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Abstract. The capabilities of the recently developed Vocus proton-transfer-reaction time-of-flight mass spectrometer (PTR-12 

TOF) are reported for the first time based on ambient measurements. With the deployment of the Vocus PTR-TOF, we present 13 

an overview of the observed gas-phase (oxygenated) molecules in the French Landes forest during summertime 2018 and gain 14 

insights into the atmospheric oxidation of terpenes, which are emitted in large quantities in the atmosphere and play important 15 

roles in secondary organic aerosol production. Due to the greatly improved detection efficiency compared to conventional 16 

PTR instruments, the Vocus PTR-TOF identifies a large amount of gas-phase signals with elemental composition categories 17 

including CH, CHO, CHN, CHS, CHON, CHOS, and others. Multiple hydrocarbons are detected, with carbon numbers up to 18 

20. Particularly, we report the first direct observations of low-volatility diterpenes in the ambient air. The diurnal cycle of 19 

diterpenes is similar to that of monoterpenes and sesquiterpenes, but contrary to that of isoprene. Various types of terpene 20 

reaction products and intermediates are also characterized. Generally, the more oxidized products from terpene oxidations 21 

show a broad peak in the day due to the strong photochemical effects, while the less oxygenated products peak in the early 22 

morning and/or in the evening. To evaluate the importance of different formation pathways in terpene chemistry, the reaction 23 

rates of terpenes with main oxidants (i.e., hydroxyl radical, OH; ozone, O3; and nitrate radical, NO3) are calculated. For the 24 

less oxidized non-nitrate monoterpene oxidation products, their morning and evening peaks have contributions from both O3- 25 

and OH-initiated monoterpene oxidation. For the monoterpene-derived organic nitrates, oxidations by O3, OH, and NO3 26 

radicals all contribute to their formation, with their relative roles varying considerably over the course of the day. Through a 27 

detailed analysis of terpene chemistry, this study demonstrates the capability of the Vocus PTR-TOF in the detection of a wide 28 

range of oxidized reaction products in ambient and remote conditions, which highlights its importance in investigating 29 

atmospheric oxidation processes. 30 

1. Introduction 31 

Organic aerosol (OA) constitutes a large fraction of atmospheric particles, having significant impacts on climate change, air 32 

quality, and human health (Maria et al., 2004; IPCC, 2013; Mauderly and Chow, 2008). On a global scale, secondary OA 33 

(SOA) is the largest source of OA, formed through the oxidation of volatile organic compounds (VOCs) (Jimenez et al., 2009). 34 

Biogenic VOCs (BVOCs) are released into the atmosphere in high amounts, with an annual global budget being 760 Tg C 35 

(Sindelarova et al., 2014). On average, SOA production from biogenic precursors ranges from 2.5 to 44.5 Tg C annually, which 36 

is much larger than that from anthropogenic sources (Tsigaridis and Kanakidou, 2003). Over the past decades, a considerable 37 

amount of studies has been conducted to investigate the atmospheric chemistry of BVOCs (Kanakidou et al., 2005; Henze et 38 

al., 2006; Hatfield et al., 2011; Calfapietra et al., 2013; Jokinen et al., 2015; Ng et al., 2017). However, an incomplete 39 
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understanding of BVOCs characteristics and their oxidation processes in the atmosphere remains and yields large uncertainties 40 

in quantitative estimates of air quality and climate effects of atmospheric aerosols (Carslaw et al., 2013; Zhu et al., 2019).  41 

Terpenes make up the main fraction of BVOCs (Guenther et al., 1995), encompassing isoprene (C5H8), monoterpenes 42 

(C10H16), sesquiterpenes (C15H24), diterpenes (C20H32) and even larger compounds. With one or more C=C double bonds in 43 

their molecular structures, terpenes are highly reactive. After entering the atmosphere, terpenes can undergo oxidative 44 

chemistry with the common atmospheric oxidants including hydroxyl radical (OH), ozone (O3), and nitrate radical (NO3). 45 

These oxidation processes generate a large variety of organic species, with volatilities ranging from gas-phase volatile species 46 

(VOC), to semi-volatile / low volatility organic compounds (SVOC and LVOC), to extremely low volatility organic 47 

compounds (ELVOC) and even ultra-low volatility organic compounds (ULVOC), which irreversibly contribute to SOA 48 

formation (Donahue et al., 2012). Due to the chemical complexity and low concentrations of BVOCs oxidation products, it 49 

remains extremely challenging to provide a comprehensive understanding of terpene chemistry in the atmosphere.  50 

With a high time response and sensitivity, proton-transfer-reaction mass spectrometry (PTR-MS) has been widely 51 

used to study the emissions and chemical evolution of VOCs in the atmosphere (Yuan et al., 2017). However, due to the 52 

relatively low sensitivity, previous PTR-MS instruments were not optimized to detect low volatility compounds. For example, 53 

only a few ambient PTR-MS observations of sesquiterpenes are available (Kim et al., 2009; Jardine et al., 2011). 54 

Correspondingly, it is not surprising that ambient observations of diterpenes, which are generally considered to be non-volatile 55 

compounds, have never been reported. In addition, the existing PTR-MS is often not sensitive enough to quantify terpene 56 

oxidation products at atmospherically relevant concentrations (Yuan et al., 2017). To address these instrumental limitations, 57 

two new versions of PTR were recently developed, the PTR3 (Breitenlechner et al., 2017) and the Vocus PTR-TOF (Krechmer 58 

et al., 2018), both coupled with a time of flight (TOF) mass analyzer. With the enhanced sensitivities by a factor of ~10 59 

(Holzinger et al., 2019), these instruments are capable of detecting broader spectrum of VOCs, where the detection of low-60 

volatility VOCs is significantly improved compared to the conventional PTR-MS. Based on the laboratory evaluation by Riva 61 

et al. (2019a), the Vocus PTR-TOF is able to measure both monoterpenes and lots of monoterpene oxidation products 62 

containing up to 6 oxygen atoms.  63 

Known for strong monoterpene emitters (Simon et al., 1994), the Landes forest in southwestern France is a suitable 64 

place to investigate atmospheric terpene chemistry. A previous study at this site reported a high nocturnal monoterpene loading 65 

and suggested that monoterpene oxidations play an important role in formation of new particles and the consequent growth of 66 

atmospheric particles (Kammer et al., 2018). To better assess the roles of BVOCs in aerosol formation, the Characterization 67 

of Emissions and Reactivity of Volatile Organic Compounds in the Landes Forest (CERVOLAND campaign) took place in 68 

