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Reply to the Review Report of “Effect of temperature on the formation 1 

of Highly oxygenated Organic Molecules (HOM) from alpha-pinene 2 

ozonolysis” by QUÉLÉVER et al.  3 
 4 
 5 
We thank the editor and reviewers for their reports and feedback. We answer the comments point-by-6 
point below: 7 
 8 
 9 
Comment 1 (from reviewer 1): “The authors could consider adding the response to comment 1 10 
to the main text somewhere, especially the comparison of the calculated condensational sinks 11 
at 20 C and 0 C, to clarify that the temperature effect on the gas-particle partitioning process 12 
has been accounted for”. 13 
 14 
Response to Comment 1: We have now made it clearer that the CS was affected by the temperature, 15 
and that we considered this variation in the estimation of the HOM yield. Text was added both to the 16 
methods section describing the HOM yield calculation, and to the results where the yields are 17 
discussed (cf. section 2.5 and 3.4). Additionally, we implemented the comparison from our earlier 18 
reply of the condensation sink for a few different experiments into the Appendix (Fig. A1). 19 
 20 

 21 

Figure R1 (also Figure A1 in the Manuscript): Comparison of the Calculated condensation sinks over the ACCHA runs. Data shown 22 
from 20 min to 120 min after 𝛼-pinene injection for experiments performed at 50 ppb at 0 °C (16-Jan-2017) - green crosses, and 20 °C 23 
(12-Jan-2017) – orange crosses, and at 10 ppb at 20 °C (12-Dec-2016) – orange circles. 24 
  25 
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 26 
 27 
Comment 2 (from reviewer 3): “I thank the authors for addressing my comments. However, 28 
there is still a major issue with the revised manuscript. As shown in Figure R2, the is a clear 29 
difference between 20C and 0C. This figure disproves the stated conclusion that “Surprisingly, 30 
very little difference was seen in the mass spectral distribution of the HOM molecule of interest 31 
at 0C and 20C. This conclusion must be revised”. 32 
 33 
Response to Comment 2: We acknowledge that our statement was unnecessarily ambiguous, and 34 
was indeed not meant to reflect the absolute change of single peaks. We have now formulated it more 35 
clearly to reflect that the spectral distribution changes were clearly smaller, when compared to the 36 
change in total HOM yield. “Surprisingly, comparing spectra measured at 0 °C and 20 °C, ratios 37 
between HOM of different oxidation level, e.g. the typical HOM products C10H14O7, C10H14O9, and 38 
C10H14O11, changed considerably less than the total HOM yields”. The variation of all the different 39 
HOM are now also easily readable from the new Figure 7 added in the last revision round. We also 40 
modified the discussion related to this figure to not highlight absolute similarities, but rather the size 41 
of the variability in the distribution when compared to the total shift of the HOM yields. This is the 42 
basis for our argument that the H-shifts taking place in the first RO2 radicals is likely the most 43 
sensitive to changes in temperature, as discussed in more detail in section 3.4.  44 
 45 
As we in total considered 73 different HOM compounds (cf. manuscript Table A2), their distributions 46 
cannot be represented in pie charts, such as those in Figure R2 in our earlier response. Such charts 47 
will only show how the largest signals varied, but cannot be used to depict anything about the smaller 48 
signals. However, all the information in the pie charts are also visible in Fig. 7.  Our focus was on the 49 
entire HOM distribution, and in Figure 7 both the large and small signals can be read despite the large 50 
difference in signal intensity between e.g. highly abundant HOM monomers and less abundant HOM 51 
dimers. Figure 7 highlights the point we have tried to emphasize: while there is, as the reviewer 52 
correctly has pointed out, variability in the HOM distribution between 20 °C and 0 °C, this variability 53 
(scatter around the red line) is still minor when compared to the large shift in total HOM yield (red 54 
line vs black line). As an example, the total HOM yield changed by a factor 50, but 85% of the HOM 55 
are within a factor 3 of the red line. Furthermore, the new Figure 7 also shows that the scatter around 56 
the red line is neither mass nor O:C dependent. 57 
 58 
 59 

Additional Comment (from co-editor): “In addition to the reviewers’ comments, I think it’d be 60 
important to also include Figure R2.2. and Figure R3.3a in the revised manuscript”  61 
 62 

Response to additional Comment: We now have added the comparison of the condensation sink 63 
for some experiments as Figure A1. in the Appendix (cf. reply to Comment 1). Additionally, we 64 
completed Figure 7, by adding the panel a) in the manuscript, for better understanding.  65 
 66 

 67 
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 68 

 69 

Figure 7 (in the Manuscript): Scatter plot on the HOM normalized signal intensity at 0°C and at 20 °C. The data points are 70 
colored by the mass-to-charge ratio (panel a) or by oxygen-to-carbon ratio (panel b) with distinction between monomer – 71 
circle markers - and dimer compounds – diamond markers. Guide lines were added as indicators: 1:1 line – in black, 1:50 72 
line – in red ,1:25 and 1:100 lines - in dotted grey. Panel a) was added to the manuscript as Figure 7a). 73 
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Manuscript (Changes marked in orange):  81 
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Abstract 104 

 105 

Highly-oxygenated organic molecules (HOM) are important contributors to Secondary Organic Aerosol 106 

(SOA) and New-Particle Formation (NPF) in the boreal atmosphere. This newly discovered class of molecules 107 

is efficiently formed from atmospheric oxidation of biogenic volatile organic compounds (VOC), such as 108 

monoterpenes, through a process called autoxidation. This process, in which peroxy-radical intermediates 109 

isomerize to allow addition of molecular oxygen, is expected to be highly temperature-dependent. Here, we 110 

studied the dynamics of HOM formation during a-pinene ozonolysis experiments performed at three different 111 

temperatures, 20 °C, 0 °C and -15 °C, in the Aarhus University Research on Aerosol (AURA) chamber. We 112 

found that the HOM formation, under our experimental conditions (50 ppb a-pinene, 100 ppb ozone), 113 

decreased considerably as temperature decreased, with molar yields dropping by around a factor of 50 when 114 

experiments were performed at 0 °C, compared to 20 °C. At -15 °C, the HOM signals were already close to 115 

the detection limit of the nitrate-based Chemical Ionization Atmospheric Pressure interface Time Of Flight 116 

(CI-APi-TOF) mass spectrometer used for measuring gas-phase HOM. Surprisingly, comparing spectra 117 

measured at 0 °C and 20 °C, ratios between HOM of different oxidation level, e.g. the typical HOM products 118 

