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Materials and Methods 
 
In the CLOUD (Cosmics Leaving OUtdoor Droplets) chamber the sulfuric acid 

concentration is precisely controlled via OH oxidation of SO2, while BioOxOrg is 

produced via OH oxidation of pinanediol (PD, C10H18O2). PD is a model compound for 

monoterpene oxidation products, which have recently been proposed as key mediators of 

new-particle formation (41) via terpene secondary organic aerosol (42). Pinanediol is 

added to the chamber by flushing clean air through an evaporator containing PD (Sigma 

Aldrich, 99%) at 69°C, just above its melting point. OH is generated by ozone photolysis 

driven by uniform UV illumination from a fiber-optic system. All experiments were 

performed at 278 (±0.01) K and 38% (±2%) relative humidity. 

Extreme care was applied to minimize possible contamination to the highest possible 

extent. After a full cleaning cycle the chamber (including flushing the chamber with 

water and baking it at 100°C), the contamination by NH3 and dimethylamine was <2 and 

<0.1 pptv, respectively. Organic contamination was present, however on a very low level: 

Schnitzhofer et al. (2013) reported that the total volatile organic compound (VOC) 

contamination was usually below 1 ppbv (43). On average more than 80% of the total 

VOCs was coming from only 5 exact masses (tentatively assigned as formaldehyde, 

acetaldehyde, acetone, formic acid, and acetic acid), which have a rather high vapor 

pressure and are therefore not important for nucleation and growth of particles. Some 



additional contamination by dimethylamine was present in these experiments, due to 

intentional injection of this compound in experiments immediately preceding those 

described here. This contamination is described in detail below, and it is shown that it is 

negligible for the determination of the nucleation rates described here. 

 

The gas and the particle phases were monitored by an SO2 monitor (Enhanced Trace 

Level SO2 Analyzer, Model 43i-TLE, Thermo Scientific, USA), an O3 monitor (TEI 49C, 

Thermo Environmental Instruments, USA), a dew point mirror hygrometer (DewMaster 

Chilled Mirror Hygrometer, EdgeTech, USA), a chemical ionization mass spectrometer 

(CIMS) to measure H2SO4 concentration (44), a proton transfer reaction time of flight 

(PTR-TOF) mass spectrometer to measure organic vapor concentrations such as [PD] 

(45), an ion chromatograph (IC) to measure ammonia (NH3) and dimethylamine (DMA, 

C2H7N) (46), two atmospheric pressure interface time of flight (APi-TOF) mass 

spectrometers to measure the composition of positively and negatively charged clusters 

(47), and a wide array of condensation particle counters (CPC), including a particle size 

magnifier (PSM; Airmodus 09) (48) which was operated in a scanning mode to measure 

the growth rate of particles smaller than 2.5 nm, two diethylene glycol (DEG) CPCs (49), 

and a butanol CPC (TSI 3776).  

J1.7 data were calculated on the one hand directly from the PSM data and on the other 

hand from the formation rate (dN2/dt) measured by the DEG CPC with a 50% efficiency 

(D50) at 2 nm (50). In the latter case, the nucleation rates at 2 nm (J2) are calculated from 

correcting dN2/dt for loss of particles due to chamber walls, dilution and coagulation, and 

J1.7 values were then determined at 1.7 nm mobility diameter after correcting J2 for losses 



between 1.7 nm and 2 nm (51). However, as the PSM data was not available for all of the 

runs, and because of its lower time resolution (in scan mode), in order to maximize the 

data base, the nucleation rates J1.7 reported in Fig. 1 are those calculated from the DEG 

CPC. There is good agreement between the J1.7 values determined with these two 

methods for those cases where PSM data were available, as shown in Fig. S1. 

The error on J1.7 has three components that are added together in quadrature to estimate 

the total error indicated in Figs. 1A, 1B and 1C: i) statistical measurement error derived 

from the scatter of the DEG CPC measurement, evaluated separately for each nucleation 

event; ii) a ±30% systematic uncertainty on J2 estimated from the run-to-run 

reproducibility of dN2/dt under nominally identical chamber conditions; iii) an estimated 

+50%/-33% uncertainty on the calculated correction factor J1.7/J2. The error bars in Fig. 

1D include only statistical errors since systematic errors largely cancel in calculating the 

ratio (Jπ/gcr - Jn) / Jπ/gcr. 

The overall experimental uncertainty on [H2SO4] measured by the CIMS is estimated to 

be +100%/-50%. However, the error bars on sulfuric acid reported in Fig. 1B reflect only 

the run-to-run relative experimental uncertainty on [H2SO4] which is typically ±10%. 