July 2018. The recently developed Vocus PTR-TOF was deployed in the CERVOLAND campaign to characterize terpenes 69 

and their gas-phase oxidation products, which provides the first Vocus PTR-TOF measurement in a forested environment. In 70 

this work, we present a comprehensive summary of the identified gas-phase molecules and gain insights into terpene chemistry 71 

to demonstrate the Vocus PTR-TOF capabilities and the importance of its applications in atmospheric sciences. 72 

Characterizations of isoprene, monoterpenes, sesquiterpenes, and particularly the rarely detected diterpenes, are reported. By 73 

comparing the reaction rates of different formation pathways, we explore the formation mechanisms of terpene oxidation 74 

products, including both non-nitrate and organic nitrate compounds.    75 

2. Experimental methods 76 

2.1 Measurement site 77 

The Vocus PTR-TOF measurements were performed from 8 to 20 July, 2018 in the Landes forest (44º29'39.69''N, 78 

0º57'21.75''W), as part of the CERVOLAND field campaign. The sampling site is situated at the European Integrated Carbon 79 

Observation System (ICOS) station at Bilos in southwestern France along the Atlantic coast, ~40 km southwest from the 80 
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nearest urban area of the Bordeaux metropole. Both population density and industrial emissions are low in this area. Due to 81 

the proximity of the Atlantic Ocean, the site has a strong maritime influence. The forest is largely composed of maritime pines 82 

(Pinus pinaster Aiton) and has an average height of ~10m. Monoterpenes are known to be strongly emitted in the forest (Simon 83 

et al., 1994), which provides a good place for BVOCs characterization. A more detailed description of the site has been 84 

provided in earlier studies (Moreaux et al., 2011; Kammer et al., 2018; Bsaibes et al., 2019).  85 

2.2 Instrumentation 86 

Compared to the conventional PTR instrument, the Vocus PTR-TOF used in this study is mainly differentiated in the following 87 

aspects:   88 

1. a new chemical ionization source with a low-pressure reagent-ion source and focusing ion-molecule reactor (FIMR), 89 

2. no dependence of the sensitivity on ambient sample humidity due to the high water mixing ratio (10-20 % v/v) in the 90 

FIMR,  91 

3. employment of a TOF mass analyzer with a longer flight tube and faster sampling data acquisition card (mass 92 

resolving power up to 15 000 m/dm), 93 

4. an enhanced inlet and source design that minimizes contact between analyte molecules and inlet/source walls, 94 

enabling detection of semi- and low-volatility compounds in a similar manner as chemical ionization mass 95 

spectrometer (CIMS) instruments (Liu et al. 2019).   96 

 97 

Details about the Vocus PTR-TOF are well described by Krechmer et al. (2018). Compared to the ionization in a conventional 98 

PTR-MS at 2.0-4.0 mbar, a nitrate CIMS at ambient pressure, and an iodide CIMS at around 100 mbar, the Vocus ionization 99 

source is generally operated at a low pressure (Krechmer et al., 2018). In this work, we operated the Vocus ionization source 100 

at a pressure of 1.5 mbar. During the campaign, the Vocus PTR-TOF measurements were performed at around 2 m above 101 

ground level (a.g.l), thus within the canopy. Sample air was drawn in through 1-m long PTFE tubing (10 mm o.d., 8 mm i.d.) 102 

with a flow rate of 4.5 L min-1, which helped to reduce inlet wall losses and sampling delay. Of the total sample flow, only 103 

150 sccm went into the Vocus, while the remainder was directed to the exhaust. The design of FIMR consists of a glass tube 104 

with a resistive coating on the inside surface and four quadrupole rods mounted radially on the outside. With an RF field, ions 105 

are collimated to the central axis, improving the detection efficiency of product ions. The mass resolving power of the 1.2 m 106 

long TOF mass analyzer was 12 000-13 000 m/dm during the whole campaign. Data were recorded with a time resolution of 107 

5 s. Background measurements using high purity nitrogen (UHP N2) were automatically performed every hour.  108 

The temperature, relative humidity (RH), wind speed, and ambient pressure were continuously monitored at 3.4 m 109 

a.g.l. whereas the solar radiation was measured at 15.6 m a.g.l from a mast located at the site. The mixing ratios of nitrogen 110 

oxides (NOx) and ozone (O3) were measured at 4 m a.g.l with UV absorption and chemiluminescence analyzers, respectively. 111 

All data are reported in Coordinated Universal Time (UTC). 112 

2.3 Data analysis and quantification of multiple compounds 113 

Data analysis was performed using the software package “Tofware” (https://www.tofwerk.com/software/tofware/) that runs in 114 

the Igor Pro environment (WaveMetrics, OR, USA). Tofware enables the time-dependent mass calibration, baseline 115 

subtraction, and assignment of a molecular formula to the identified ions by high resolution analysis. Signals were averaged 116 

over 30 min before mass calibration. Due to the high resolving power of the LTOF mass analyzer, isobaric ions were more 117 

clearly separated. Examples of peak identification are given in Fig. S1.  118 

The Vocus was calibrated twice a day during the campaign with a mixture (70 ppb each) of terpenes (m/z 137: 119 

alpha/beta pinene + limonene; m/z 135: p-cymene) that was diluted using UHP N2. Similar to conventional PTR instruments, 120 

the sensitivities of different VOCs in the Vocus PTR-TOF are linearly related to their proton-transfer reaction rate constants 121 
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(k) when ion transmission efficiency and fragmentation ions are considered (Sekimoto et al., 2017; Krechmer et al., 2018). 122 

