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Section S1. Instruments, particle collection approach, and discussion of potential 

sampling artifacts in this work 

S1.1 Instruments 

SOA concentration was online detected by a high-resolution time-of-flight Aerosol Mass 

Spectrometer (HR-AMS, Aerodyne Inc.). The HR-AMS employs electron impact (EI) 

ionization, a hard ionization method that induces extensive fragmentation of organic molecules, 

being able to provide quantitative information on the bulk mass of organic aerosol but lacks 

molecular-level information. In addition, the particle-phase chemical composition of SOA was 

detected by a chemical ionization mass spectrometer (CIMS) coupled with a filter inlet for gas 

and aerosols (FIGAERO) using iodide (I-) as reagent ions with 1 Hz time resolution(Lopez-

Hilfiker et al., 2014; Lee et al., 2014). FIGAERO-iodide-CIMS uses a soft ionization technique 

that is highly sensitive to polar and oxygenated organic compounds. Consequently, the organic 

aerosol components detected by CIMS represent a subset of the total organic aerosol, 

specifically those that are oxygenated organic compounds (Lee et al., 2014). The chemical 

composition measured by the HR-AMS and FIGAERO-iodide-CIMS is expected to be 

consistent, as the nature of SOA is oxygenated. However, the sensitivity of FIGAERO-iodide-

CIMS towards different organic compounds varies significantly, inhibiting a quantification of 

individual molecules or the sum of the compounds detected by FIGAERO-iodide-CIMS 

without extensive calibration.  

Data analysis was done using Tofware 3.2.2 (Aerodyne). Note that the reagent ion I- (m/z = 

126.904) was subtracted from the molecular mass weights presented in this work. The mass 

resolution of FIGAERO-CIMS was 4000. Formulas were assigned with a mass accuracy of 

better than 20 ppm based on the mass resolution. We also note that the sensitivity of FIGAERO-

iodide-CIMS is highly dependent on the functionalities of the organic compounds and can vary 

by orders of magnitudes(Lopez-Hilfiker et al., 2016a; Lee et al., 2014; Riva et al., 2019). 

Therefore, the results shown in this work are based on signal intensities but not mass 

concentrations. 

S1.2 Particle collection approach 

The particle data presented in this work stems from offline analysis. Particles were collected on 

Polytetrafluorethylene (PTFE, 1 µm, SKC Inc.) filters with a sampling flow of 6.4 L/min for 5 

minutes, when particle concentrations stabilized during the experiments. The number of 

samples obtained at each temperature was as follows: one at 213 K, three at 243 K, and two 

each at 273 K, 298 K, and 313 K. In addition, one filter was sampled after warming was 

completed. The filter samples were analyzed using a FIGAERO-iodide-CIMS. Thermal 

desorption was performed under a flow of ultra-high-purity nitrogen as the carrier gas. The 

temperature was first ramped from 296 K to 473 K over 15 min and then held at 473 K for an 

additional 20 min, resulting in a total desorption time of 35 min(Lopez-Hilfiker et al., 2016a; 

Lee et al., 2014; Riva et al., 2019).  

S1.3 Discussion of potential sampling artifacts in this work 

The filter sampling setup and all instruments were installed in the laboratory outside the 

chamber at room temperature (295±2 K). To minimize the effect of temperature differences 

between the chamber temperatures (213 K, 243 K, 273 K, 298 K, 313 K) and room temperature 

on the gas-phase chemical composition, the sampling line to the CIMS was partially insulated 

and the residence time in the Teflon sampling line was only 2 s. The residence time in the 

stainless-steel line for filter sampling was about 1 s. The sampling time of Telflon filters at all 

experiments were typically 5 minutes plus a few minutes of handling time before the sample 
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was stored in the freezer (-20 °C). We ever characterized the potential losses of semi-volatile 

VOCs during the particle collection, storage, and thermal analyses, and compared thermograms 

from filters that were collected (5 min) and analyzed immediately with those that were collected 

and stored frozen for several days before analysis. These tests demonstrated the effect of 

evaporation on most oxygenated organic compounds can be negligible(Huang et al., 2018; Gao 

et al., 2022a; Gao et al., 2023). 

Another potential artefact is thermal decomposition during the thermal desorption analyses. 

Thermal degradation is a known phenomenon in FIGAERO measurements, primarily 

associated with higher desorption temperatures (e.g., >100 °C)(Lopez-Hilfiker et al., 2014; Stark 

et al., 2017) rather than the duration of the process itself. We checked the thermal desorption 

profiles for each compound, and found not much compounds showing high Tmax values (e.g., > 

100 °C), shown as Figure S1. This indicates the effect of thermal decomposition is limited to 

the chemical composition of particles presented in this work. 