C10H14O7, C10H14O9, and C10H14O11, changed considerably less than the total HOM yields. The more oxidized 119 

species have undergone more isomerization steps, yet, at lower temperature, they did not decrease more than 120 

the less oxidized species. One possible explanation is that the primary rate-limiting step forming these HOM 121 

occurs before the products become oxygenated enough to be detected by our CI-APi-TOF (i.e. typically seven 122 

or more oxygen atoms). The strong temperature dependence of HOM formation was observed under 123 

temperatures highly relevant for the boreal forest, but the exact magnitude of this effect in the atmosphere will 124 

be much more complex: the fate of peroxy-radicals is a competition between autoxidation (influenced by 125 

temperature and VOC type) and bimolecular termination pathways (influenced mainly by concentration of 126 

reaction partners). While the temperature influence is likely smaller in the boreal atmosphere than in our 127 

chamber, the magnitude and complexity of this effect clearly deserves more consideration in future studies in 128 

order to estimate the ultimate role of HOM on SOA and NPF under different atmospheric conditions.  129 

 130 
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Keywords: HOM formation & yield, Temperature, ACCHA campaign, AURA chamber, Mass Spectrometry, 131 

CI-APi-TOF 132 

 133 

1. Introduction  134 

 135 

Aerosol particles impact Earth’s climate by scattering and absorbing solar radiation, and by influencing cloud 136 

properties when they act as Cloud Condensation Nuclei (CCN) (IPCC, 2013). Organic compounds contribute 137 

significantly to the chemical composition of aerosol, accounting from 20 % to 90 % of the total aerosol mass 138 

of sub-micrometer particles depending on their location in the globe (Jimenez et al., 2009). Submicron organic 139 

aerosol are dominantly secondary. Called Secondary Organic Aerosol (SOA), they originate from gas-to-140 

particle conversion from condensable vapors (Hallquist et al., 2009; Zhang et al., 2007).  These vapors are 141 

mainly oxidation products of Volatile Organic Compounds (VOC), having sufficiently low vapor pressure (i.e. 142 

volatility) to condense onto aerosol particles (Hallquist et al., 2009).  143 

 144 

In order to interact efficiently with solar radiation or to activate cloud droplets, aerosol particles need to be 145 

around 100 nm in diameter or larger (Dusek et al., 2006). If particles have formed through nucleation processes 146 

in the atmosphere (e.g. Kulmala et al., 2013), their ability to grow to climate-relevant sizes before being 147 

scavenged through coagulation is critically impacted by the rate at which low-volatile vapors will condense 148 

onto them (Donahue et al., 2013). Extremely Low-Volatile Organic Compounds (ELVOC), introduced by 149 

Donahue et al. (2012), have the ability to condense irreversibly onto even the smallest aerosol particles and 150 

clusters and thus contribute to particle growth. Low-Volatile Organic Compounds (LVOC), typically more 151 

abundant in the atmosphere, are important for the growth of particles larger than a few nanometers (Tröstl et 152 

al., 2016). 153 

 154 

Highly-oxygenated Organic Molecules (HOM, Ehn et al., 2014 & 2017; Bianchi et al., 2019) were recently 155 

identified as a large contributor to (E)LVOC and the growth of newly formed particles (Ehn et al., 2014; Tröstl 156 

et al., 2016). First observed in measurements of naturally charged ions in the boreal forest (Ehn et al., 2010 & 157 
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2012) using the Atmospheric Pressure interface Time Of Flight (APi-TOF) mass spectrometer (Junninen et 158 

al., 2010), HOM quantification only became possible through the application of nitrate ion chemical ionization 159 

(CI) mass spectrometry (Zhao et al., 2013; Ehn et al., 2014). Most studies have utilized the APi-TOF coupled 160 

to such a chemical ionization source (CI-APi-TOF, Jokinen et al., 2012), and detailed laboratory studies have 161 

been able to elucidate the primary formation pathways of HOM (Rissanen et al., 2014; Jokinen et al., 2014; 162 

Mentel et al., 2015). We also note that the HOM-related terminology has evolved over the last years, and here 163 

we define HOM as organic molecules formed through gas-phase autoxidation, containing six or more oxygen 164 

atoms. 165 

 166 

The main process in HOM formation is peroxy-radical (RO2) autoxidation (Crounse et al., 2013), which 167 

involves an intramolecular H-abstraction by the peroxy-radical group to form a hydroperoxide and a carbon-168 

centered radical to which molecular oxygen (O2) can rapidly add to form a new RO2 with a higher level of 169 

oxygenation. The efficiency of this process is mainly determined by the availability of easily “abstractable” 170 

H-atoms, and such are often formed in the ozonolysis of endocyclic alkenes (Rissanen et al., 2014 & 2015; 171 

Berndt et al., 2015). This structural component can be found in many biogenic VOC, such as monoterpenes, 172 

enhancing their roles as SOA precursors through efficient autoxidation and HOM formation (Ehn et al., 2014; 173 

Jokinen et al., 2014; Berndt et al., 2016). Peroxy-radicals are important intermediates in nearly all atmospheric 174 

oxidation processes. The RO2 that have undergone autoxidation will terminate to closed-shell species in similar 175 

ways as less oxidized RO2, taking place either by unimolecular processes leading to loss of OH or HO2, or 176 

bimolecular reactions with NO, HO2 or other RO2. The termination pathway strongly influences the type of 177 

HOM that can be formed, with e.g. RO2 + RO2 reactions being able to form ROOR dimers and RO2+NO often 178 

forming organic nitrates (Ehn et al., 2014; Berndt et al., 2018). All these bimolecular reactions of peroxy-179 

radicals, as well as the initial oxidant-VOC reaction, are temperature-dependent. For example, the reaction rate 180 

of ozone with a-pinene, a broadly studied SOA-forming system, is 6.2 · 1017 (±1.3 · 1017) cm3 molec-1 s-1 at 3 181 

°C, and 8.3 · 1017 (±1.3 · 1017) cm3 molec-1 s-1 at 22 °C (Atkinson et al., 1982). However, the intramolecular 182 

isomerization through H-shifts is likely to have a much stronger temperature dependence, due to the higher 183 

energy barrier for the H-shift (Seinfeld and Pandis, 2006; Otkjær et al., 2018). As an example (Praske et al., 184 

2018) reported theoretical estimates of different H-shifts in hexane-derived RO2 which increased roughly by 185 
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a factor of 5 to10 when the temperature increases by 22 °C (from 23 °C to 45 °C). Possible changes in HOM 186 

formation as a function of temperature are thus expected to derive mainly from changes in the autoxidation 187 

process. However, a detailed mechanistic understanding the various autoxidation steps, let alone their 188 

temperature dependencies, is still lacking for most atmospheric VOC-oxidant systems, owing partly to the 189 

plethora and the complexity of the possible reaction pathways. 190 

 191 

Despite recent work in determining the impact of temperature on aerosol formation (Kristensen et al., 2017; 192 