Krechmer et al. (2018) have shown that within the Vocus PTR-TOF, the transmission efficiencies of ions > m/z 100 Th reach 123 

up to 99%. Therefore, the influence of fragmentation correction should be included in this study. According to terpene 124 

calibrations, the residual fraction was on average 66% and 55%, respectively, for protonated monoterpenes and p-cymene after 125 

their fragmentation within the instrument. Based on the corrected sensitivities for fragmentation and the k values of 126 

monoterpenes and p-cymene, an empirical relationship between the sensitivity and k was built from the scatterplots using linear 127 

regression: Sensitivity (cps ppb-1) = 828.9 × k (Fig. S2). Once k is available, the sensitivity of a compound can be predicted. It 128 

should be noted that the established relationship in this study is not applicable to other conditions or instruments. Some studies 129 

found that isoprene may fragment significantly to m/z 41(Keck et al., 2008; Schwarz et al., 2009). However, with the ambient 130 

data in this work, isoprene seems not to fragment much to C3H5
+, and they correlate poorly with each other (Fig. S3). Therefore, 131 

the fragmentation of isoprene is not considered for its quantification. Sesquiterpenes and some terpene oxidation products were 132 

found to fragment to varying degrees (Kim et al., 2009; Kari et al., 2018). Due to the lack of calibrations using other terpenes 133 

or terpene oxidation products, their fragmentation patterns within the Vocus PTR-TOF are not known in this work. Therefore, 134 

all the other terpenes and terpene oxidation products were quantified without consideration of fragment ions, which should be 135 

regarded as the lower limit of their ambient concentrations.  136 

Rate constants for the proton-transfer reactions have only been measured for a subset of compounds. To quantify 137 

terpenes and their oxidation products, we used the method proposed by Sekimoto et al. (2017) to calculate the rate constants 138 

of different compounds with the polarizability and permanent dipole moment of the molecule. According to Sekimoto et al. 139 

(2017), the polarizability and dipole moment of a molecule can be obtained based on the molecular mass, elemental 140 

composition, and functionality of the compound. For a class of VOCs with the same number of electronegative atoms, their 141 

polarizabilities can be well described using their molecular mass (Sekimoto et al., 2017). For VOCs containing a specific 142 

functional group, it is found that their dipole moments are relatively constant based on results in the CRC Handbook (Lide, 143 

2005). Since no isomer information is provided by mass spectrometry alone, it is challenging to figure out the functionality of 144 

different compounds. Therefore, the polarizability and dipole moment of the compounds observed in this study were estimated 145 

only based on the molecular mass and elemental composition. In this work, based on the physical properties of various 146 

compounds in CRC Handbook (Lide, 2005) and the results in Sekimoto et al. (2017), we built the functions between 147 

polarizability (α) and molecular mass (MR) for different groups of VOCs and calculated the average dipole moment (µ) for 148 

each group. For example, the polarizabilities of hydrocarbons were approximated as α = 0.142 MR – 0.3 and the dipole moment 149 

was approximated to be zero. For the non-nitrate oxygenated compounds with one oxygen, α = 0.133 MR – 1.2, and the dipole 150 

moment was averaged to be 1.6.  151 

It should be noted that uncertainties are introduced to the calculated sensitivities in the following factors. Firstly, the 152 

small difference between the rate coefficients of monoterpenes and p-cymene may lead to large uncertainty in the established 153 

linear regression function between sensitivity and k. Calibrations with more VOC compounds should be performed in future 154 

works to cover a larger range of k values. Secondly, as mentioned above, the theoretically calculated sensitivities of 155 

sesquiterpenes, diterpenes, and terpene oxidation products, may be underestimated to varying extent without the consideration 156 

of their fragment ions. Further, some low-volatility compounds may experience wall losses inside the inlet tubing and the 157 

instrument and therefore have worse transmissions. The method in this work may overestimate the sensitivities of these low-158 

volatility compounds. In addition to proton transfer reactions, some VOCs can be ionized through ligand switching reactions 159 

with water cluster ((H2O)nH3O+) (Tani et al., 2004), thus increasing their sensitivity. However, with the calibration standards 160 

used in this study, it is hard to estimate the effect of ligand switching ionization. Lastly, uncertainties come from the estimation 161 

of polarizability and dipole moment of a molecule. With the method used in this study, the sensitivity is calculated to be within 162 

50% error when only the elemental composition of a compound is known (Sekimoto et al., 2017).  163 



5 

 

3. Results and discussion 164 

3.1 Meteorology and trace gases 165 

Figure 1 displays the time variations of meteorological conditions and trace gases during the observation period. The weather 166 

was mostly sunny, with solar radiation varying from 400 to 800 W/m2 during daytime, indicating strong photochemical activity. 167 

The ambient temperature and RH varied regularly every day. On average, the temperature was 22.8 ± 5.9 °C (mean ± SE), 168 

ranging from 12.1 to 35.0 °C, which is favorable for BVOCs emissions in the forest. The average RH was 70.5 ± 19.0 % during 169 

the campaign. Generally, the air masses were quite stable within the canopy. The wind speed never exceeded 1 m/s, indicating 170 

the major influence of local sources on atmospheric processes in this study.  171 

The O3 levels fluctuated dramatically between day and night during the campaign. The average O3 diurnal cycle 172 

showed that O3 concentration peaked up to ~50 ppb in the daytime. However, during most of the nights, O3 concentration 173 

dropped below 2 ppb. Considering the high nighttime concentration of terpenes observed by the previous study at this site in 174 

the same season (Kammer et al., 2018), the low O3 level at night suggests the large consumption of O3 by terpenes. Such 175 

reactions of terpenes with O3 can produce low volatility organic compounds, thus contributing to SOA formation (Presto et al., 176 

2005; Jokinen et al., 2014). In addition, plant surface uptake is likely another important ozone sink in the canopy (Goldstein 177 

et al., 2004).  178 

The NO concentration was generally low during the campaign, below detection limit (i.e., <0.5 ppb) most of the time. 179 

However, clear NO plumes was sometimes observed in the early morning, as shown in Fig.1e. The NO concentration peak at 180 

4 am is probably the combination of local emission sources and low boundary layer. With the increasing sunlight afterwards, 181 

the NO concentration started to decrease. A similar diel pattern of NO2 was observed by the previous study at this site (Kammer 182 

et al., 2018). The lower NO2 concentration during daytime is likely explained by dilution with increasing boundary layer height 183 

and NO2 photolysis.  184 

3.2 Vocus PTR-TOF capabilities in the forest 185 

While Krechmer et al. (2018) and Riva et al. (2019a) have described the novel setup and performance of the Vocus PTR-TOF 186 

and its application during a lab study, the instrument capability has not been fully explored in an ambient environment. Based 187 

on the CERVOLAND deployment, we provide here, the first overview of gas-phase molecules measured by the Vocus PTR-188 