The residence time in the stainless-steel sampling line to the HR-AMS was 4 s, allowing the 

sample air to warm up before entering the instrument. Hence, we cannot fully exclude some 

particle evaporation and there could be an underestimation of the more volatile fraction of the 

particles in the HR-AMS measurements.  
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Section S2. Description of PMCAMx simulations of the biogenic SOA concentrations over 

Europe. 

The chemical transport model PMCAMx simulates atmospheric processes such as horizontal 

and vertical advection, horizontal and vertical dispersion, wet and dry deposition, gas and 

aqueous-phase chemistry, aerosol dynamics and thermodynamics(Murphy and Pandis, 2009; 

Tsimpidi et al., 2010; Fountoukis et al., 2011). For the gas-phase chemistry, the model utilizes 

a modified version of the SAPRC gas-phase mechanism(Carter, 2000), which includes overall 

237 reactions of 91 gases and 18 radicals. Biogenic volatile organic compounds (VOCs) are 

simulated with three gas phase species, isoprene, one lumped terpenes species and one lumped 

sesquiterpenes species. For the simulation of aerosol processes in this application, bulk 

equilibrium is assumed. Moreover, the model treats both the primary (POA) and secondary 

organic aerosol (SOA) as semi-volatile and chemically reactive. Specifically, the SOA volatility 

basis-set methodology(Lane et al., 2008) is employed to simulate the formation of SOA from 

anthropogenic and biogenic precursors. The oxidation reactions of the three biogenic precursors 

lead to the formation of a set of four semi-volatile species with a saturation concentration (C* 

in µg m-3) of 1, 10, 100, 1000. For both anthropogenic and biogenic SOA, the SOA module 

utilizes NOx-dependent SOA yields that are based on previous smog-chamber experimental 

results(Ng et al., 2006). The NOx-dependent mass-based stoichiometric yields utilized in the 

Base case and the New case are included in Tables S1 and S2. 

The simulation period (5 June – 8 July 2012) corresponds to a field campaign measurement that 

took place in Po Valley, Northern Italy, as part of the Pan-European AeroSOls-climate 

interaction Study (PEGASOS). During the campaign, a number of HR-ToF-AMS (High-

Resolution Time-of-Flight Aerosol Mass Spectrometer, Aerodyne Research) units were 

deployed at multiple ground sites across the Po Valley (Figure S4). The ground stationary 

measurements were performed at Bologna (BO, 44° 31’ 28” N, 11° 20’ 19” E), an urban 

background site in the southeastern part of the Po Valley; San Pietro Capofiume (SPC, 44° 39’ 

15” N, 11° 37’ 29” E), a rural background site located in a sparsely populated flat countryside 

surrounded by kilometers of flat lands, 40 km northeast of Bologna; Monte Cimone (MTC, 

44°12' N, 10°42' E, 2165 m a.s.l.) GAW station, located on the top of the highest peak of the 

northern Apennines; and Bosco Fontana (BF, 45°12’ N, 10°44’ E), a National Natural Reserve 

in Lombardy, in the middle of the valley.  
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Section S3. Temperature-dependent overall chemical composition and volatility of fresh 

SOA formed from the oxidation of mixtures of isoprene and α-pinene 

The thermal desorption technique employed by FIGAERO-CIMS provides volatility 

information of individual SOA molecules based on their evolution changes as a function of the 

temperature during thermal desorption from particles. Different compounds have distinct 

responses to the desorption temperatures due to their different evaporation enthalpies and 

saturation vapor pressures(Lopez-Hilfiker et al., 2014; Thornton et al., 2020; Stark et al., 2017; 

Bannan et al., 2019). Such thermal profiles of individual compounds are regarded as 

thermograms. Thus, temperature at the peak of thermograms (hereafter ‘Tmax’) is regarded as a 

qualitative indicator of volatility of SOA particles (Stark et al., 2017; Lopez-Hilfiker et al., 

2016b). Figure 8 (a) shows the thermograms of SOA formed at 213 – 313 K, respectively. For 

each experiment, the reproducible thermograms of two particle samples collected successively 

indicate the low variability in the measurements. In this study, except for the experiments at 