Stolzenburg et al., 2018), literature on corresponding HOM effects are extremely limited. At room temperature 193 

(i.e. 20 ±5 °C), HOM molar yields have been estimated to be some percent for most monoterpenes in reactions 194 

with ozone or OH (Ehn et al., 2014; Jokinen et al., 2015). Only very recently, studies were presented where 195 

HOM formation experiments have been conducted at varying temperatures. Stolzenburg et al. (2018) showed 196 

that at lower temperatures, the CI-APi-TOF detects much lower HOM concentrations, though no quantitative 197 

values on the HOM yields were given. The impact of decreased HOM on new-particle growth rates was 198 

compensated by less oxidized species being able to condense at the lower temperatures. In another study, Frege 199 

et al. (2018) also concluded that HOM formation decreased at lower temperatures, but their study was based 200 

on observations of naturally charged ions using an APi-TOF, complicating the interpretation of HOM 201 

formation rates.  202 

 203 

In this study, we directly evaluate the impact of temperature on HOM yields in a laboratory chamber during 204 

a-pinene ozonolysis experiments at 20 °C, 0 °C and -15 °C. Relative changes in HOM formation are compared 205 

between temperatures both for total HOM yields as well as on a molecule-by-molecule basis. The more 206 

detailed impact of temperature on the molecular distribution of HOM is expected to provide new insights into 207 

critical steps in the formation pathways. 208 

 209 
  210 



   
 

   
 

9 

2. Methods 211 

 212 

2.1. The AURA Chamber 213 

A detailed description of the AURA chamber can be found in Kristensen et al. (2017). Essentially, it consists 214 

of a 5 m3 Teflon® bag contained in a temperature-controlled enclosure. Configured in batch sampling mode, 215 

the chamber was initially cleaned by flushing at 20 °C with purified ambient air (i.e. filtered air exempt of 216 

particles, water vapor and VOC, and reduced NOx concentration), and subsequently set to the desired 217 

temperature and finally filled with the necessary reagents. Over the course of the experiment, it was 218 

progressively emptied due to sampling by the measuring instrumentation. In our experiments, we first added 219 

ozone to a concentration of 100 ppb, provided by an ozone generator (Model 610, Jelight Company, Inc.) after 220 

which the oxidation reaction started when the VOC was introduced by vaporization of a calculated volume of 221 

liquid reagent (α-pinene or β-pinene) into a hot stream of nitrogen, reaching the desired VOC concentration 222 

(10 or 50 ppb).  223 

 224 

2.2. The ACCHA Experiment  225 

The Aarhus Chamber Campaign on HOM and Aerosols (ACCHA) experiment aimed to explore oxidation 226 

processes and aerosol formation during dark monoterpene ozonolysis at different temperatures, from -15 °C 227 

to 20 °C. The experiments focused on α-pinene oxidation at two different concentrations (10 ppb and 50 ppb) 228 

for three different temperatures: -15 °C, 0 °C and 20 °C. Two additional experiments were conducted with 229 

temperatures ramped from the coldest to the warmest or reversely during experiments at 10 ppb of α-pinene. 230 

For comparison, fixed temperature runs were also performed using β-pinene, at a concentration of 50 ppb. 231 

Ozone (100 ppb) was used as the main oxidant, but hydroxyl radicals also took part in the oxidation reactions 232 

as OH-scavengers were not employed in the experiments discussed here. According to model simulations using 233 

the master chemical mechanism v3.3.1 (Jenkin et al., 1997 & 2015; Saunders et al., 2003), ozonolysis 234 

accounted for approximately 2/3 and OH-oxidation for 1/3 of the α-pinene oxidation respectively. A table 235 

summarizing the experiments of the campaign can be found in the Appendix (Table A1).   236 
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 237 

2.3. Instrumentation 238 

The ACCHA experiment involved a diverse set of instruments measuring both the gas phase and the particle 239 

phase. The gas phase instrumentation included a Proton Transfer Reaction Time Of Fight Mass Spectrometer 240 

(PTR-TOF-MS, Model 8000-783, IONICON Inc., Jordan et al., 2009) for measuring the concentrations of the 241 

injected VOCs and other volatile products, as well as a nitrate-based Chemical Ionization Atmospheric 242 

Pressure interface Time of Flight (CI-APi-TOF, TOFWERK A.G. & Aerodyne Research Inc., Jokinen et al., 243 

2012) mass spectrometer, analyzing the highly oxidized organic products of lower volatility (e.g. HOM). The 244 

CI-APi-TOF is described in more detail in the following section. The aerosol phase measurement was done 245 

using (1) a nano-Condensation Nuclei Counter (nCNC), being a combination of a Particle Size Magnifier 246 

(PSM, Model A10, Airmodus Ltd.) and a Condensation Particle Counter (CPC, Model A20, Airmodus Ltd.), 247 

(2) a Scanning Mobility Particle Sizer (SMPS;  Kr-85 neutralizer (Model 3077A, TSI), electrostatic classifier 248 

(Model 3082, TSI), nano-water-based CPC (Model 3788, TSI)), counting the size resolved particles from 10 249 

nm to 400 nm, (3) a High Resolution Time-Of-Flight Aerosol Mass Spectrometer (HR-TOF-AMS, Aerodyne 250 

Research Inc., Jayne et al., 2000) determining the chemical composition of non-refractory aerosol particles 251 

larger than ~35 nm. The temperature and relative humidity inside the chamber were monitored using HC02-252 

04 sensors (HygroFlex HF320, Rotronic AG), and the ozone concentration was measured with an ozone 253 

monitor (O3-42 Module, Environment S.A.).  254 

 255 

2.4. Measuring highly oxygenated organic molecules in the gas phase 256 

HOM present in the gas phase were measured using a CI-APi-TOF mass spectrometer. The instrument sampled 257 

air at about 80 cm from the wall of the chamber via a ¾ inch tube directly connected to the CI-APi-TOF, which 258 

was located outside the chamber enclosure (~20 °C at all time). The sheath air (taken from a compressed air 259 

line) was 30 LPM and the total flow (generated by the house vacuum line) was 40 LPM. The ~1 m long inlet 260 

had a flow of 10 LPM caused by the difference between the sheath and total flows. With such a tube length 261 

and flow, roughly half of the HOM are expected to be lost to the walls of the inlet lines. The CI-APi-TOF is 262 

described by Jokinen et al. (2012), but also briefly presented here. Strong acids and highly oxygenated organic 263 
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molecules have been shown to cluster efficiently with nitrate ion (Ehn et al., 2014; Hyttinen et al., 2015). 264 