TOF in the forest. For a better visualization of the complex data set from real atmosphere, mass defect plots (averaged over 189 

the whole campaign) are shown in Fig. 2 with the difference between the exact mass and the nominal mass of a compound 190 

plotted against its exact mass. With the addition of hydrogen atoms, the mass defect increases, while the addition of oxygen 191 

atoms decreases the mass defect. Therefore, changes in the mass defect plot help to provide information on chemical 192 

transformation such as oxidation.  193 

The mass defect plot in Fig. 2a is colored according to the retrieved elemental composition, with the black circle 194 

indicating unidentified molecules. The size of the markers is proportional to the logarithm of the peak area of the molecule. 195 

During the campaign, the Vocus PTR-TOF detected large amounts of (O)VOCs, with elemental composition categories of CH, 196 

CHO, CHN, CHS, CHON, CHOS, and others. For hydrocarbons, multiple series with different carbon numbers were measured, 197 

especially those compounds containing 5 (“C5”) to 10 carbon atoms (“C10”), 15 carbon atoms (“C15”), and 20 carbon atoms 198 

(“C20”). Some of the C5 – C9 ions can be fragments of terpenes and their oxidation products (Tani et al., 2003, 2013; Kim et 199 

al., 2009; Kari et al., 2018). For ions <35 Th, the detection efficiency is much reduced due to a high-pass band filter of the 200 

BSQ (Krechmer et al., 2018). Compared to the conventional PTR instruments, the observation of larger hydrocarbon molecules 201 

by the Vocus PTR-TOF is mainly caused by the much lower wall losses and increased detection efficiency. Hydrocarbon 202 

signals were largely contributed by monoterpene (C10H16H+) and its major fragment (C6H8H+), indicating the monoterpene-203 

dominated environment in the Landes forest (Kammer et al., 2018). According to previous studies, monoterpene emissions in 204 
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the Landes forest are dominated by α-pinene and β-pinene (Simon et al., 1994; Kammer et al., 2018). The identified compound 205 

with the elemental composition of C4H9
+ ranked the third largest peak in hydrocarbons. Detailed discussion about C4H9

+ ions 206 

can be found in the supplement.  207 

In addition to the emitted precursors, the Vocus PTR-TOF detected various VOCs reaction products and 208 

intermediates. Similar to the PTR3 measurements in the CLOUD chamber (Breitenlechner et al., 2017), many oxygenated 209 

compounds from terpene reactions with varying degrees of oxidation were observed in this study. However, as a potential 210 

limitation of the instrument, no dimers in the atmosphere were identified by the Vocus PTR-TOF, consistent with the results 211 

from a previous laboratory deployment (Riva et al., 2019a).  212 

Figure 2b compares the daytime and nighttime variations of different molecules, with the marker sized by the signal 213 

difference between day and night. The daytime periods cover from 4:30 am to 7:30 pm, and the nighttime periods are from 214 

7:30 pm to 4:30 am of the next day (both are UTC time; Local time = UTC time + 2). The data points are colored in orange 215 

when the nighttime signal of the compound is larger than its daytime signal, and in green when the daytime signal is higher. 216 

Patterns in the figure clearly show the difference in the diurnal variations of gas molecules with different oxidation degrees. 217 

For example, most hydrocarbons are characterized with higher concentrations at night, which is largely caused by the stable 218 

nocturnal boundary layer. The more oxidized compounds with more oxygen numbers are generally more abundant during the 219 

day due to enhanced photochemistry, whereas the concentrations of the less oxidized compounds are mostly higher at night. 220 

Details on the diurnal profiles of different oxidation products and their formation mechanisms are provided in Sect. 3.4.      221 

3.3 Terpene characteristics 222 

The characterizations of isoprene, monoterpenes, sesquiterpenes, and the rarely reported diterpenes, are investigated in this 223 

study (Fig. 3, Fig. 4). On the global scale, isoprene is the most emitted BVOC species. It has been well established that 224 

photooxidation of isoprene in the atmosphere contributes to SOA formation through the multiphase reactions of isoprene-225 

derived oxidation products (Claeys et al., 2004; Henze and Seinfeld, 2006; Surratt et al., 2010). However, recent advances on 226 

isoprene chemistry found that isoprene can impact both particle number and mass of monoterpene-derived SOA by scavenging 227 

hydroxyl and peroxy radicals (Kiendler-Scharr et al., 2009; Kanawade et al., 2011; McFiggans et al., 2019). During the 228 

CERVOLAND campaign, the average mixing ratio of isoprene was 0.6 ppb, consistent with the mean value of 0.4 ppb reported 229 

for the LANDEX campaign during summer 2017 at the same site (Mermet et al., 2019). These values are much lower than that 230 

in the southeastern United States (Xiong et al., 2015) and Amazon rainforest (Wei et al., 2018) but higher than observations 231 

in the boreal forest at the SMEAR Ⅱ station (Hellén et al., 2018). Isoprene emissions are strongly light-dependent (Monson et 232 

al., 1989; Kaser et al., 2013). Therefore, a pronounced diurnal pattern of isoprene was observed with maximum mixing ratios 233 

occurring during daytime and minima at night. It has been shown that the attribution of C5H9
+ ions to isoprene with PTR 234 

instruments can be influenced by the fragmentation of many other compounds, i.e., cycloalkane and 2-methyl-3-buten-2-ol 235 

(MBO) (Karl et al., 2012; Gueneron et al., 2015). For example, using an E/N ratio of 106 Td in the PTR-MS with a quadrupole 236 

mass analyzer, 71% of the parent MBO fragmented to C5H9
+ ions (Warneke et al., 2003). However, in this study, the C5H9

+ 237 

signal was around 10 times as high as the C5H11O+ signal and both ions correlated poorly with each other (Fig. S4; r2 = 0.33). 238 

This information demonstrate that the fragmentation of MBO does not likely have a significant influence on the attribution of 239 

