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Abstract 

Aerosol particles strongly influence global climate by modifying the properties of clouds. 

An accurate assessment of the aerosol impact on climate requires knowledge of the concentration 

of cloud condensation nuclei (CCN), a subset of aerosol particles that can activate and form 

cloud droplets in the atmosphere. Atmospheric particles typically consist of a myriad of organic 5 

species, which frequently dominate the particle composition. As a result, CCN concentration is 

often a strong function of the hygroscopicity of organics in the particles.  Earlier studies showed 

organic hygroscopicity increases nearly linearly with oxidation level. Such increase of 

hygroscopicity is conventionally attributed to higher water solubility for more oxidized organics. 

By systematically varying the water content of activating droplets, we show that for the majority 10 

of secondary organic aerosols (SOA), essentially all organics are dissolved at the point of droplet 

activation. Therefore, the organic hygroscopicity is not limited by solubility, but is dictated 

mainly by the molecular weight of organic species. Instead of increased water solubility as 

previously thought, the increase of the organic hygroscopicity with oxidation level is largely 

because (1) SOA formed from smaller precursor molecules tend to be more oxidized and have 15 

lower average molecular weight and (2) during oxidation, fragmentation reactions reduce 

average organic molecule weight, leading to increased hygroscopicity. A simple model of 

organic hygroscopicity based on molecular weight, oxidation level, and volatility is developed, 

and it successfully reproduces the variation of SOA hygroscopicity with oxidation level observed 

in the laboratory and field studies.  20 
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1. Introduction 

A prerequisite for cloud formation, aerosol particles strongly impact global climate by 

influencing the properties of clouds (Albrecht, 1989; Twomey, 1977). These effects, named 

aerosol indirect effects, represent one of the largest uncertainties in the simulated change of 

global radiation fluxes (i.e., radiative forcing) due to the increase of aerosol concentration since 5 

pre-industrial era (IPCC, 2013). An accurate assessment of the aerosol indirect effects requires 

the knowledge of the concentration of cloud condensation nuclei (CCN), a subset of aerosol 

particles that can activate and form cloud droplets in the atmosphere. The efficiency with which 

particles activate and transform into cloud droplets depends on particle size and hygroscopicity 

parameter, which combines a number of thermodynamic properties of the species within the 10 

particles to describe the tendency of the particles to uptake water (Petters and Kreidenweis, 

2007).  

The inorganic fraction of atmospheric aerosol particles typically consists of a very limited 

number of species, e.g., sulfate and nitrate, whose hygroscopicities are well studied (Petters and 

Kreidenweis, 2007). However, atmospheric particles often consist in addition to inorganic 15 

species, of hundreds, or even thousands of organic species (Zhang et al., 2007). Collectively, 

these organic species often dominate the composition of sub-micrometer aerosol particles, which 

represent the majority of CCN population. These organic species in ambient particles have a 

wide range of hygroscopicities, from zero for hydrophobic organics to as high as 0.3 for some of 

the water soluble organics (e.g., Lathem et al., 2013; Moore et al., 2012; Petters et al., 2009). 20 

Modeling studies show that CCN concentrations can be a strong function of the hygroscopicity 

of organics in the particles (e.g., McFiggans et al., 2006; Mei et al., 2013). This is particularly 

true for modeling cloud formation during pre-industrial era, when organics represented an even 
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larger fraction of the submicron aerosol mass concentration due to the low concentration of 

anthropogenic sulfate (Liu and Wang, 2010; Mei et al., 2013). Neglecting the variation of the 

organic hygroscopicity may lead to substantial bias in modeled aerosol indirect forcing, which 

represents a change in radiation flux due to the increased aerosol concentration since pre-

industrial era (Liu and Wang, 2010).  5 

Several studies show that for ambient organic aerosols and laboratory generated 

secondary organic aerosols (SOA), organic hygroscopicity increases nearly linearly with the 

atomic O:C ratio (e.g., Jimenez et al., 2009; Lambe et al., 2011), a parameter commonly used to 

quantify oxidation level of organics. It has long been hypothesized that as organic molecules 

become increasingly oxidized (i.e., increased O:C ratio), they are more polar, leading to 10 

increased water solubility and therefore hygroscopicity (Jimenez et al., 2009; Riipinen et al., 

2015). Nakao (2017) modeled the impact of volatility and water solubility on the hygroscopicity 

of secondary organic species, and also attributed the increase of organic hygroscopicity with O:C 

to an increased solubility for more oxidized organics. For single component aerosols and simple 

mixtures, the effect of increasing oxidation level on solubility and in turn hygroscopicity is well 15 

established (Kuwata et al., 2013; Petters et al., 2009; Petters et al., 2016; Rickards et al., 2013). 