Nitrate ions (i.e. NO3
-, HNO3NO3

- and (HNO3)2NO3
-), produced by exposure of nitric acid vapors to soft X-265 

ray radiation, were electrostatically introduced into the sample flow of 10 LPM with a reaction time of roughly 266 

200 ms at atmospheric pressure.  267 

The ions, clusters with NO3
-, were sampled through a 300 µm critical orifice into the APi, where ions were 268 

guided and focused by two segmented quadrupoles through chambers with gradually decreasing pressures (~2 269 

mbar and ~10-2 mbar, respectively). Finally, an ion lens assembly, at ~10-5 mbar, guided the ions into the TOF 270 

chamber (~10-6 mbar) where they were orthogonally extracted and their mass-to-charge ratios determined. The 271 

detected signal of each ion is then expressed as counts per second (cps) or counts per second normalized by 272 

the sum of reagent (nitrate) ions (norm. cps). More detail about the APi-TOF itself can be found in Junninen 273 

et al. (2010). Quantification of HOM remains challenging, and, in this work, we aim at explaining the relative 274 

changes of HOM measured at different temperature rather than focusing on their absolute concentration. 275 

However, in some instances, we also estimate absolute quantities by applying a calibration factor C = 1.65 · 276 

109 molecules cm-3, (cf. Jokinen et al., 2012, for details on C). This translates to ~70 ppt of HOM per 277 

normalized counts. As no calibrations were performed during the ACCHA experiments, the value was taken 278 

from a sulfuric acid calibration (methodology according to Kürten et al., 2012) performed during an earlier 279 

measurement campaign. While associated with a large uncertainty (estimated to be at least -50 % / +100 %) 280 

using this value, we obtained HOM molar yields (as described in later sections) of a similar range as earlier 281 

studies (Jokinen et al., 2012; Ehn et al., 2014). We estimated a detection limit from our experimental data at 282 

the lowest temperature to be roughly 10-5 normalized counts, which correspond to ~104 molecules cm-3. 283 

 284 

2.5. HOM dynamics in a batch mode chamber  285 

Being configured in batch mode, without active mixing, the AURA chamber is a dynamic reactor where 286 

concentrations of products are a function of cumulative sources and cumulative sinks from the start of the 287 

experiment. In the case of HOM, their lifetime in the gas phase must be short due to their low vapor pressure 288 

and, thus, their fast condensation. This means that the measured HOM concentrations are mainly the result of 289 

production and loss having occurred within the previous minutes, as described in more detail in the following 290 

section.                            291 
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 292 

The temporal change in HOM concentrations (i.e.  #[%&']
#)

 ) can be expressed as the sum of the production 293 

terms and loss terms. The HOM formation is governed by the VOC reaction rate while the loss is dominated 294 

by condensation onto particles or walls. For the yield estimation analysis, we focus mainly on the high 295 

concentration experiments (i.e. [α-pinene] = 50 ppb), where the high condensation sink (CS, on the order of 296 

0.1 s-1) will dominate over the wall loss rate. In a smaller chamber with active mixing, the wall loss rate for 297 

low-volatile species has been estimated to be around 10-2 s-1 (Ehn et al., 2014), and in the AURA chamber we 298 

expect it to be much slower, likely on the order of 10-3 s-1. Since experiments performed at lower temperatures 299 

would reduce the vapor pressure of the resulting oxidized product and form more SOA than in warmer 300 

conditions, the variation of the condensation sink was considered in our analysis as we expect higher CS values 301 

at lower temperatures.  302 

 303 

Therefore, we can formulate simplified expression as in the following equations:  304 

 305 

𝑑[𝐻𝑂𝑀]
𝑑𝑡 	= 	𝛾%&' 	 · 	𝑘	 · 	 [𝑉𝑂𝐶] 	 · 	 [𝑂5] − 𝐶𝑆	 · 	 [𝐻𝑂𝑀]										(𝐸𝑞. 1) 306 

 307 

𝛾%&' =	
𝑑[𝐻𝑂𝑀]
𝑑𝑡 + 	𝐶𝑆	 · 	 [𝐻𝑂𝑀]	
𝑘	 · 	 [𝑉𝑂𝐶] 	 · 	 [𝑂5]

									(𝐸𝑞. 2) 308 

 309 

Herein, 𝛾%&'	corresponds to the HOM yield. The temperature-dependent rate constant of α-pinene ozonolysis, 310 

k, was taken to be 8.05 · 10-16 e-640/(273.15+T) cm3 molecules-1 s-1, where T is the temperature in degrees Celsius, 311 

(Atkinson, 2000; Calvert et al., 2002). Since the majority of HOM are irreversibly lost upon contact with a 312 

surface (Ehn et al., 2014), the CS represents the total sink at a time t. The CS was estimated using the measured 313 

particle number size distributions from the SMPS (Dal Maso et al., 2005). The molecular properties that govern 314 

the CS are the mass accommodation coefficient, the molecular diffusion coefficient and the mean molecular 315 

speed. Based on the work by Julin et al. (2014), the mass accommodation coefficient was set to unity. The 316 

molecular diffusion coefficient was calculated using Fuller's method (Tang et al., 2015) and the mean 317 
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molecular speed was calculated using kinetic theory. Both the molecular diffusion and speed depends on 318 

molecular composition and on the absolute temperature during the experiments. C10H16O7 was taken as a 319 

reference for the CS estimation, being one of the most abundant HOM. In comparison, the CS calculated for 320 

the largest molecules (i.e. HOM dimers) were approximately 30 % lower. With the aforementioned 321 

assumptions, a distinct yield for each identified HOM of interest can be derived based on Eq. 2, as the slope 322 

of a linear fit to the data during an experiment, with 𝑘 · [𝑉𝑂𝐶] 	 · 	 [𝑂5] on the x-axis and  #[%&']
#)

	+ 	𝐶𝑆 · [𝐻𝑂𝑀] 323 

on the y-axis.  324 

 325 

 326 

3. Results & Discussion  327 

 328 

3.1. Effect of the temperature on the CI-APi-TOF 329 

Since this work targets the variation of HOM in relation to temperature, it is necessary to assess the reliability 330 

of the CI-APi-TOF measurement towards temperature variations. The sensitivity towards a certain molecule 331 

depends to first approximation on the charging efficiency in the CI inlet and the transmission efficiency of the 332 

sampled ion in the APi-TOF. The charging efficiency of a HOM is primarily determined by the stability of the 333 