C5H9
+ ions to isoprene in this work.   240 

As expected, monoterpenes showed the highest mixing ratios among all the terpenes, with an average value of 6.0 241 

ppb. On July 9, a heavy monoterpene episode occurred at night, with the monoterpene mixing ratio reaching as high as 41.2 242 

ppb. Comparatively, the average monoterpene level observed in this work is similar to the measurements performed in 2015 243 

and 2017 at the same site (Kammer et al., 2018; Mermet et al., 2019) and more than ten times higher than that observed in the 244 

boreal forest at SMEAR II in summer (Hakola et al., 2012; Hellén et al., 2018). The high concentration of monoterpenes 245 

indicates the potential significance of monoterpene-related aerosol chemistry in the Landes forest. Different from the light-246 
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dependence of isoprene emissions, monoterpene emissions are found to be mainly controlled by temperature (Hakola et al., 247 

2006; Kaser et al., 2013). At night, monoterpenes can be continuously emitted and accumulated within the boundary layer. 248 

Therefore, monoterpenes showed the opposite diel pattern to isoprene and peaked during nighttime. During daytime, the 249 

concentration of monoterpenes dropped to around 0.9 ppb, due to the increased atmospheric mixing after sunrise and the rapid 250 

photochemical consumptions.  251 

A study in Hyytiälä concluded that sesquiterpenes, due to their higher reactivity, could play a more important role in 252 

O3 chemistry than monoterpenes, even though the concentration of sesquiterpenes was much lower (Hellén et al., 2018). 253 

However, the short lifetimes of sesquiterpenes also mean that their concentrations will be highly dependent on the sampling 254 

location at a given site. Some studies also proposed that sesquiterpene oxidation products are linked to atmospheric new particle 255 

formation (Bonn and Moortgat, 2003; Boy et al., 2007). Despite the potential importance of sesquiterpenes in aerosol chemistry, 256 

the available data on ambient sesquiterpene quantification remains still quite limited. In this work, the mixing ratios of 257 

sesquiterpenes were found to vary from 8.9 ppt to 408.9 ppt in the Landes forest, with an average of 64.5 ppt during the 258 

observations. This sesquiterpene level is comparable to that reported by Mermet et al. (2019) in summer 2017 at the same site 259 

and observations by Jardine et al. (2011) in Amazonia but higher than previous measurements at SMEAR Ⅱ station (Hellén et 260 

al., 2018). Kim et al. (2009) show that different sesquiterpenes fragment on monoterpene parent and fragment ions to varying 261 

degrees inside the PTR instruments. Without the consideration of sesuiterpene fragmentation, the quantification of 262 

sesquiterpenes in this work may be underestimated. As shown in Fig. 4, sesquiterpenes displayed a similar diurnal pattern with 263 

monoterpenes, consistent with observations in other areas (Jardine et al., 2011; Hellén et al., 2018).   264 

While diterpenes are present in all plants in the form of phytol, they have been thought for a long time not to be 265 

released by vegetation due to their low volatility (Keeling and Bohlmann, 2006). In 2004, von Schwartzenberg et al. (2004) 266 

reported for the first time the release of plant-derived diterpenes into the air. A recent study found that the emission rate of 267 

diterpenes by Mediterranean vegetation was in the same order of magnitude as monoterpenes and sesquiterpenes (Yáñez-268 

Serrano et al., 2018). For the first time, this study reports the ambient concentration of diterpenes in a forest. According to the 269 

Vocus PTR-TOF measurements, the average mixing ratio of diterpenes was around 2 ppt in the Landes forest. Considering the 270 

low volatility of diterpenes and their potential wall losses inside the inlet tubing and the instrument, the diterpene concentration 271 

might be higher. Similar to monoterpenes and sesquiterpenes, diterpenes presented peak concentrations at night and lower 272 

levels during the day. Although the amounts of diterpenes in the atmosphere are hundreds to thousands times lower than those 273 

of monoterpenes and sesquiterpenes, diterpenes potentially play a role in atmospheric chemistry due to their unsaturated 274 

structure and high molecular weight (Matsunaga et al., 2012). Up to now, there is no report on the possible atmospheric 275 

implications of diterpenes, which should deserve more attention in the future.  276 

Considering the similar atmospheric behaviors of monoterpenes, sesquiterpenes, and diterpenes in this study, it is 277 

questioned if the observed sesquiterpenes and diterpenes are real signals in the atmosphere or generated by monoterpenes in 278 

the instrument. Bernhammer et al. (2018) have shown that secondary association reactions of protonated isoprene with isoprene 279 

can form monoterpenes within the PTR reaction chamber. Figure 5 illustrates the scatter plots among monoterpenes, 280 

sesquiterpenes, and diterpenes, colored by time of the day. At night, both sesquiterpenes and diterpenes correlated well with 281 

monoterpenes. However, their correlation with monoterpenes got weaker during daytime as the data points became more 282 

scattered. This suggests that the observations of sesquiterpenes and diterpenes are real emissions in the atmosphere. 283 

Comparatively, sesquiterpenes and diterpenes showed a strong correlation with each other through the whole day (r2 = 0.85).  284 

3.4 Insights into terpene chemistry 285 

3.4.1 Comparison with chamber results 286 

Due to the diverse precursors and changing environmental conditions in the ambient air, it is challenging to retrieve all the 287 

atmospheric chemical processes occurring within the Landes forest. To start with, we compare the ambient data with those 288 
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from α-pinene ozonolysis in the presence of NOx conducted in the COALA chamber at the University of Helsinki. A detailed 289 

description of the laboratory experiment is provided elsewhere (Riva et al., 2019a, 2019b). According to literature, 290 

monoterpenes undergo some degree of fragmentation within the PTR instrument, producing dominant ions of C6H9
+, C5H7

+, 291 

C7H11
+, et al (Tani et al., 2003, 2013; Kari et al., 2018). As illustrated in Fig. 6, C6H9

+ is the largest fragment produced by 292 

monoterpenes within the Vocus PTR-TOF. However, a clear difference of monoterpene fragmentation pattern is observed in 293 

the mass spectra of ambient observations and chamber experiments. While the signal of C6H9
+ is lower than that of C10H17