However, the hypothesis, namely that the increase of organic hygroscopicity with oxidation level 

for ambient organic aerosols and laboratory generated secondary organic aerosols is due to 

increased water solubility, has not been tested experimentally. In this study, we designed and 

carried out experiments to explicitly examine the mechanism by which changes in O:C ratio lead 20 

to variations in organic hygroscopicity. This is achieved by systematically varying the water 

content of activating droplets to examine the impact of water solubility on the effective 

hygroscopicity of secondary organic aerosols, which were generated in an environmental 
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chamber from representative precursors under a range of atmospheric relevant conditions. We 

show that for many secondary organic aerosols (SOA), essentially all organics are dissolved at 

the point of activation. Therefore, organic hygroscopicity is not limited by solubility, but is 

controlled mainly by the molecular weight of organic species in particles. Instead of increased 

solubility as hypothesized earlier, the increase of the organic hygroscopicity with O:C is largely 5 

because (a) SOA formed from smaller volatile organic compound (VOC) molecules tend to have 

lower average molecular weight and higher O:C and (b) during oxidation, fragmentation 

reactions lead to smaller organic molecules with lower molecular weight and higher O:C.  

  

2. Methods 10 

2.1 Experiments  

Secondary organic aerosols were generated in a steady state environmental chamber 

(Shilling et al., 2008) from representative VOC, including isoprene, α-pinene, Δ-3 carene, β-

caryophyllene, and toluene. Dry ammonium sulfate particles of 50 nm were classified by a 

Differential Mobility Analyzer (DMA), and introduced as seed particles along with the VOC into 15 

the chamber. The reaction of the VOC with oxidants led to formation of secondary organic 

species, which condensed on the ammonium sulfate seed particles, leading to particle growth. No 

new particle formation was observed during the experiments. The experimental setup and 

conditions are detailed in the Supplementary Information. Given the distribution of particle 

residence time inside the steady state chamber, particles exit the chamber with a range of particle 20 

sizes (Shilling et al., 2008), and hence sulfate volume fractions. The particles were sampled by a 

size-resolved CCN system (Mei et al., 2013), in which they were first size selected by a DMA. 
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The total number and CCN concentrations of the size-selected particles were simultaneously 

measured by a condensation particle counter and a CCN counter, respectively. These measured 

number concentrations yielded the activation spectrum, i.e., the fraction of particles serving as 

CCN as a function of supersaturation, which was then used to derive particle hygroscopicity 

based on κ-Köhler theory (Mei et al., 2013; Petters and Kreidenweis, 2007). Given that all 5 

particles were grown on seed particles of essentially the same diameter, the hygroscopicities of 

SOA particles with different sulfate volume fractions were characterized by size selecting 

particles of different final diameters.  

2.2 Derivation of effective organic hygroscopicity 

Because no new particle formation was observed, and measured particles were larger 10 

than the initial seed particle size, particles exiting the chamber are assumed as internal mixture 

(i.e., at any given size, particles of same diameter have essentially the same composition). For 

internal mixtures, particle hygroscopicity κ is given by the volume average of participating 

species (Petters and Kreidenweis, 2007):  

( )org org AS AS AS org AS AS1x x x xk k k k k= + = - +        (1)  15 

where xorg and xAS are the volume fractions of organics and ammonium sulfate, respectively, and 

κorg and κAS are the hygroscopicities of the organics and ammonium sulfate (0.61), respectively. 