HOM	·	NO3- cluster relative to the HNO3 ·	NO3- cluster (Hyttinen et al., 2015), and we do not expect 334 

temperature to cause a large difference in this relative behavior. However, the transmission can be sensitive to 335 

small changes, and especially pressures inside the instrument are important to monitor, as the optimal voltages 336 

guiding the sampled ions through the instrument have been tuned for specific pressures. The pressures of the 337 

two quadrupole chambers (named “SSQ” and “BSQ”, respectively, where the pressure dependence is the 338 

largest) as well the Total Ion Count (TIC, i.e. sum of all signals), the Reagent Ion Count (RIC, i.e. sum of 339 

nitrate ion signals) and the contributions of each nitrate ion signals are presented in Figure 1. The SSQ 340 

pressures (Fig. 1a) were found relatively stable (average: ~2.07 mbar) and the BSQ averaged pressure (Fig. 341 

1b) was ~3.3 · 10-2 mbar, which are typical values for this instrument. Unfortunately, the other instrumental 342 

pressures (i.e. ion lens assembly chamber or TOF chamber pressures) were not recorded due to sensor failures. 343 

However, as these chambers are at low enough pressures that ion-gas collisions are very rare, any possible 344 
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small variations in the pressures are unlikely to affect our results. When going from the coldest temperature (-345 

15 °C) to the highest (20 °C), in a continuous temperature ramp, the SSQ pressure decreased by ~0.01 mbar, 346 

corresponding to a relative change of 0.5 % (Fig. 1a). Over the same temperature range, the pressure within 347 

the second chamber (BSQ) decreased by ~1.5 · 10-3 mbar (~4.5 %) when the temperature varied by 35 °C (Fig. 348 

1a). The same characteristics were observed when comparing across experiments performed at constant 349 

temperatures and for the continuous temperature ramping experiments. The SSQ pressure values below 2.02 350 

mbar at -15 °C and 20 °C, corresponding also to the lowest BSQ pressures measured, were related to 351 

particularly low ambient pressures (~981.8 mbar). Thus, the effect of temperature within the AURA chamber 352 

caused smaller variability of the internal pressures than ambient pressure changes.   353 

 354 

 355 

 356 

Figure 1: Evolution of the CI-APi-TOF pressures in the first (a) and second (b) quadrupole chambers (SSQ and BSQ, respectively) 357 

and signal counts (c) as a function of temperature in the AURA chamber. The APi pressures (panels a & b) are represented by crosses, 358 

depicting 10-minute averaged data points for all α-pinene ozonolysis experiments, colored by temperature (blue for -15 °C, green for 359 

0 °C and orange for 20 °C). The squares are the median values for each temperature with their 75th and 25th percentiles. Additionally, 360 

the gray triangles relate the data (10-minute averages) of two temperature ramp experiments, from -15 °C to 20 °C (right-pointing 361 
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triangles) or from 20 °C to -15 °C (left-pointing triangles). Panel c) shows averages of the sum of all ion signals (TIC, square-markers) 362 

and the sum of all reagent ion signal (RIC, asterisks-markers). RIC markers also include 25th and 75th percentiles. Nitrate signal 363 

contributions are also included separately (markers in gray-shaded area: down pointing triangle for NO3
-, diamond marker for 364 

HNO3NO3
- and triangle pointing upward for (HNO3)2NO3

-). 365 

 366 

The RIC signal (Fig. 1c) stayed within the range 5-7 · 104 cps, with its lowest values observed at -15 °C. The 367 

comparatively larger increase in TIC at the highest temperature is mainly explained by the fact that much 368 

higher HOM concentrations were formed at 20 °C compared to lower temperature experiments, and the 369 

transmission at these masses is generally higher than in the region of the reagent ions (Junninen et al., 2010; 370 

Ehn et al., 2011; Heinritzi et al., 2016). We conclude from the above investigations that changes on the order 371 

of tens of percent, based on the variation in RIC, occurred in our instrument as the AURA chamber temperature 372 

was varied, and that only signal changes larger than this should be attributed to actual perturbations in the 373 

chemistry taking place in the chamber. 374 

 375 

3.2. Ozonolysis reaction in the AURA chamber: a typical a-pinene experiment at 20 °C 376 

Selected gas phase precursors and products, including aerosols, for a high-load (i.e. 50 ppb, during 12-Jan-377 

2017) α-pinene oxidation experiment at 20 °C are shown in Figure 2. The steep increase in a-pinene 378 

concentration, measured by PTR-TOF-MS, indicates the start (defined as time 0) of the oxidation reaction 379 

experiment (Fig. 2a). The formed aerosol product, i.e. particle number and aerosol mass, are presented in Fig. 380 

2c. Herein, we observe an increase of the aerosol mass over the first two hours of the experiment whereas the 381 

particle number concentration plateaued in the first ten minutes after VOC injection. On the other hand, the 382 

HOM signals (Fig. 2b) show a large increase immediately as the VOC was injected. A smaller increase was 383 

also observed when the ozone was introduced, most likely due to residual volatiles reacting with ozone inside 384 

the chamber. After the first 10 min, HOM signals start to decrease as the CS (Fig. 2d) rapidly increases under 385 

these high aerosol loads.  After the first half hour, the CS only changes by some tens of percent, while the 386 

VOC oxidation rate (gray crosses in Fig. 2b) decreases around one order of magnitude over the following 387 

hours of the experiment. Therefore, concentrations of low-volatile HOM should largely track the decay rate of 388 

the VOC oxidation rate, which is also observed. We observe a slower decay of HOM monomers than dimers, 389 
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suggesting that some of the monomers may be semi-volatile enough to not condense irreversibly upon every 390 

collision with a surface, and/or that the VOC oxidation rate also influences the formation chemistry, as 391 

discussed in more detail in later sections.  392 

 393 

 394 

Figure 2: Temporal evolution of the main parameters during a typical a-pinene ozonolysis experiment (initial conditions: [a-pinene] 395 

= 50 ppb, [O3] = 100 ppb, T = 20 °C). Reactant concentrations are shown in Panel a, with α-pinene concentration in dark green and 396 

ozone concentration in orange. HOM signals are plotted in Panel b, with a distinction between Total HOM (dashed medium-blue line), 397 

HOM monomers (C10H14-16O7-11, dark blue line) and HOM dimers (C19-20H28-32O10-18 light blue line), as well as the product [a-pinene] 398 

· [O3] represented by gray cross markers. Panel c depicts the SOA mass (pink line) and the particle concentration (purple line). Panel 399 

d shows the evolution of the condensation sink. The time span (in x-axis) is expressed as minutes after a-pinene injection, thus the 400 

time zero represents the start of the experiment. 401 

 402 

0

25

50

 [
-p

in
en

e]
 (p

pb
) 

0

50

100

150

 [O
3] (

pp
b)

 a)

10-4

10-3

10-2

10-1

100

101

H
O

M
 si

gn
al

Total HOM
Monomers
Dimers

10-1

100

101

102

103

104

[
-p

in
en

e]
 