+ 294 

during the field deployment, C6H9
+ peak is higher than C10H17

+ peak in the chamber study. Based on the monoterpene 295 

calibration data, the C6H9
+ signal is around 40% and 138% of the protonated monoterpene signal in ambient deployment and 296 

chamber experiment, respectively. The larger presence of the C6H9
+ peak in the chamber study can be likely explained by the 297 

much higher concentrations of oxygenated terpenoids during the chamber experiments. Indeed, previous studies have shown 298 

that oxygenated terpenoids, including linalool and pinonaldehyde, fragment inside the PTR instrument and produce a dominant 299 

ion at m/z 81 (Maleknia et al., 2007; Tani, 2013). Different settings of the instrument can also contribute to different 300 

fragmentation patterns of monoterpenes (Tani et al., 2003, 2013; Kari et al., 2018). In our ambient and chamber studies, the 301 

E/N values of the Vocus PTR-TOF are quite similar, 118 Td and 120 Td, respectively. In addition, the fragmentation patterns 302 

vary among individual monoterpene species due to their different physicochemical properties (Tani et al., 2013; Kari et al., 303 

2018). Considering that α-pinene is the only monoterpene species injected in the chamber experiment, the combination of 304 

various monoterpenes in the atmosphere likely introduces additional differences in the fragmentation pattern.  305 

Gas-phase ozonolysis of alkenes generates OH radicals in high yields (Rickard et al., 1999). Without an OH scavenger, 306 

both O3- and OH-initiated oxidations happened during α-pinene ozonolysis in the chamber. Using the Vocus PTR-TOF, 307 

various oxidation products were identified in the chamber study, with the dominant species being C7H10,12O3-6, C8H14O3-6, 308 

C9H14O1-5, and C10H14,16O2-6. In comparison, more oxygenated compounds which were directly emitted or from monoterpene 309 

reactions were observed in ambient air due to complex environmental conditions, with the oxygen number ranging from 1 to 310 

7. Therefore, the Vocus PTR-TOF measurements provide the opportunity to characterize both the emitted precursors and the 311 

resulting oxidation products. During the chamber experiments, NO2 was injected and photolyzed using 400nm LED lights to 312 

generate NO. In the presence of NOx, organic nitrates were formed from the reactions between NO and monoterpene-derived 313 

peroxy radicals (RO2). The major organic nitrates observed were C9H13,15NO6-8 and C10H13,15NO3-8. Compared to the chamber 314 

study, more organic nitrates of C8, C9, and C10 from monoterpene reactions were identified in CERVOLAND data. It is worth 315 

pointing out that the combination of different monoterpene species in the ambient environment may result in various types of 316 

organic nitrates through different formation pathways.  317 

3.4.2 Non-nitrate terpene oxidation products 318 

Based on the ambient observations, the non-nitrate oxidation products from isoprene, monoterpenes, and sesquiterpenes, are 319 

investigated in this study. Isoprene gas-phase products are mainly represented by C4 and C5 compounds (Wennberg et al., 320 

2018). In this work, we consider C4H6,8On and C5H8,10,12On (n=1~6) as the dominant non-nitrate products from isoprene 321 

oxidations. The diurnal variations of C5H8On are displayed in Fig. 7 and the others in Fig. S5-7. Generally, all these oxidation 322 

products displayed an evening peak at around 8 pm, which may come from the O3- or OH-initiated isoprene oxidations. 323 

Reaction with OH represents the largest loss pathway for isoprene in the atmosphere and produces a population of isoprene 324 

peroxyl radicals (Wennberg et al., 2018). In the presence of NO, the major products are methyl vinyl ketone (MVK, C4H6O) 325 

and methacrolein (MACR, C4H6O). Globally, reactions with O3 contribute a small fraction of approximately 10% to isoprene 326 

removal in the atmosphere (Wennberg et al., 2018). When isoprene reacts with O3, one carbon is always split off from the 327 

molecule (Criegee, 1975). Considering the peak concentration of isoprene at 8 pm and the relatively high O3 concentration at 328 

the moment (Figs. 1 and 4), isoprene ozonolysis is also likely contributing to the formation of C4 oxidation products. Because 329 

OH radicals can be efficiently produced from alkene ozonolysis (Pfeiffer et al., 2001), the OH-initiated oxidation of isoprene 330 
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can also be an important formation pathway of these oxidation products in the evening. For example, as a predominant product 331 

from the reactions of isoprene with OH, C5H10O3 (corresponding to isoprene hydroxy hydroperoxide and/or isoprene 332 

epoxydiols) presented a clear single peak in the evening. To determine the relative importance of O3- and OH-initiated 333 

oxidations in isoprene chemistry at night, the reaction rates (R) of isoprene with O3 and OH radical were compared by Eq. (1) 334 

and Eq. (2):  335 

RISO+OH = kISO+OH[ISO][OH]  (1) 336 

RISO+O3 = 𝑘ISO+O3[ISO][O3]  (2) 337 

where k is the reaction rate coefficient of isoprene with OH or O3, and [ISO], [OH] or [O3] is the concentration of isoprene, 338 

OH radical or O3.  339 

Taking the evening peak of isoprene oxidation products at 8 pm as an example, we compared the roles of O3 and OH radicals 340 

in their formation. Laboratory studies have shown that the reaction rate coefficient of isoprene with OH radical is generally 341 

107 times larger than that of isoprene with O3 (Dreyfus et al., 2002; Kari et al., 2004). Based on the competition between OH 342 

production and removal processes at night (Dusanter et al., 2008), the steady state OH concentration was estimated to be 0.012 343 

ppt. Details can be found in the supplement. With an O3 concentration of ~20 ppb at 8 pm, the reaction rate of isoprene with 344 