In order to disentangle the roles of H2SO4 and BioOxOrg on the nucleation rates we 

designed two sets of experiments varying only [H2SO4] or [BioOxOrg] at a time, with 

each other held nearly constant. During the first set of experiments we measured the 

nucleation rates at variable concentrations of BioOxOrg (106 - 2·108 cm-3) by increasing 

the concentration of PD and maintaining the sulfuric acid concentration in a limited range 

(1.9±0.7·106 cm-3), while for the second set of experiments we varied the concentration 

of H2SO4 (1.6·106 - 1.5·107 cm-3) by increasing the concentration of SO2 maintaining the 



concentration of BioOxOrg in a limited range (1.0±0.7·108 cm-3). These two main sets of 

experiments were focused to determine the nucleation rates under the three different 

ionization rates described in the main text, through the sequence “neutral” → “gcr” → 

“pion beam”. The nucleation rates plotted in Figs. 1B, 1C and 1D, and the least-squares 

fit of Eq. 2 are based only on these two main sets of experiments. We also performed 

experiments aimed to retrieve additional APi-TOF mass defect plots at only GCR or pion 

beam conditions, and at [H2SO4] and [BioOxOrg] outside of the range of concentrations 

explored during the two main sets of experiments. As a reference for the APi-TOF mass 

defect plots shown in Figs. 2, S2, S3, S4, the nucleation rates of these additional 

experiments are plotted as bold diamonds in Fig. 1A. 

 

Measurements of ion mass spectra using APi-TOF mass spectrometers 

APi-TOF mass spectrometers were used during the particle formation experiments at the 

CLOUD chamber (32, 47). The APi-TOF measures the mass-to-charge ratio of ions and 

ionic clusters of either positive or negative polarity. No ionization of the sample was 

performed, so only ions charged previously in the CLOUD chamber were detected. The 

sample was taken from the chamber at atmospheric pressure and entered the instrument 

via a critical orifice. In the APi-TOF, the ions are accelerated by an electric field and 

separated by their time-of-flight, which depends on their mass-to-charge ratio, until they 

are counted on a multi-channel plate detector (MCP). The instrument was adjusted for a 

detectable range from about 50 to 3300 Thomson (Th) and maximum transmission 

efficiency from the instrument’s inlet to the MCP of 2.3% at 1100 to 1400 Th. Only 

singly charged ions were detected, therefore the mass-to-charge ratio is identical in value 



to the ion’s mass expressed in unified atomic mass units (u) or dalton (Da). E.g., 3300 Da 

correspond to 2.3 nm of mobility-equivalent diameter, when a density of 1300 kg m–3 is 

assumed (31).  

The composition of ions and ionic clusters is determined primarily from their accurate 

mass, which is different from the integer (“nominal”) mass. The difference is called the 

mass defect. The nominal mass of an ion is defined as 1/12 of the mass of a 12C atom 

times the total number of the ion’s protons and neutrons. The mass defect is due to the 

nuclear binding energy of each of the ion’s atoms, which is different for different 

elements. Therefore, an ion of a certain elemental composition has a unique mass defect 

and accurate mass, which is measured by the APi-TOF at an accuracy of < 10 ppm and a 

resolving power of 5300 Th/Th. Note that only the elemental composition of an ion can 

be determined directly (e.g. H3S2O8
–). The configuration of the atoms has to be inferred 

(e.g., H2SO4 • HSO4
–). 

As an ion’s composition defines its mass defect, it is useful to present ion mass spectra as 

so-called mass defect diagrams (e.g., Fig. 2A). In these diagrams, the mass defect of the 

ions is plotted against their accurate mass. An ion is shown as a circle at the position 

corresponding to its composition. The circle size is scaled by the ion (count rate)1/2. The 

addition of a molecule to an ion or ion cluster corresponds to a displacement by a vector 

unique for that molecule’s composition. Therefore, mass defect diagrams result in 

patterns that are specific to the mechanisms by which such ion clusters grow.  

 



For this study we performed particle formation experiments in the CLOUD chamber 

following the oxidation of PD to oxidized organic compounds (CxHyOz, BioOxOrg) and 

SO2 to H2SO4. During most of these particle formation experiments, most of the APi-

TOF data from negatively charged ions arrange in four broad bands, about 220 Th apart 

from each other (e.g., Fig. 2A). The transition to each band represents the addition of a 

BioOxOrg molecule containing 10 carbon atoms. The ions in each band are mainly ion 

clusters containing such BioOxOrg, plus up to three H2SO4 molecules, and a bisulfate ion 

(HSO4
–), i.e. (C10HxOy)m • (H2SO4)0–3 • HSO4

–, where m corresponds to the band number. 

These ion clusters are shown as yellow and orange circles in the mass defect diagrams 

here (Figs. 2A, S2A, S2B, S3, S4). Each band spans from the upper left to the lower right 

due to different numbers of oxygen and sulfur atoms involved, because both these 

elements have negative mass defects. It can be seen from this pattern that a wide range of 

BioOxOrg are involved in growing these clusters, together with a number of H2SO4 

molecules, which increases as the clusters grow (e.g., Fig. 2A). The involved BioOxOrg 

feature a wide range of average carbon oxidation states (𝑂𝑆𝐶�����), and some of them are very 

highly oxidized (𝑂𝑆𝐶����� ≥ 0). A detailed discussion of the chemistry of the observed 

BioOxOrg is found in (32). 