 [O
3] (

pp
b2 )b)

0

25

50

75

 S
O

A
 m

as
s (

g.
m

-3
) 

0

5

10

Pa
rti

cl
e 

 #
 (c

m
-3

) 

104

c)

-50 0 50 100 150 200
 Time after VOC injection (min) 

0

0.05

0.1

CS
 (s

-1
)

d)



   
 

   
 

17 

For a more detailed investigation at the HOM formation upon the reaction between ozone and α-pinene, we 403 

compare compounds observed in the range between 300 – 600 Thomson (Th) in the CI-APi-TOF, during a 404 

background measurement before and from 40 min to 120 min after a-pinene injection for each temperature 405 

(Figure 3). The largest HOM signals, highlighted in darker colors, are primarily observed at the highest 406 

temperature, but also in the monomer area (300 – 375 Th). The dimer signals (between 450 – 600 Th) are 407 

smaller, but still contribute significantly to the total HOM concentration. With the exception of the -15 °C 408 

experiment where HOM dimers already reach the background level after 10 min, all molecules selected as 409 

representative HOM are present in all the spectra. The detailed peak list of HOM compounds, selected for their 410 

high signal intensity, including exact masses and elemental composition is provided in the Appendix (Table 411 

A2). 412 

 413 

Figure 3: Typical HOM mass spectra observed during a-pinene ozonolysis experiments (initial conditions: [a-pinene] = 50 ppb, [O3] 414 

= 100 ppb,) at T = 20 °C (panel a) in orange, T = 0 °C (panel b) in green, T = -15 °C (panel c) in blue. The normalized signals were 415 

averaged over 5 minutes during background measurement before VOC injection (gray bars), and from 40 min to 120 min after a-416 

pinene injection (colored bars). Specific masses, selected for representing high-intensity HOM, are highlighted in darker colors. Gray-417 

shaded areas show HOM sub-ranges of monomers and dimers. 418 
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 419 

3.3. Effect of the temperature on measured HOM 420 

We performed a total of twelve a-pinene ozonolysis experiments with seven at high loading (i.e. [a-pinene] = 421 

50 ppb), out of which two were conducted at 20 °C, two at 0 °C and three at -15 °C. Three experiments were 422 

performed with [a-pinene] = 10 ppb – one for each aforementioned temperature. Experiments with 50 ppb of 423 

b-pinene were also performed at the same three temperatures (see Table A2). An overview of HOM 424 

measurements for the different experiments is shown in Figure 4, with distinction between HOM monomers 425 

(Fig. 4a) and dimers (Fig. 4b) as defined earlier.  426 

 427 

 428 

Figure 4: Time series of HOM measured during the ACCHA campaign. HOM monomer (a) and dimer (b) traces include compounds 429 

with a chemical composition of C10H14-16O7-11 and C19-20H28-32O10-18, respectively. The series are colored based on temperature, orange 430 

for 20 °C experiments, green for 0 °C and blue for -15 °C. Statistics over a-pinene (“a” in the legend) high load (50 ppb, “H”) 431 

experiments are shown, with averaged values (“av.” in continuous line) and the maximum and minimum values of the measured HOM 432 

signal (bounded shaded area). a-pinene low load (L) experiments are symbolized with colored dotted lines and the b-pinene (“b”) 433 

experiments by dashed lines. The gray dotted line depicts the estimated background level of the CI-APi-TOF.  434 

 435 

For a similar experiment type (i.e. same initial VOC concentrations), it can be seen that the resulting HOM 436 

concentrations were considerably impacted by the temperature at which the oxidation reaction occurred. The 437 

signal intensity for HOM monomers from a-pinene measured 30 minutes after the VOC injection was roughly 438 
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two orders of magnitudes higher at 20 °C compared to 0 °C, and about three orders of magnitude higher 439 

compared to the -15 °C experiment. Very similar behavior is observed with respect to temperature for the 440 

dimer species as well, but with the differences that (1) less dimers are found in comparison to the HOM 441 

monomers and (2) HOM dimer concentrations are found to decrease at a faster rate during the experiment. The 442 

faster decrease of dimers compared to monomers results either from a lower production or a higher loss for 443 

dimers towards the end of the experiments. We expect that the reduced [a-pinene] and [O3], leading to slower 444 

oxidation rates and consequently lower [RO2] will have a greater impact on the dimers than the monomers, as 445 

the formation rate of dimers is proportional to [RO2]2, while monomers can still be formed efficiently via other 446 

RO2 termination pathways, as discussed earlier. 447 

 448 

When comparing the high (50 ppb) and low (10 ppb) loading a-pinene experiments, HOM signals were within 449 

the same range of concentration, and even higher at 0 °C the HOM were even more abundant in the low initial 450 

VOC concentration. Although this result may seem surprising at first, it only verifies our assumptions in Eq. 451 

1 that the HOM concentration is a relatively simple function of formation and loss rates. Despite the fact that 452 

the low-concentration experiments had five times lower [VOC] (and consequently five times lower HOM 453 

formation rate), the condensation sink, being the primary loss for HOM, was ~8 times due to reduced aerosol 454 

formation. In other words, the loss rates decreased more than the formation rate when the precursor 455 

concentration was lowered, resulting in an increase of [HOM]. 456 

 457 

Finally, the use of b-pinene as HOM precursor produced significantly less HOM, with concentrations being 458 

more than a factor of 10 lower compared to experiments performed with a-pinene at the same conditions. This 459 

agrees with earlier studies (Jokinen et al., 2014; Ehn et al., 2014) which have shown clearly lower HOM yields 460 

for b-pinene compared to a-pinene ozonolysis. The difference is primarily attributed to the exocyclic double 461 

bond in b-pinene. Note that, the b-pinene HOM concentrations at the lowest temperature, -15 °C, were below 462 

the instrumental limit of detection.    463 

 464 
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3.4. Yield estimation and temperature influence for molecule-specific HOM  465 

 466 

 467 

Figure 5: Yield estimations for individual a-pinene HOM from linear fits at 20 °C, 0 °C and -15 °C, from 40 to 120 min after a-pinene 468 

injection. Filled circles symbolize data from a 20 °C experiment (12-Jan-2017), diamond symbols illustrate 0 °C data (16-Jan-2017), 469 

and the filled squares represents -15 °C data (13-Jan-2017). The markers are colored and sized by r2 values, coefficient of determination, 470 

evaluating the goodness of the linear fit used to derive the yields. The top-right insets show two examples (for C10H14O9 and C19H28O12 471 

at 20 °C) of the yield determination by robust linear fits to the variables described in the methods section. 472 