OH radical was around 6 times as high as that of isoprene with O3. For the more oxidized compounds from isoprene oxidations, 345 

their concentrations had a broad daytime presence from 10 am to 8 pm due to strong photooxidation processes. Similar diurnal 346 

variations of C4H6,8O5,6 and C5H8,10,12O5,6 measured by nitrate CIMS have been observed in an isoprene-dominated environment 347 

at Centreville, Alabama (Massoli et al., 2018).  348 

The diurnal patterns of C8H12,14On, C9H14On, and C10H14,16,18On (n=1~6) were illustrated to characterize monoterpene 349 

oxidations in the Landes forest (Fig. 8; Fig. S8-12). For the less oxidized compounds with oxygen numbers from 1 to 4, most 350 

of them were observed with clear morning and evening peaks, which can be produced from O3- and OH-initiated monoterpene 351 

oxidations. For the morning peak at around 7 am, the relative roles of O3- and OH-initiated monoterpene oxidation were 352 

evaluated using the similar method as in Eq. (1) and Eq. (2). The reaction rate coefficient of monoterpene + OH is 353 

approximately 106 times higher than that of monoterpene + O3 (Atkinson et al., 1990; Khamaganov and Hites, 2001; Gill and 354 

Hites, 2002; Hakola et al., 2012). In the morning, typical tropospheric OH concentrations have been observed to be around 1 355 

× 105 − 1 × 106 molecule cm−3 (0.004 − 0.04 ppt) (Shirinzadeh et al., 1987; Ren et al., 2003; Khan et al., 2008; Petäjä et al., 356 

2009; Stone et al., 2012). For an OH concentration of 1 × 105 molecule cm−3 (0.004 ppt), with the average O3 concentration of 357 

15 ppb at 7 am, the reaction rate of monoterpene + OH was about 0.25 times as high as that of monoterpene + O3. If the OH 358 

concentration was up to 1 × 106 molecule cm−3 (0.04 ppt) at 7 am, the reaction rate of monoterpene with OH radical was 2.5 359 

times higher than that of monoterpene with O3 according to the calculations. In other words, both oxidants are likely to be of 360 

importance at this time. For the evening peak of the less oxidized monoterpene oxidation products at 8 pm, the relative 361 

importance of O3 and OH radical in monoterpene chemistry changed due to the lower OH concentration. With the average O3 362 

concentration of ~20 ppb and OH concentration of 0.012 ppt at 8 pm, the reaction rates of monoterpenes with O3 and OH 363 

radical were at the similar level. Compared to other compounds, the evening peak of C9H14O, C10H16O, C10H18O, and C10H18O2 364 

extended over midnight. C9H14O has been found to be one of the main products formed in the ozonolysis reactions of 365 

monoterpenes (Atkinson and Arey, 2003). O3-initiated oxidation with extremely high monoterpene levels might be responsible 366 

for the high concentration of C9H14O at night. Camphor (C10H16O), linalool (C10H18O), and linalool oxide (C10H18O2) can be 367 

emitted by leaves and flowers (Corchnoy et al., 1992; Lavy et al., 2002). Therefore, direct emissions from vegetation in the 368 

Landes forest may contribute to the high mixing ratios of these compounds during night. With strong photochemical oxidations 369 

during the day, the diurnal cycles of the more oxidized compounds were characterized with a broad daytime distribution 370 

peaking between 2:00 pm and 4:00 pm UTC.  371 

To date the oxidation processes of sesquiterpenes have been rarely investigated despite its potential significance in 372 

new particle formation and SOA formation (Bonn and Moortgat, 2003; Winterhalter et al., 2009). In this study, various 373 
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sesquiterpene oxidation products were observed, mainly including C14H22On, C15H22On, and C15H24On (n=1~6), providing the 374 

possibility to explore the oxidations of sesquiterpenes in the atmosphere. As shown in Fig. 9 and Fig. S13-14, with the increase 375 

of oxygen numbers, sesquiterpene oxidation products displayed similar variations in their diurnal profiles with monoterpene 376 

oxidation products. The less oxidized products with 1 to 3 oxygen peaked both in the morning and in the evening, and the 377 

more oxidized compounds had a broad presence throughout the day. These results indicate the similar oxidation processes of 378 

sesquiterpenes with monoterpenes in the Landes forest.  379 

3.4.3 Terpene-derived organic nitrates 380 

Organic nitrates have been shown to represent a large fraction of submicron aerosol nitrate at both urban and rural sites in 381 

Europe (Kiendler-Scharr et al., 2016). During daytime, the reaction of peroxy radicals with NO can lead to the formation of 382 

organic nitrates. At night, NO3 radicals from the oxidation of NO2 by O3, can also react with unsaturated compounds mostly 383 

coming from BVOCs to generate organic nitrates (Ayres et al., 2015). In this study, the less oxidized organic nitrates from 384 

monoterpene oxidations presented a distinct morning peak at 7 am (Fig. 11; Fig. S17-18), which can come from O3- and OH-385 

initiated monoterpene oxidations in the presence of NOx. In addition, both isoprene- and monoterpene-derived organic nitrates 386 

showed evening peaks at around 8 pm (Fig. 10, Fig. S15-16). Using monoterpenes as an example, the relative roles of O3, OH 387 

radical, and NO3 radical in the nighttime formation of monoterpene-derived organic nitrates were evaluated by calculating the 388 

corresponding reaction rate (R): 389 

RMT+O3 = kMT+O3[MT][O3]   (3) 390 

RMT+OH = kMT+OH[MT][OH]   (4) 391 

RMT+NO3 = kMT+NO3[MT][NO3]  (5) 392 

where k is the reaction rate coefficient of monoterpenes with O3, OH radical or NO3 radical, and [MT], [O3], [OH] or [NO3] is 393 

the concentration of monoterpenes, O3, OH radical or NO3 radical.  394 

Taking the peak concentration of monoterpene-derived organic nitrates at 8 pm as an example, the concentration of NO3 radical 395 

was calculated by assuming a steady state between its production from O3 and NO2 and its removal by oxidation reactions and 396 

losses. The details have been described by Allan et al. (2000) and Peräkylä et al. (2014). With the high O3 scavenging by 397 

monoterpenes in the evening, the estimated concentration of NO3 radical was 0.017 ppt. Using kMT+O3  = 6.9×10-17 cm3 398 

molecule−1 s−1 and kMT+NO3= 7.5×10-12 cm3 molecule−1 s−1 taken from Peräkylä et al. (2014), the reaction rate of monoterpenes 399 

with O3 was ~10 times higher than that of monoterpenes with NO3 radicals. However, while ozonolysis was likely to dominate 400 

the overall oxidation of monoterpenes, the organic nitrate formation from O3-initiated oxidation may still be much lower than 401 

those from NO3-initiated oxidations, depending on what fraction of RO2 radicals were reacting with NOx. The relative 402 

importance of O3 and OH radical in monoterpene chemistry at this time was the same as discussed in Sect. 3.4.2.  403 