This four-band structure appears at the commonly used sulfuric acid concentrations 

[H2SO4] (106 to 107 cm–3), whenever the concentration of oxidized organics [BioOxOrg] 

is sufficiently high (~ 2·107 cm–3). The latter condition requires a sufficiently high 

concentration of pinanediol [PD] (> 300 pptv). An increase of [BioOxOrg] is apparent 

immediately when the UV lights are turned on. This increase is manifest in an increase of 

signal for bands 2 and larger (Fig. S2). The time from turning on full UV illumination to 



the establishment of a new steady-state ion cluster distribution is about one hour. The 

time series during such transitions also show that the signals of the larger ion clusters 

appear later than those of the smaller ion clusters, indicative of growth that is driven 

mainly by the step-wise addition of C10-containing BioOxOrg (Figs. S2C and S2D). The 

build-up of these larger ion clusters precedes the appearance of still larger particles (>2 

nm) counted by CPCs, as expected for the formation of growing new particles (Fig. 

S2D). Within a few minutes, a DEG CPC (50) with a cut-off mobility diameter of 2 nm 

detects newly formed 2-nm particles. A butanol-based CPC (TSI 3776) with a cut-off at 3 

nm then follows within a few more minutes (see also Fig. 2B). 

Note that a direct quantitative determination of [BioOxOrg] is not possible using the APi-

TOF measurements, because the count rate for each detected ion is dependent on a 

number of insufficiently understood processes. In particular the efficiencies of 

transferring electric charge (usually in the form of a proton) between any two molecules 

or molecular clusters are not quantitatively known. 

An interesting feature apparent in the mass defect diagrams is the observation of ion 

signals located between and beyond the four bands (Figs. 2A, S2B, S3A). Such signal is 

most pronounced after the second band, visually “connecting” the second and third, and 

the third and the fourth bands. Similarly, ions are seen growing beyond the fourth band as 

well. These are likely due to smaller organic compounds (#C < 10) co-condensing onto 

ion clusters from the second band (mostly C20HxOy • (H2SO4)0–1 • HSO4
–) onwards. 

Their mass defect locates these clusters close to the lower-right part of the bands, 

suggesting that either their OSC or their H2SO4 content is relatively high. Note that for 



small signal levels it is not feasible to unambiguously identify the elemental composition 

of every ion, especially for the complex patterns for m/z > 500. 

 

Figure S3 presents a summary of the ion spectra measured by the APi-TOF during 

particle formation, as experimental conditions were varied over a wide range of H2SO4 

and BioOxOrg in the chamber. Under conditions of [H2SO4] = 1.8–2.3·106 cm–3 and 

calculated [BioOxOrg] = 0.5–1.2 108 cm–3, particle formation rates in the chamber were 

similar to atmospheric observations, as described in the main text (Fig. 1); where the APi-

TOF ion spectra consisted mainly of up to the four bands containing one to four C10 

compounds, as described above (e.g., Figs. S2B, S3A). 

When reducing [BioOxOrg], the bands become sequentially weaker in intensity starting 

from the fourth band, eventually disappearing altogether. E.g., at [BioOxOrg] = 1.1·106 

cm–3, where no fourth or third band was observed, with very little signal in the second 

band, and less intensity in the first band as well (Fig. S3D) the measured particle 

formation rate was much lower. For [BioOxOrg] < 107 cm–3, appreciable particle 

formation rates were only obtained when [H2SO4] was increased. The resulting 

dependency of formation rates on [H2SO4] falls outside of the range of atmospheric 

observations (cf. Fig. 1A). The APi-TOF spectra during these experiments show that 

larger ion clusters contained small nitrogen-containing bases, mostly NH3, and H2SO4 

(Fig. S3C), similar to the clusters observed during CLOUD chamber experiments, which 

investigated particle formation without organics (16). Note that these clusters are only 

observable at sufficiently high particle formation rates, i.e., in this case at sufficiently 

high [H2SO4] (cf. Figs. S3C, D). Also note that most of these base-acid clusters also 



contain one or two dimethylamine (C2H7N) molecules. These molecules were present 

because dimethylamine had been added into the chamber for experiments preceding the 

experiments reported on here (see 24), whereas after a full cleaning cycle no 

dimethylamine was found in the chamber.  

As reported in this study, measured particle formation rates were also greatly affected by 

[H2SO4]. Experiments were performed with [H2SO4] up to 1.6 107 cm–3. When [H2SO4] 

was increased, more H2SO4 molecules were present in the ion clusters. The overall 

intensities of the BioOxOrg bands were suppressed, particularly for higher bands. When 

increasing [H2SO4] beyond 107 cm–3, the fourth band started to dissolve and give way to 

ion signals that appeared less well organized in the mass defect diagram and featured a 

decreased average mass defect. This trend continued with increasing [H2SO4]; at [H2SO4] 

= 1.6·107 cm–3 the fourth band was essentially gone, while the third band started to 

dissolve, and the relative signal from the second band decreased as well (Fig. S3B). The 

ion signals that replaced the fourth band and most of the third band had mostly similar 

masses, but on average a reduced mass defect. This observation is likely due to smaller 

organics being able to join the clusters more readily under these conditions, whereas they 

are less able to do so at lower [H2SO4], leading to the dominance of C10-BioOxOrg and 

the subsequent four-band structure of the mass spectra for those conditions, as presented 

above. 

A closely related trend with increasing [H2SO4] is the gradual appearance of clusters of 

H2SO4 with small bases, mainly NH3. These are the same clusters discussed above for the 

case of high [H2SO4] but low [BioOxOrg], containing mostly also one or two C2H7N. 