 473 

We determined yield estimates, individually for each HOM of interest, from the results of a robust linear fit as 474 

described in the methods section and Eq. 2, also accounting for the difference in CS between the different 475 

temperatures. In fact, we considered the higher CS for lower temperature experiments. An example of 476 

calculated CS, from the measured particle size distribution data, is shown for few experiments in the Appendix 477 

(Fig. A1).  The yield estimation was performed with a fit with 2-min averaged data points from 40 min to 120 478 

min after the VOC injection. These results are shown in Figure 5, with fit examples shown for C10H14O9 and 479 

C19H28O12 in the insets. As expected, based on Figure 4, the retrieved yield values (𝛾%&') decrease 480 
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considerably with colder reaction conditions, with a total HOM yield (i.e. sum of the individual yields for each 481 

temperature) found to be 5.2 % at 20 °C, 0.10 % at 0 °C and 6.3 · 10-3 % at -15 °C.  482 

We again emphasize the large uncertainties in these molar yield estimations, but the HOM yield values for T 483 

= 20 °C does agree well with earlier reported values (e.g. Ehn et al. (2014), Jokinen et al. (2014), Sarnela et 484 

al. (2018)). As the largest contribution to the HOM yield comes from the least oxidized monomers (e.g. high 485 

signal intensity at 308 Th and 310 Th for C10H14O7
 and C10H16O7 respectively), the molar yield may be slightly 486 

over-estimated, especially at 20 °C, due to the loss rates possibly being lower than assumed if these HOM are 487 

not condensing irreversibly onto the aerosol. 𝛾%&'  values are on average higher for HOM monomers than for 488 

dimers, with the overall shape of the distribution closely resembling the mass spectrum in Figure 3. We 489 

performed the same calculation for the experiment were [a-pinene] = 10 ppb and found total HOM-yields in 490 

the same range, as the numbers found at 50 ppb, considering our estimated uncertainty: 8.8 % at 20 °C, 0.25 491 

% at 0 °C and 5.5 · 10-3 % at -15 °C. The slightly higher values may indicate that at the higher loadings, 492 

bimolecular RO2 termination reactions are already occurring so fast that autoxidation is hampered. The total 493 

HOM yield decrease when going from 20 °C to 0 °C decreased by a factor 50 at the higher loadings, while the 494 

corresponding value at lower loadings was 35. 495 

 496 
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 497 

Figure 6: Comparison of yields for specific HOM compositions at different temperatures. Each square symbolizes a specific HOM 498 

measured by the CI-APi-TOF. The elemental composition can be read by taking the number of C atoms from the bottom axis, the 499 

number of H atoms from the top axis, and the number of O atoms from the left axis. The size of the square depicts the goodness of fit 500 

(r2) used to derive the yields, and color shows the ratio of the yield at 0 °C (Panel a) or -15 °C (Panel b) compared to the yield measured 501 

at 20 °C.  502 

 503 

While Figure 5 showed the estimated yields for every HOM at every temperature probed, specific chemical 504 

composition cannot be read from the plot. In order to assess the impact of temperature of the yield of HOM 505 

based on each elemental composition, Figure 6 depicts for each compound the ratio of the yield at 0 °C (Fig. 506 

6a) or -15 °C (Fig. 6b) compared to the yield at 20 °C for a high load experiment of a-pinene ozonolysis. In 507 

Fig. 6a, many larger squares are observable, indicating a good reliability of our comparison analysis, but in 508 

Fig. 6b, it is clear that the HOM concentrations at the lowest temperature were too low to provide much reliable 509 

compound-specific information. From Fig. 6a we see no clear trend in the yield change for any column (i.e. 510 

changing oxygen content HOM with a given amount of C and H). The HOM yields yield ratios between the 511 

two temperatures are primarily within 10-2 – 10-1, meaning that the molecule-specific yields dropped to 512 

between 1-10 % when temperature decreased from 20 °C to 0 °C. If autoxidation of RO2 decreased this 513 
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considerably, one could have expected the more oxygenated HOM to decrease more than the less oxygenated 514 

ones. However, this did not seem to be the case, as e.g. some of the most abundant HOM C10H14O7, C10H14O9, 515 

and C10H14O11 seemingly decreased the same amounts.  516 

 517 

 518 

Figure 7: Scatter plot on the HOM normalized signal intensity at 0°C and at 20 °C. The data points are colored by the mass-to-charge 519 

ratio (panel a) or by oxygen-to-carbon ratio (panel b) with distinction between monomer – circle markers - and dimer compounds – 520 

diamond markers. Guide lines were added as indicators: 1:1 line – in black, 1:50 line – in red ,1:25 and 1:100 lines - in dotted grey.  521 

 522 

In Figure 7, we show the HOM signal intensities, molecule by molecule based on m/z (Fig. 7a) and on the O:C 523 

ratio (Fig.7b), from the 20 °C-experiment compared to the one at 0 °C. While there is scatter observable 524 

between individual HOM, the vast majority of compounds fall close to the 1:50 line, when compared to the 525 

distance between the red and the black line. Additionally, the points with the largest scatter (e.g. >50 % from 526 

the 1:50-line) show no trends as a function of oxygen content, which also agrees with our observations from 527 

Figure 6. One possible interpretation of this is that the rate-limiting step in the autoxidation chain takes place 528 

in RO2 radicals with 6 or less O atoms, which are not detected with our CI-APi-TOF, while the later H-shift 529 

reactions are fast enough that other reactions still do not become competitive. These “non-HOM” RO2 radicals 530 

may then also be key molecules for determining the final branching leading to the different observed HOM 531 

with 7 or more O atoms. This may shed light on one of the main open challenges (Ehn et al., 2017) in 532 

understanding HOM formation, namely how RO2 radicals with e.g. 6, 8 and 10 O atoms can form within a 533 
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second, yet the relative distribution of these three does not change if the reaction time is allowed to increase 534 

(Berndt et al., 2015). Since the O10-RO2 (or its closed shell products) are not seen to accumulate over time, our 535 

results here provide support for a pathway where the O6- and O8-RO2 are to some extent “terminal” products 536 

incapable of further fast H-shift reactions, while the O10-RO2 has been formed via another branch of the 537 

reaction where the autoxidation is able to proceed further. In this branch, the O6- and O8-RO2 are likely only 538 

short-lived intermediates. While in no way conclusive, this highlights the need for fast measurements of HOM 539 

formation as well as improved techniques for observing less oxidized RO2 radicals.  540 