Eq. 1 implies an ideal Zdanovskii, Stokes, and Robinson (ZSR) mixing. We note that κorg 

represents the apparent organic hygroscopicity (Sullivan et al., 2009), also referred to as the 

effective hygroscopicity (Pringle et al., 2010). This effective hygroscopicity includes the overall 20 

impact of the organics on particle activation, including water solubility (Sullivan et al., 2009). 
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The value of xAS is given by  3

p0 pD D  , where Dp0 and Dp are the diameters of initial ammonium 

sulfate seeds (50 nm) and size-selected particles exiting the chamber, respectively. The value of 

κorg can then be derived from measured particle hygroscopicity κ and sulfate volume fraction xAS 

using Eq. 1. A small fraction of the seeds was doubly charged and had diameters larger than 50 

nm. For the derivation of κorg, particles grown from doubly charged seeds are taken into 5 

consideration using an approach described in the Supplementary Information.  

 

3. Results and Discussions 

3.1 Effective organic hygroscopicity for secondary organic aerosols formed on sulfate seeds  

The effective organic hygroscopicity κorg was derived from the overall κ of particles for a 10 

range of final particle sizes (i.e., sulfate volume fractions). The variation of κorg with xAS is 

shown in Fig. 1 for SOA formed from representative VOC precursors, including isoprene, α-

pinene, β-caryophyllene, and toluene. We note that isoprene is the most abundant non-methane 

hydrocarbon, α-pinene and β-caryophyllene are the most abundant natural monoterpene and 

sesquiterpene species globally, and toluene is a representative anthropogenic SOA precursor 15 

(Guenther et al., 2012; Pye et al., 2010). The uncertainty of the derived κorg was estimated using 

a Monte Carlo method based on the uncertainties in the CCN counter supersaturation, measured 

activated fraction, and mode diameters of size-selected particles and the ammonium sulfate seeds 

(see Supplementary Information for details). Figure 1 shows that κorg is essentially independent 

of xAS for SOA formed from isoprene, α-pinene, and toluene, while it decreases with decreasing 20 

xAS below 15% for SOA formed from β-caryophyllene. The constant κorg with xAS for isoprene 

SOA agrees with the results from an earlier study (King et al., 2010). The effective organic 
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hygroscopicity and its variation with xAS were also examined for SOA formed from α-pinene and 

Δ-3 carene under a variety of conditions (Figure S1, details given in Supplementary 

Information). Again the results show that κorg is essentially independent of xAS. A nearly constant 

κorg indicates that cloud droplet activation of the particles is not limited by organic water 

solubility, because otherwise, we would have observed a dependence on xAS as explained below.  5 

3.2 Effect of water solubility on droplet activation of organic particles  

Following the same definition as in Sullivan et al. (2009), we introduce the intrinsic 

hygroscopicity κorg, intr, which represents the organic hygroscopicity if a compound is fully 

dissolved at the point of the activation (i.e., peak of the Köhler curve). The intrinsic 

hygroscopicity of a compound can be estimated from (Sullivan et al., 2009): 10 

,int
org w

org r
w org

i M

M





           (2) 

Where ρ is the density, M is the molecular weight, and i is the van’t Hoff factor. The subscripts 

“org” and “w” represent organics and water, respectively. If the organic species are completely 

dissolved at the point of activation, the values of κorg and κorg, intr are equal. For particles 

consisting of compounds with limited solubility, κorg may exhibit a lower value than κorg, intr.  15 

Figure 2 shows the effective organic hygroscopicity κorg simulated for particles composed 

of ammonium sulfate seed and a model organic compound with κorg, intr of 0.15. Same as the 

particles sampled during the experiments, modelled particles are assumed to have a sulfate core 

with a diameter of 50 nm. The value of κorg was simulated for particles with different organic 

coating thicknesses and therefore xAS. The simulation was carried out for a range of organic 20 

water solubility C, from 5×10-2 (i.e., moderately soluble) to 1×10-5 (i.e., effectively insoluble,  
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Petters and Kreidenweis, 2008). Here the solubility C is defined as the volume of compound per 

unit volume of water (Petters and Kreidenweis, 2008). For organics with C of 1×10-2 or lower 

(sparingly soluble species), simulated κorg exhibits a value close to zero at 1% xAS due to the 

limitation of solubility. The κorg value increases with increasing xAS, and eventually reaching a 

plateau at the intrinsic κorg, intr (i.e., 0.15), at which point droplet activation is no longer limited by 5 

organics solubility. Sparingly soluble organics with higher C reaches the plateau at lower xAS. 