273 K and 243 K, the particles formed at higher temperatures tend to have higher Tmax, 

suggesting decreasing volatilities. This is because higher temperatures lead to higher signal 

fractions of highly oxygenated molecules, from 13% at 273 K to 25% at 313 K. However, a 

lower Tmax appears for the particles formed at 273 K, indicating that the oxygenated products 

formed at 273 K correspond to relatively higher volatile components. This picture is consistent 

with the volatility distribution using molecular saturation concentrations at 298 K (logCsat,298K, 

Figure S12) calculated from elemental formulas(Yang et al., 2023; Li et al., 2016; Lopez-

Hilfiker et al., 2016b; Gao et al., 2023) ruling out the effect of SOA formation temperatures on 

shifting volatility bins. Illustrated in Figure S12, particles formed at 273 K are most volatile 

with the highest signal fraction (91 %) of intermediate-volatile and semi-volatile compounds 

among all particles. We note that 273 K is a critical temperature for biogenic SOA formation 

above/below where the temperature-dependence on chemical composition and volatility of 

SOA is different. This can be found also in SOA formation from β-caryophyllene oxidation(Gao 

et al., 2022b; Gao et al., 2023). While we currently lack definitive explanations for this 

phenomenon, the phase state is inferred to be a potential factor. Therefore, further studies are 

necessary to investigate the underlying mechanism. Figure 8 (b-f) illustrates that the volatility 

distribution of SOA compounds formed at lower temperatures (213 K, 243 K) is broader 

because of their wider component distribution including a higher fraction of dimers. For the 

wide temperature range studied here, a substantial shift of volatility bins after considering SOA 

formation temperatures proves that temperature has a larger impact on the volatility of particles 

via promoting phase partitioning, significantly beyond the effect of chemistry, in agreement 

with studies for other BVOC systems (Gao et al., 2023; Ye et al., 2019). Based on the 

parameterization method using the molecular formula to determine SOA compound volatility 

(detailed description in the Method section), all compounds in the α-pinene isoprene derived 

SOA particles at 213 K should have a low volatility (LVOC, -4.5 < log10Csat < -0.5) or less. 

With experiment temperatures increasing, the sum of the fractions of semi VOC (SVOC, -0.5< 

log10Csat < 2.5) and intermediate VOC (IVOC, 2.5< log10Csat < 6.5) increase from 1.1 % (243 

K) to 90.8 % (313 K). 

  



6 

 

 

Figure S1. Two-dimension thermal desorption profiles of all detected molecules in the particles 

(SOA213K, SOA243K, SOA273K, SOA298K, SOA313K). 
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Figure S2. Aerosol mass fraction (yield) corresponding as a function of organic aerosol 

concentration used as inputs in the PMCAMx simulation. Also shown are the corresponding 

measurements. 
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Figure S3. Monthly average concentrations of isoprene (left, in ppb) and terpene (right, in ppb) 

over Europe predicted by the “base case” simulation for the summer simulation period of 

PEGASOS 2012. 
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Figure S4. Modelling domain and the locations of the measuring sites in Italy. 
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Figure S5.  Comparison of C14-15 dimers between Exp 0 (sole α-pinene) and Exp 3 (mixture of 

isoprene and α-pinene) at 273 K. Blue and red bars show the compound groups in the α-pinene 

SOA and isoprene-α-pinene SOA, respectively. Signals are normalised to the reagent ion (I-) to 

1e6 ions. a) potentially from iso,O3RO2 + ap,OHRO2 or iso,OHRO2 + ap,O3RO2; b) potentially from 

iso,OHRO2 + ap,OHRO2; c) potentially from iso,O3RO2 + ap,O3RO2. 
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Figure S6. Oxidation compounds containing one 13C atom defined from Exp 6 (α-pinene and 
13C labelled isoprene mixture). Symbol sizes are related to normalised signal abundance of each 

compound. 
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Figure S7. Relative signal intensity of α-pinene dimers (C18-20) in newly formed α-pinene SOA 

at 273K in the presence of isoprene to the particles derived from sole α-pinene oxidation (blue 

line). Signals are normalised to the total signal amount of a) sum of C18H26Ox, C19H28Ox, 

C20H30Ox, and b) C18H28Ox, C19H30Ox, C20H32Ox, and c) C18H30Ox, C19H32Ox, C20H34Ox. 
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Figure S8. Thermal desorption profiles for SOA formed at different temperatures (colors) panel 

(a). Two profiles in the same color are from subsequent deposited particles. Volatility 

distributions for particles formed at 213 K (b), 243 K (c), 273 K (d), 298 K (e), 313 K (f) with 