 541 

The only compound group where a slight decrease can be seen as a function of O-atom content is the C20H30 542 

dimers. Interestingly, these also show some of the smallest yield ratios of all compounds. At the same time, 543 

the level of C18 dimers appears to drop most of all compound groups, potentially suggesting that the mechanism 544 

through which carbon atoms were lost on the way to the C18 dimers was sensitive to temperature, and at 0 °C 545 

the fragmentation was less prominent. It is conceivable that the different branching at 0 °C caused some of the 546 

C18 dimer precursors to form C20 dimers instead. However, this issue would need more detailed experiments 547 

in order to verify.   548 

 549 

 The decrease in HOM yield due to slower RO2 H-shift rates at lower temperatures was found to be very 550 

dramatic under our conditions. However, the exact magnitude of this decrease in HOM yield is determined by 551 

the processes competing with the H-shifts. Under our conditions, the RO2 lifetime is kept quite short, both due 552 

to bimolecular (RO2 + RO2 or RO2 + HO2) reactions and collisions with particles, and therefore any reduction 553 

in H-shift rates can strongly reduce the HOM yield. Inversely, under very low loadings, the RO2 lifetime may 554 

be long enough that the temperature decreases from 20 °C to 0 °C may cause much smaller changes in the 555 

HOM yields. If the lifetime of RO2 radicals is clearly longer than the time needed for multiple consecutive H-556 

shifts to take place, HOM yields would decrease only marginally with temperature. In the atmosphere, RO2 557 

lifetime will often be governed by NO, which means that there can exist an intricate dependence of HOM 558 

yields as a function of temperature, VOC type, VOC oxidation rate, and NOX.  559 
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 560 

 561 

4. Conclusion  562 

 563 

We present laboratory studies of HOM formation from monoterpene ozonolysis at different temperatures (20 564 

°C, 0 °C, and -15 °C). Our main insight is that temperature, in the studied range, considerably impacted the 565 

HOM formation, decreasing the observed HOM yield by around 50-fold upon a decrease by 20 °C. The exact 566 

temperature dependence of HOM formation in general is likely both VOC- and loading-dependent, due to the 567 

competition between autoxidation and termination reactions, and will likely be smaller at lower loadings. 568 

While autoxidation is expected to decrease with temperature, our result is still striking as it takes place over a 569 

temperature range which is atmospherically relevant for areas where monoterpene emissions are abundant, e.g. 570 

the boreal forest. One important observation when decreasing the temperature, was that we found no clear 571 

trends of more oxygenated HOM decreasing more than the less oxygenated. This, in turn, suggested that the 572 

autoxidation for the species with ~6 oxygen atoms to species with ~10 oxygens was not strongly impacted by 573 

the colder temperature in our experiment. This meant that the total HOM yield, as well as the final HOM 574 

distribution, were mainly determined by the first H-shift steps, i.e. in the region where the CI-APi-TOF is 575 

unable to measure. This highlights the need for more comprehensive observations of autoxidation, allowing 576 

direct observations of the critical steps determining the HOM yields and, subsequently, the production rate of 577 

low-volatile organic compounds able to form secondary organic aerosol. 578 

 579 
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Appendix  794 

 795 

Table A1 : ACCHA Experiment overview 796 

 797 

 798 

VOC Concentration  
(ppb)

[VOC] reacted with O3 * 
(ppb)

[VOC] reacted with OH * 
(ppb)

Temperature 
(℃)

Date

VOC : α- pinene

50 20 12-Dec-16

50 -15 13-Dec-16

50 0 19-Dec-16

50 -15 21-Dec-16

50 30.1 15.5 20 12-Jan-17

50 -15 13-Jan-17

50 30.0 16.1 0 16-Jan-17

10 6.48 3.04 20 02-Dec-16

10 -15 07-Dec-16

10 6.30 3.14 0 08-Dec-16
10 20 ⇾ -15 09-Dec-16
10 -15 ⇾ 20 20-Dec-16

VOC : β-pinene 

50 20 03-Jan-17
50 -15 04-Jan-17
50 0 05-Jan-17

* Estimation based on model simulations using the Master Chemical Mechanism v3.3.2 (Jenkin et al.,1997 & 2015; Saunders et al., 2003)
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Table A2: Main monoterpene ozonolysis HOM products: Peak list  799 

 800 

 801 

Monomers Dimers
m/z (Th) Composition* m/z (Th) Composition* m/z (Th) Composition* m/z (Th) Composition*

308.06 C10H14O7 446.17 C19H28O8 514.14 C18H28O13 562.13 C18H28O16

309.07 C10H15O7 448.18 C19H30O8 514.18 C19H32O12 572.15 C20H30O15

310.08 C10H16O7 462.16 C19H28O9 516.16 C18H30O13 574.13 C19H28O16

324.06 C10H14O8 464.18 C19H30O9 524.13 C18H26O13 574.16 C20H32O15

325.07 C10H15O8 466.16 C18H28O10 524.16 C20H30O12 576.14 C19H30O16

326.07 C10H16O8 478.16 C19H28O10 526.14 C19H28O13 578.12 C18H28O17

340.05 C10H14O9 480.17 C19H30O10 526.18 C20H32O12 588.11 C19H26O17

341.06 C10H15O9 482.15 C18H28O11 528.16 C19H30O13 588.14 C20H30O16

342.07 C10H16O9 486.15 C17H28O12 530.14 C18H28O14 590.16 C20H32O16

356.05 C10H14O10 492.17 C20H30O10 540.12 C19H26O14 592.14 C19H30O17

357.05 C10H15O10 494.15 C19H28O11 540.16 C20H30O13 594.12 C18H28O18

358.06 C10H16O10 494.19 C20H32O10 542.14 C19H28O14 604.14 C20H30O17

372.04 C10H14O11 496.17 C19H30O11 542.17 C20H32O13 606.12 C19H28O18

373.05 C10H15O11 498.15 C18H28O12 544.15 C19H30O14 606.15 C20H32O17

374.06 C10H16O11 498.18 C19H32O11 546.13 C18H28O15 608.13 C19H30O18

502.14 C17H28O13 546.17 C19H32O14 620.10 C19H26O19

508.17 C20H30O11 556.15 C20H30O14 620.13 C20H30O18

510.15 C19H28O12 558.13 C19H28O15 622.15 C20H32O18

510.18 C20H32O11 558.17 C20H32O14

512.16 C19H30O12 560.15 C19H30O15

* Note that all compounds are detected as cluster with Nitrate Ion (NO3
-)
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 802 

Figure A1: Comparison of the calculated condensation sinks during selected ACCHA runs. Data are shown from 20 min to 120 min 803 

after 𝛼-pinene	injection	for	experiments performed at 50 ppb at 0 °C (16-Jan-2017) - green crosses, and 20 °C (12-Jan-2017) – orange 804 

crosses, and at 10 ppb at 20 °C (12-Dec-2016) – orange circles. 805 
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