4. Conclusions 404 

This work presented the deployment of the new state-of-the-art Vocus PTR-TOF in the French Landes forest during the 405 

CERVOLAND campaign. The Vocus PTR-TOF capabilities are evaluated for the first time in the actual ambient environment 406 

by the identification of the observed gas-phase molecules. With the improved detection efficiency and measurement precision 407 

compared to the conventional PTR instruments, multiple hydrocarbons with carbon numbers varying from 3 to 20 were 408 

observed as well as various VOCs oxidation products. Hydrocarbon signals were dominated by monoterpenes and their major 409 

fragment ions (e.g., C6H8H+) within the instrument, consistent with high monoterpene emissions in the Landes forest. In general, 410 

most hydrocarbon molecules and the less oxidized compounds were characterized with high signals at night, whereas the more 411 

oxidized compounds exhibited elevated intensity during the day.  412 
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To demonstrate the importance of Vocus PTR-TOF application in atmospheric science study, the characteristics of 413 

terpenes and their oxidation products were investigated. In addition to the observation of isoprene, monoterpenes, and 414 

sesquiterpenes, this study presented the ambient characteristics of the rarely recorded diterpenes, which are traditionally 415 

considered as non-volatile species in the atmosphere. On average, the concentration of diterpenes was 1.7 ppt in the Landes 416 

forest, which was hundred to thousand times lower than that of monoterpenes (6.0 ppb) and sesquiterpenes (64.5 ppt). However, 417 

considering their low vapor pressure and high reactivity, diterpenes may potentially play an important part in atmospheric 418 

chemistry. The diurnal variations of diterpenes showed the maximum peak at night and low levels during the day, similar to 419 

those of monoterpenes and sesquiterpenes.  420 

With strong photochemical oxidations of terpenes during the day, the more oxidized terpene reaction products were 421 

observed with a broad daytime peak, whereas the less oxidized terpene reaction products showed peak concentrations in the 422 

early morning or/and in the evening. By calculating the reaction rates of terpenes with the main oxidants, OH radical, O3, and 423 

NO3 radical, the contributions of different formation pathways to terpene oxidations were evaluated. The morning and evening 424 

peaks of non-nitrate terpene reaction products were contributed by both O3- and OH-induced terpene oxidations. For the 425 

formation of terpene-derived organic nitrates, the relative importance of O3-, OH-, and NO3- driven oxidation pathways were 426 

more difficult to evaluate. Overall, we have shown that the Vocus PTR-TOF is able to detect a very broad coverage of 427 

compounds, from VOCs precursors to various oxidation products. Therefore, the application of the Vocus PTR-TOF in 428 

atmospheric sciences will be fundamental in understanding the chemical evolution of VOCs in the atmosphere and their roles 429 

in air quality and climate issues.  430 
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 789 

Figure 1. Variations of meteorological conditions and trace gases. (a) Time series of wind speed and solar radiation. (b) 790 

Time series of temperature and relative humidity. (c) Time series of O3, NO, and NO2. (d) Diurnal cycles of O3 and 791 

solar radiation. (e) Diurnal cycles of NO and NO2.  792 
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 793 

Figure 2. Mass defect plot of the ions identified by high-resolution analysis of Vocus PTR-TOF data set. The x-axis 794 

shows the mass to charge ratio and the y-axis shows the mass defect, which is the deviation of the exact mass from the 795 

nominal mass. Data points in (a) are color-coded by ion family (CH, CHO, CHN, CHS, CHON, CHOS) and sized by 796 

the logarithm of peak area. Data points in (b) are shown in pink when signals are higher during nighttime and in blue 797 

when daytime signal is higher. The size corresponds to the difference of daytime and nighttime signal for the molecule. 798 

It should be noted that ions < 35 Th are detected at a much-reduced efficiency due to a high-pass band filter in the BSQ.   799 
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 800 

Figure 3. Time series of (a) C5H8, (b) C10H16, (c) C15H24, and (d) C20H32.   801 
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 802 

 803 

Figure 4. Diurnal cycles of (a) C5H8, (b) C10H16, (c) C15H24, and (d) C20H32, with the 10th, 25th, 75th, and 90th percentiles 804 

shown in the shaded area.   805 
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 806 

Figure 5. Scatter plots of (a) C15H24 vs. C10H16, (b) C20H32 vs. C10H16, and (c) C20H32 vs. C15H24, colored by time of the 807 

day.   808 
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 809 

Figure 6. Comparison of ambient average high-resolution mass spectra with those from α-pinene oxidation experiments 810 

in the COALA chamber. (a) ambient observations in the Landes Forest; (b) α-pinene ozonolysis with NOx.   811 
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 812 

Figure 7. Diurnal patterns of non-nitrate isoprene oxidation products: (a) C5H8O, (b) C5H8O2, (c) C5H8O3, (d) C5H8O4, 813 

(e) C5H8O5, and (f) C5H8O6.  814 
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 815 

Figure 8. Diurnal patterns of non-nitrate monoterpene oxidation products: (a) C10H16O, (b) C10H16O2, (c) C10H16O3, (d) 816 

C10H16O4, (e) C10H16O5, and (f) C10H16O6.  817 
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 818 

Figure 9. Diurnal patterns of non-nitrate sesquiterpene oxidation products: (a) C15H24O, (b) C15H24O2, (c) C15H24O3, (d) 819 

C15H24O4, (e) C15H24O5, and (f) C15H24O6.  820 
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 821 

Figure 10. Diurnal patterns of isoprene-derived organic nitrates: (a) C5H7NO3, (b) C5H7NO4, (c) C5H7NO5, and (d) 822 

C5H7NO6.  823 
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 824 

Figure 11. Diurnal patterns of monoterpene-derived organic nitrates: (a) C10H15NO3, (b) C10H15NO4, (c) C10H15NO5, (d) 825 

C10H15NO6, (e) C10H15NO7, and (f) C10H15NO8. 826 
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