Both NH3 and C2H7N were present as contaminants and below the limits of detection by 



the ion chromatography measurements from the CLOUD chamber, i.e., [NH3] < 2 pptv = 

5.3·107 cm–3, and [C2H7N] < 1 pptv = 2.6·107 cm–3. These results show that at 

sufficiently high [H2SO4], a non-negligible fraction of H2SO4 forms anion clusters with 

only H2SO4, NH3 and amines even when [BioOxOrg] is comparable to or slightly higher 

than [NH3] and [C2H7N]. The dependence of these clusters on high [H2SO4] likely 

reflects higher concentrations of H2SO4 trimers and tetramers ((H2SO4)n • HSO4
–, n = 2 

and 3) under these conditions, because n ≥ 3 is required to form clusters with NH3, and n 

≥ 2 is required to form clusters with dimethyl amine, whereas n ≥ 0 is sufficient to form 

clusters with large (C≈10) BioOxOrg. Though the composition for most peaks at higher 

masses (> 700 Da) could not be determined for the cases of relatively high [H2SO4], the 

observed diversity of these ions highly suggests that they include BioOxOrg. Their 

position in the mass defect diagram further suggests that they contain 10 carbon atoms 

and more, and very likely many of them H2SO4 molecules as well. It is also plausible that 

at least some of these ions additionally include NH3 or C2H7N. Indeed, such mixed 

clusters have been identified for these experiments, albeit lighter than 700 Th. The 

strongest signal among those is usually obtained for 

C10H16O3 • C2H7N • (H2SO4)2 • HSO4
–, where C10H16O3 may be pinonic acid.  It should 

be noted that the NH3 and amine contamination levels were similar for all the 

experiments in Fig. S3, so that the appearance of NH3 and amine containing clusters 

reflects the relative strengths of the cluster bonds as [H2SO4] and [BioOxOrg] are varied. 

Finally, [H2SO4] was also reduced to as low concentrations as was possible during our 

experiments (5.3·105 cm–3). Under these conditions, particle formation rates were 

practically zero, and H2SO4 molecules almost disappeared from the ion clusters detected 



by the APi-TOF (Fig. S4). BioOxOrg bands could still be clearly discerned in the 

corresponding mass defect diagram, similar to those obtained under standard conditions 

(i.e. with higher [H2SO4]), and again the ions in these bands consisted mainly of Cm*10-

containing BioOxOrg (m = band number). However, most BioOxOrg was now observed 

in clusters with the nitrate ion (NO3
–) instead of HSO4

–. This observation is an additional 

strong indication of the important role of H2SO4 clusters with BioOxOrg derived from 

PD for new-particle formation and growth to larger particles (>2 nm) detectable by 

particle counters. Note that many of those CxHyOz • NO3
– clusters were observed under 

conditions of higher [H2SO4], but the spectra were then always dominated by clusters 

including HSO4
– (e.g., Figs. 2A, S3A). 

 

 

Derivation of [BioOxOrg] 

PD was chosen as a model compound for first generation oxidation products of 

monoterpenes. It still has the monoterpene structure but does not react with ozone, 

consequently it is further oxidized to BioOxOrg only by OH radical reactions. Thus, the 

concentration of BioOxOrg can be calculated from the PD concentration (measured by 

the PTR-TOF) and the estimated concentration of OH assuming steady state conditions 

(where production and loss rates are equal) 

 

[BioOxOrg] = kPD,OH[PD][OH] / (kwall + kcond + kdil)     Eq. S1 

 



where the losses (the denominator in the right-hand term part of the equation) include the 

wall loss rate (kwall), the condensation loss rate (kcond) and the dilution loss rate (kdil) (see 

below for the derivation of the loss rates). kPD,OH (=3.9·10-11 cm3 s-1) is the reaction rate 

constant between PD and OH. Analogously the concentration of OH was estimated from 

the measured steady state sulfuric acid concentration.  

 

[OH] = [H2SO4] (kwall+kcond+kdil) / (kSO2,OH[SO2])     Eq. S2 

 

The impurities in PD (~1%) produced some artifact H2SO4 upon injection. We assume 

that some of these impurities were alkenes, which underwent ozonolysis and produced 

H2SO4 via the Criegee intermediate (52). This background H2SO4 (30 to 70%) was 

subtracted from the measured H2SO4 signal when calculating [OH]. A fraction of this 

background H2SO4 could also be due to OH produced by alkene ozonolysis. Assuming 

that 50% is produced by OH from alkene ozonolysis the concentration of BioOxOrg 

could therefore be a factor of ~2 higher if the correction due to Criegee radicals only 

represents an over-correction. Moreover, under GCR and pion beam conditions the CIMS 

measured a higher sulphuric acid concentration than under neutral conditions. It was 

found that this apparent increase of H2SO4 is not real but an instrumental effect which has 

been corrected for (see Rondo et al., manuscript submitted to Atmos. Meas. Tech.) 

The losses of BioOxOrg are due to wall losses, condensation onto aerosol particles and 

losses due to replacement of the sampled air of the chamber with clean air (dilution). The 

wall loss rate is the largest of the three loss terms, at least for experiments run without a 



large preexisting aerosol population. The dilution term is the smallest of the three at the 

used dilution flow of 130 l/min.  