Csat,T shifting according to the Clausius-Clapeyron relation; colors indicate different volatility 

groups. The ULVOC, ELVOC, LOVC, SVOC, IVOC, and VOC are identified based on the 

saturation concentrations as described in the method section. 
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Figure S9. Timeseries of O:C and H:C values of bulk particles measured by HR-AMS during 

illumination period. 
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Figure S10. (a) Evolution of carbon oxidation state (OSC) across temperatures during warming periods 

of different experiments (Exp 1-4). (b-e) probability density function plots of OSC during each 

experiment (based on HR-ToF-AMS data). 
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Figure S11 . Chemical composition of the fresh SOA (left) and the SOA after warming (right) measured 

by HR-ToF-AMS. The pie charts show the bulk chemical information, including organic-related 

fragments (grouped as Cx, CxHy
+, CxHyO+, CxHyOz

+, CxHyN+, CxHyON+ and CxHyOzN+, where x, y, z ≥ 

1). Large portions of hydrocarbon-like (indicated by CxHy
+), less oxygenated fragments (indicated by 

CxHyO+), and higher oxygenated fragments (indicated by CxHyOz
+) are observed. 
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Figure S12. a) Volatility distribution of fresh particles formed at all temperatures corresponding 

to 298 K saturation concentrations, and b) their fraction the volatility bins: ULVOC, ELVOC, 

LVOC, SVOC, IVOC, and VOC identified based on the saturation concentrations as described 

in the Method. Please note that lgCsat,298K refer to saturation concentrations at 298 K, which is 

different from the log10Csat,T which are related to their formation temperatures. 
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Figure S13. Signal fraction of particle-phase products corresponding to carbon numbers for 

particles formed directly at 313 K (a), 298 K (b), 273 K (c), 243 K (d), and particles warmed to 

313 K (e), 298 K (f), 273 K (g), 243 K (h), as well as the averaged OSC values of each carbon 

group (circles and solid lines). 
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Figure S14. Ground level hourly concentrations of PM1 organic aerosol as predicted by the 

Base case and the New case compared against AMS measurements taken at the 4 measuring 

sites. From top to bottom: Bologna, San Pietro Capofiume, Bosco Fontana, and Monte Cimone. 
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Figure S15. The difference of biogenic SOA concentrations between the two simulations for 

the simulation cell over Croatia are plotted against the hourly average concentrations of 

isoprene for the same cell. 
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Table S1. Mass-based stoichiometric yields utilized in the “Base case” scenario to simulate 

biogenic SOA formation from isoprene and terpenes. 

Species Name 
Mass based stoichiometric yields (ai) (%) at 298 K with 

C* = 1 μg m-3 C* = 10 μg m-3 C* = 100 μg m-3 C* = 1000 μg m-3 

Isoprene 0.9 3 1.5 0 

Terpenes 10.73 9.18 35.87 60.75 
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Table S2. Mass-based stoichiometric yields utilized in the “New case” scenario to simulate 

biogenic SOA formation from isoprene and terpenes. 

Temperature of 

the experiment 

Mass based stoichiometric yields (ai) (%) with 

C* = 1 μg m-3 C* = 10 μg m-3 C* = 100 μg m-3 C* = 1000 μg m-3 

213 K 5.4 1.7 8.5 137.9 

243 K 16.7 3.5 9.4 160.8 

273 K 7.1 1.2 9.9 261.8 

298 K 2.9 0.6 7 130.5 

313 K 1.5 0.3 4.7 72.6 
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Table S3. Summary of O:C, H:C, OSC values of all SOA particles measured by HR-AMS and 

FIGAERO-iodide-CIMS. 

Particles 
HR-AMS measurement 

FIGAERO-iodide-CIMS 

measurement 

O:C ratios H:C ratios  OSC O:C ratios H:C ratios OSC 

SOA213K 0.45 1.79 -0.89 0.55 1.66 -0.56 

SOA213K→243K 0.47 1.84 -0.90 0.57 1.68 -0.54 

SOA243K 0.36 1.69 -0.97 0.50 1.63 -0.63 

SOA243K→273K 0.40 1.82 -1.02 0.50 1.62 -0.62 

SOA273K 0.44 1.76 -0.87 0.54 1.60 -0.52 

SOA273K→298K 0.48 1.73 -0.75 0.57 1.55 -0.41 

SOA298K 0.53 1.63 -0.57 0.60 1.51 -0.31 

SOA298K→313K 0.52 1.57 -0.53 0.59 1.49 -0.31 

SOA313K 0.54 1.57 -0.49 0.60 1.47 -0.27 
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