correlations between the isoprene concentrations at 15 m and those at other 646 

heights in the winter; (b) correlations between the isoprene mixing ratios at 32 m and 647 

those at other heights in the summer; correlations between the mixing ratios of 648 

monoterpenes at 3 m and those at other heights (c) in the winter and (d) in the summer. 649 
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 650 

Fig. 6 Diurnal variations of isoprene and monoterpenes observed at the five heights in 651 

the winter 2016 campaign and the summer 2017 campaign. Range bars are expressed 652 

the 25% and 75% percentiles. 653 
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 654 

Fig. 7 Correlations of monoterpenes with CO and acetonitrile at 3 m during the 2016 655 

winter campaign. 656 