For any vapor compound in the CLOUD chamber, the wall loss rate can be calculated as 

 

kwall=Cwall (Dv)1/2          Eq. S3 

 

where Dv is the diffusion coefficient of the vapor and Cwall is a pre-factor independent of 

the specific vapor if one assumes that there is no re-evaporation from the walls. Cwall is 

empirically determined measuring the wall loss rate of sulfuric acid (CIMS) and using the 

sulfuric acid diffusion coefficient (0.08 cm2s-1) (53). 

The error bars of [BioOxOrg] reported in Fig. 1C of the main text are derived from the 

sum in quadrature of the statistical errors on the measured concentrations at the right-

hand side of Eqs. S1 and S2 ([PD], [H2SO4] and [SO2]). The main source of uncertainty 

in the concentration of BioOxOrg (not shown in Fig. 1C) derives from the error in the 

choice of the diffusion coefficient of BioOxOrg, the assumption made on the re-

evaporation from the walls and from the fact that the calculated OH may be 

underestimated if the background correction of [H2SO4] due to SO2 oxidation by Criegee 

radicals is overestimated (see above). The BioOxOrg concentrations shown in Fig. 1C are 

calculated assuming the same diffusion coefficient and the same Cwall (without re-

evaporation from the wall) as sulfuric acid which is an upper limit for the kwall,BioOxOrg. A 

sensitivity study shows that if we assume a kwall,BioOxOrg 10 or 100 times smaller than 

kwall,H2SO4, we obtain a factor of ~5 or ~10 higher BioOxOrg concentrations. Decreasing 

further kwall,BioOxOrg does not increase [BioOxOrg] any further since the wall loss term is 



no longer dominant. The variation of [BioOxOrg] due to different kwall,BioOxOrg applies 

linearly to all the estimated [BioOxOrg], therefore it would affect only the kinetic factor 

km of Equation 2 in the main text but not the exponent q. 

 

Quantum chemical calculations 

We used the multi-step method developed by Ortega et al. (54) to calculate Gibbs free 

energies at 278K of clusters of sulfuric acid and 3-methyl-1,2,3-butane-tricarboxylic acid 

(MBTCA), an oxidation product of α-pinene as well as of PD. The structure of MBTCA 

is as follows: 

 

It was chosen because it is one of the few well known compounds formed in such 

oxidation processes that have a high O:C ratio. The method consists in a geometry 

optimization and frequency calculation performed with the Gaussian09 program (55) 

using the B3LYP hybrid functional (56) and the CBSB7 basis set (57), and a single-point 

electronic energy calculated with the TURBOMOLE program (58) using the RI-CC2 

method (59) and aug-cc-pV(T+d)Z basis set (60). We calculated the Gibbs free formation 

energy of neutral and negatively charged clusters formed with up to two sulfuric acid 

molecules and up to two organic acids. Gibbs free formation energies for all studied 

clusters are given in Table S1.  



Quantum chemical data for the full set of hydrated clusters is not available at present. The 

addition of water molecules to the cluster increases the computational effort in different 

ways. The size of the system increases, resulting in an extension of the computational 

resources needed for the calculations. Additionally, the number of possible conformers 

increases combinatorially so the conformational sampling becomes unaffordable. Also, as 

the degree of water-water bonding grows, the harmonic oscillator and rigid rotor 

approximation used to estimate Gibbs free energies become less reliable. The presence of 

water might affect the evaporation rates of the clusters. Almeida et al. (2013) (24) 

showed how in the case of strongly interacting molecules such as dimethylamine (DMA) 

and sulfuric acid the effect of hydration in the formation rates calculated based on 

evaporation rates of the clusters was rather small. In the case of MBTCA, the formation 

free energy of the heterodimer (H2SO4 ∙ MBTCA) is close to the formation free energy of 

H2SO4 ∙ DMA, so we expect the effect of hydration in the case of MBTCA to be rather 

small as well. Nevertheless, the absence of water in the quantum chemical calculations 

presented here has to be kept in mind when comparing these results with the experimental 

observations. 

We used the calculated Gibbs free formation energies to estimate the evaporation rate of 

different clusters. Evaporation rates for the neutral and negatively charged clusters 

studied are shown in Figures S5 and S6, respectively. In the case of neutral clusters, 

H2SO4 ∙ MBTCA clusters are more stable than the corresponding pure sulfuric acid 

clusters (Fig. S5). For example the evaporation rate of the heterodimer H2SO4 ∙ MBTCA 

is four orders of magnitude smaller than the evaporation rate of the sulfuric acid dimer. 

The addition of a second molecule of MBTCA to the heterodimer is more favorable than 



the addition of a second sulfuric acid molecule. The evaporation rate of the (H2SO4)2∙ 

(MBTCA)2 cluster is more than five orders of magnitude smaller than the evaporation 

rate of the sulfuric acid pure tetramer. Based on the formation free energies of different 

clusters, the formation of (H2SO4)2∙ (MBTCA)2 by collision of two H2SO4 ∙ MBTCA 

clusters might be an important pathway. However, the most relevant pathway will depend 

on the relative concentrations of MBTCA, H2SO4 and H2SO4 ∙ MBTCA clusters. 

In the case of negatively charged H2SO4 ∙ MBTCA clusters, the (1,1) cluster is slightly 

less stable than the pure sulfuric acid dimer (Fig. S6). But despite this difference, the 

evaporation rate of the negatively charged heterodimer is so low that, as in the case of the 

pure sulfuric acid charged dimer, it is negligible. The evaporation rate of the (2,1) cluster 

is around two orders of magnitude larger than the evaporation rate of the pure sulfuric 

trimer, but again is relatively small. In contrast to neutral clusters, in the case of 

negatively charged clusters, the addition of a second sulfuric acid molecule to the 

heterodimer is more favorable than the addition of a second MBTCA molecule. The 

evaporation rate of the HSO4
- ∙ H2SO4 ∙ (MBTCA)2 cluster is around two orders of 

magnitude smaller than of the pure sulfuric acid charged tetramer HSO4
- ∙ (H2SO4)3. 

Another caveat is that MBTCA has an O:C ratio of 0.75 while many molecules with an 

O:C ratio of up to 1 were found; recently, a mechanism for rapid formation of such 

highly oxidized molecules was reported (61,62). As the evaporation rates of the clusters 

typically decrease with increasing O:C it is expected that some clusters do exist that are 

substantially more stable than the MBTCA results suggest. Additionally, a very wide 

range of oxidized organic compounds were found clustered with sulfuric acid, as revealed 

by the APi-TOF measurements (details in (32)). C8H12O6 (conceivably MBTCA) was but 



one of these observed compounds. In the pursuit of a more complete understanding of the 

details of plausible clustering mechanisms, future quantum-chemical calculations will 

have to explore many more monoterpene oxidation products still. 

 

 

Global Atmospheric Modelling 

The GLObal Model of Aerosol Processes (GLOMAP) was used to assess the impact of 

this new parameterization for atmospheric nucleation. GLOMAP is an extension to the 

TOMCAT chemical transport model (63) and has previously been described extensively 

(11, 35). GLOMAP operates at a horizontal resolution of 2.8o x 2.8o with 31 σ-pressure 

levels extending to 10 hPa. Here we use GLOMAP-mode (version 6), in which 

information about aerosol component masses and number concentrations is carried in five 

log-normal size modes; four hydrophilic (nucleation, Aitken, accumulation and coarse), 

and a non-hydrophilic Aitken mode. Material in the particle phase is classified into four 

components: sulfate, black carbon, particulate organic matter, and sea-salt. GLOMAP 

includes representations of nucleation, particle growth via coagulation, condensation and 

cloud processing, wet and dry deposition and in/below cloud scavenging. Model 

simulations are performed for the year 2000, with 3 months spin-up from zero initial 

aerosol. Meteorology is taken from European Centre for Medium-Range Weather 

Forecasts (ECMWF) reanalyses at 6-hourly intervals and cloud fields from the 

International Satellite Cloud Climatology Project (ISCCP) archive 

(http://isccp.giss.nasa.gov/). Lumped monoterpene emissions are taken from the Global 

Emissions InitiAtive (GEIA) database (36) giving a total annual emission of 127 TgC. In 



GLOMAP monoterpenes are oxidized by NO3, O3 and OH, (assuming the reaction 

characteristics of α-pinene) to form a secondary organic material that condenses 

irreversibly onto existing aerosol. 

We performed four simulations to examine the impact of different nucleation 

mechanisms on total particle concentrations. Each model run is identical in every other 

respect (i.e., they have the same primary aerosol and precursor gas emissions): 

A) Binary homogenous nucleation (BHN) of H2SO4 and H2O only (64) 

B) BHN plus activation boundary layer nucleation (BHN + kACT[H2SO4]) parameterized 

according to Eq. 1 with kACT = 2·10-6 s-1 (64) 

C) BHN plus kMET[H2SO4][NucOrg] with kMET = 5 ∙ 10-13 s-1 (25) . 

D) BHN plus Eq. 2 (BHN + km[H2SO4]2[BioOxOrg]) throughout the atmosphere with km 

= 3.27·10-21 cm6 s-1. 

For simulation D, the atmospheric concentration of BioOxOrg is calculated according to 

Eq. S1, assuming that:  

d[PD]/dt = kα-pin,OH[α-pin][OH] – kPD,OH[PD][OH]                          Eq. S4 

and therefore, at steady state:  

[PD] = (kα-pin,OH[α-pin]) / kPD,OH                  Eq. S5  

where kα-pin,OH = 1.2·10-11 exp(444/T) (65). Loss of BioOxOrg to the chamber walls (rate 

kwall) is assumed to be the dominant loss term in Eq. S1. In the global model, kwall is 

replaced with kCS, the atmospheric condensation sink (i.e. rate of condensation onto 

existing particles, s-1), calculated assuming the diffusion characteristics of a typical α-

pinene oxidation product (see Appendix A1 of (66)). The simulated nucleation rate at 1.7 

nm diameter (i.e. Eq. 2) then becomes: 



J1.7 = km [H2SO4]2 [(kα-pin,OH[α-pin][OH])/kCS]                Eq. S6 

where [α-pin] is the concentration of our lumped monoterpene tracer in the model. 

Figure S7 shows simulated monthly mean particle number concentrations (greater than 3 

nm diameter) in January and June for simulation D (BHN + km[H2SO4]2[BioOxOrg]).  

Multi-annual observations of total particle number concentration were obtained from a 

previously compiled dataset (11). Here we use data collected at 19 out of the 20 

continental boundary layer locations, listed in Table S2; data from Botsalano, South 

Africa, are excluded in order to sample from northern hemisphere land locations with the 

same seasonality. The definition of the particle number concentration varies between sites 

depending on the type of instrument used (they vary from N>3nm to N>14 nm; see (11) 

and Table S2). The same definition was used when sampling from the model. Model data 

were interpolated to the observation location in the horizontal, and in the vertical where 

necessary.  

Figure S8 shows the correlation between the modelled and observed particle 

concentrations for each month. We also calculated the Pearson correlation coefficient (R) 

between measured and simulated monthly mean particle concentrations at each location 

across the 12 months; the mean R values across the 19 locations and for 9 sites identified 

as forested or close to forest are given in Table S3. Possible values of R span from -1 

(perfect anti-correlation) to +1 (perfect correlation). Inclusion of an oxidized organic term 

in the particle formation rate increases the multi-site mean correlation coefficient R from 

0.23 (for simulation B) to 0.37 (simulation C) and 0.40 (simulation D). 

Additionally, we calculate the first aerosol indirect radiative forcing (RF) due to 

anthropogenic emissions, using nucleation mechanisms B, C and D. Changes to cloud 



droplet number concentration are calculated using the parameterization from (67), as 

updated by (68) and (69). Following the methodology described in (70), the Edwards 

and Slingo radiative transfer model (71) is then used to calculate the radiative 

perturbation associated with the changes to cloud droplet number concentration since 

1750. The range in the values obtained is 0.11 W m-2 (Table S4), approximately 10% of 

the magnitude of the indirect RF itself. The difference between the indirect RF obtained 

for the simulation using the Metzger et al. (25) mechanism, and our new mechanism, is 

0.11 W m-2; highlighting that there is uncertainty associated with the magnitude of the 

indirect RF even between two biogenically driven nucleation mechanisms due to their 

differing dependencies on H2SO4 and oxidant concentrations. 

 

Comparison with rate coefficients derived from ambient measurements   

The pseudo first order rate coefficient derived from the experiments is comparable to 

what has been derived from ambient data assuming a rate expression J=k´[H2SO4]2. We 

can estimate the pseudo first order coefficient from 

J=k´[H2SO4]2=km[BioOxOrg][H2SO4]2 (so k´=km[BioOxOrg]). [BioOxOrg]=kα-pin,OH[α-

pin][OH]/kCS. The α-pinene concentration varies a lot in the atmosphere, as does the 

condensation sink term kCS. If we use [α-pin]=5·109 cm-3 (~200 pptv), kCS=10-3 s-1, 

[OH]=106 cm-3, kα-pin,OH =10-11exp(444/T) and a measured km=3.27·10-21 cm6 s-2, then we 

get k´=8·10-13 cm3 s-1. Two studies have derived ranges of k´ from measured nucleation 

rates: Sihto et al. (2006) (7) estimated k´=2-14·10-13 cm3 s-1 and Kuang et al. (2008) (9) 

estimated k´=0.1-100·10-13 cm3 s-1 for a range of sites. Measured α-pinene 



concentrations range from near zero to several hundred pptv (33), so our organic 

nucleation mechanism can comfortably span the range of derived values of k´.  



Table S1. Cluster Gibbs free formation energies from monomers (x H2SO4 + y MBTCA  ((H2SO4)x ∙ 
(MBTCA)y) at 278K in kcal/mol. 
 

 

Cluster ∆G278K 
(kcal/mol) 

H2SO4 ∙ MBTCA -14.40 
H2SO4 ∙ (MBTCA)2 -25.17   
(H2SO4)2∙ MBTCA -23.13 
(H2SO4)2∙ (MBTCA)2 -42.29 
(MBTCA)2 -7.03 
HSO4

- ∙ MBTCA -34.02 
HSO4

- ∙ H2SO4 ∙ MBTCA -50.83 
HSO4

-  ∙ (MBTCA)2 -45.25 
HSO4

- ∙ H2SO4 ∙ (MBTCA)2 -67.02 
 
 
 
Table S2: Observation sites used in comparison; taken from reference 57 [i.e. (11)]. 
 

Location Observation Period 
Minimum cut-off 

diameter (nm) 

Hyytiälä 24.3°E, 61.9°N 2000-2004 3 

Pallas 24.1°E, 68.0°N 2000-2004, 2007 10 

Finokalia 25.7°E, 35.3°N 1997, 2006-2007 10 

Hohenpeissenberg 11.0°E, 47.8°N 2006-2007 3 

Melpitz 12.3°E, 51.2°N 1996-1997, 2003 3 

Bondville 88.4°W, 40.1°N 1994-2007 14 

Southern Great Plains 97.5°W, 36.6°N 1996-2007 10 

Tomsk 85.1°E, 56.5°N 2005-2006 3 

Listvyanka 104.9°E, 51.9°N 2005-2006 3 

Harwell 359.0°E, 51.0°N 2000 10 

Weybourne 1.1°E, 53.0°N 2005 10 

India Himalaya 79.6°E, 29.4°N 2005-2008 10 

Aspvreten 17.4°E, 58.8°N 2000-2006 10 

Utö 21.4°E, 59.8°N 2003-2006 7 

Värriö 29.6°E, 67.8°N 1998-2006 8 

Thompson Farm 289.1°E, 43.1°N 2001-2009 7 

Castle Springs 71.3°W, 43.7°N 2001-2008 7 

Taunus Observatory 8.4°E, 50.2°N 2008-2009 10 

Po Valley 11.6°E, 44.7°N 2002-2006 3 

 



Table S3: Mean Pearson correlation coefficient, between multi-annual observed and simulated monthly-
mean total particle concentration, across all 19 continental boundary layer locations, and those close to 
forested regions. 
 

Simulation 
Pearson Correlation Coefficient (R) 

Mean over all sites Mean over forested 
sites* 

A BHN 0.08 -0.09 
B BHN + kACT[H2SO4] 0.23 0.35 
C BHN + kMET[H2SO4][NucOrg] 0.37 0.64 
D BHN + km[H2SO4]2[BioOxOrg] 0.40-0.40 0.69 – 0.70 

* Hyytiälä, Pallas, Melpitz, Tomsk, Lystvyanka, Harwell, Aspvreten, Värriö, Taunus Obs.  
 
 
 
 
Table S4: First aerosol indirect radiative forcing due to anthropogenic emission changes (1750 to 
present).  

Nucleation mechanism Indirect RF (W m-2) Reference 
BHN + kACT[H2SO4] -1.15 (64) 
BHN + kMET[H2SO4][NucOrg] -1.04 (25,70) 
BHN + km[H2SO4]2[BioOxOrg] -1.15 This study 
 
 
 



 
 

 
 
Fig. S1. Correlation of J1.7 values determined either from the PSM or from the DEG CPC.  



 

 

Fig. S2. Overview over a particle formation experiment initiated by the oxidation of SO2 to 
H2SO4 and PD to BioOxOrg at 4.1 °C and 41% relative humidity. The measured precursor 
concentrations were [PD] = 16.4 ppbv and [SO2] = 1.8 ppbv. Full UV illumination increased 
[H2SO4] to 2.0 · 106 cm–3 and [BioOxOrg] to 1.2 · 108 cm–3. Before, most anions are single ions 
or clusters including a BioOxOrg containing 10 carbon atoms. These are found in band 1 (A). 
Upon increasing [BioOxOrg], more larger clusters form, which contain mainly oxidized organics 
including 20, 30, and 40 carbon atoms. Thus, these clusters are arranged in bands 2, 3, and 4 in 
the anions’ mass defect diagram (B). This transition is initiated immediately upon full UV 
illumination (C). Normalizing the transitions of increasing of ion counts, here grouped by their 
masses, between zero and unity, shows how the larger ions grow from the second band onwards 
(D). Particle counts by CPCs are shown as well. Their cut-off diameters were 2 nm and 3 nm in 
mobility diameter. The obtained formation rate for 1.7 nm was 0.22 cm–3 s–1. 



 

 

 

Fig. S3. APi-TOF mass defect plots for varying concentrations of H2SO4 and BioOxOrg. 
Nucleation rates as a function of [H2SO4] for panel A and B are part of Fig. 1B of the main text, 
while nucleation rates as a function of [BioOxOrg] for panels A and D are part of Fig. 1C of the 
main text. Panel C refers to an experiment with high [H2SO4] and low [BioOxOrg], it shows 
clusters similar to those observed during earlier experiments at the CLOUD chamber which 
investigated particle formation without organics (16). For the symbols’ color coding, refer to the 
legend of Fig. S2. Additional colors used here are light blue for (C2H7N)a(NH3)b(H2SO4)c·anion, 
and dark blue for (NH3)a(H2SO4)b. The anion is either HSO4

– or HSO5
– (16). 

 



 

 

 

Fig. S4. APi-TOF mass defect plot for the lowest possible achievable concentration of sulfuric 
acid (5.3·105 cm–3), and high concentration of BioOxOrg (1.5·108 cm–3). Under these conditions, 
particle formation rates were close to 0 (J < 0.001 cm–3s–1), and BioOxOrg molecules are 
observed in clusters with the nitrate ion (NO3

–) instead of HSO4
–. 

 



 
 
Figure S5. Evaporation rates (1/s) at 278K of ((H2SO4)x ∙ (MBTCA)y) (green) and pure H2SO4 (red) neutral 
clusters versus total number of molecules in the cluster. The numbers in parentheses indicate the 
composition (x,y) of the most stable cluster (H2SO4, MBTCA). 
 
 
 



 
 
Figure S6. Evaporation rates (1/s) at 278K of ((H2SO4)x ∙ (MBTCA)y) (green) and pure H2SO4 (red) 
negatively charged clusters versus total number of molecules in the cluster. The numbers in parentheses 
indicate the composition (x,y) of the most stable cluster (H2SO4/ HSO4

-, MBTCA). 
 
 

 
Figure S7. Simulated monthly mean particle number concentrations (diameter greater than 3 nm) per cm3 
for January (left) and June (right), when the parameterized nucleation rate involving organics (Eq. S6) and 
BHN occurs throughout the atmosphere. 



 

 

 
 

 
Figure S8. Model versus observation comparison in total particle concentration (at the relevant particle size 
for each location) for each month. 
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