When C ≥ 5×10-2, the effective organic hygroscopicity κorg is 0.15 at all xAS values, indicating the 

organic compound becomes completely dissolved at the point of activation and droplet activation 

is not limited by organic solubility even for “pure” organic particles (i.e., xAS=0%). This is 

consistent with the classification scheme that divides the aerosol in effectively soluble, sparingly 10 

soluble, and effectively insoluble (Petters and Kreidenweis, 2008). For 10-4 < C < 0.05, the 

organic compound is sparingly soluble and xAS controls the value of κorg. This is because the 

water uptake by ammonium sulfate increases the amount of water in the growing droplet that is 

available for solvation of organics. Examples of the Köhler curve for the mixtures are shown in 

the Supplementary Information (Fig. S6). Even for compounds with a very low solubility of 10-4 15 

that are effectively insoluble when considering “pure” organic particles, they are completely 

dissolved at the point of activation for mixtures with ~96% or more sulfate by volume. 

Atmospheric organic aerosols consist of many components with different solubilities. If the 

model is initialized with a distribution of solubilities (Riipinen et al., 2015 and Supplementary 

Information) that are centered at the same values as those shown in Fig. 2, the general behavior 20 

exhibited in Fig. 2 is retained, whereas the sparingly soluble range is shifted toward lower 

solubilities (Fig. S7).  
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3.3 Comparison of observed and calculated dependence of κorg on sulfate volume fraction  

The simulated variation of κorg with xAS for sparingly soluble organics above is in clear 

contrast to the experimental results of monoterpene, isoprene, and toluene SOA that show an 

essentially constant κorg for a wide range of xAS. The essentially constant κorg is consistent with 

the simulated cases for more soluble organics (i.e., C value of 0.05 and larger), suggesting that 5 

the effective organic hygroscopicity κorg is the same, or at least very close to, the intrinsic 

hygroscopicity κorg, intr for mixtures with xAS as low as 3%. As ambient particles typically consist 

of more than 3% highly soluble species such as sulfate or nitrate by volume, this suggests that for 

ambient particles, most secondary organic species formed from common precursors including 

isoprene, α-pinene, and toluene are completely dissolved at the point of activation, therefore their 10 

hygroscopicity is not limited by water solubility. We note that SOA formed from β-

caryophyllene, whose droplet activation exhibits solubility limitation when xAS<15%, represents 

a relatively minor contribution to organic aerosol globally. In addition, most ambient aerosols 

consist of 15% or more highly water soluble inorganic species. It is also worth noting that κorg of 

α-pinene SOA in this study is within the range of those derived from α-pinene SOA particles 15 

formed without inorganic seeds (e.g., Alfarra et al., 2013; Zhao et al., 2016), suggesting that 

even for some “pure SOA” particles, most organic species are dissolved at the point of 

activation, and the limitation of hygroscopicity by water solubility is negligible. Table 1 lists the 

intrinsic hygroscopicity derived using Eq. 1 for major monoterpene SOA species. Here we 

assume organic molecules in SOA do not dissociate when dissolved in water therefore i=1 20 

(Ervens et al., 2005). For most of these compounds, the intrinsic hygroscopicity is consistent 

with κorg derived from α-pinene experiments, again suggesting that the droplet activation of α-

pinene SOA is not limited by organic water solubility. We note that SOA may consist of 
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substantial amount of the oligomers (Kalberer et al., 2004). It is not clear whether these 

oligomers dissociate in growing droplets during activation. If not, the formation of oligomers 

would lead to a lower κorg as a result of increased molecular weight. Therefore the κorg, intr values 

in Table 1 likely represent an upper limit.  

For SOA formed from β-caryophyllene, κorg showed lower values when xAS is less than 5 

15%. This is consistent with simulated trends for sparingly soluble organics, suggesting only a 

fraction of organics are dissolved at the point of activation, and the droplet activation of β-

caryophyllene SOA in our study is limited by the organic solubility at low xAS. This may be due 

to lower solubility of β-caryophyllene SOA than those formed from α-pinene, Δ-3 carene, 

isoprene, and toluene because of the larger precursor molecule. The extrapolation of the data 10 

points suggests κorg of ~ 0.03 for β-caryophyllene SOA formed without ammonium sulfate seeds, 

consistent with the low values (i.e., 0 ≤ κorg ≤ 0.05) reported by earlier studies (Asa-Awuku et al., 

2009; Frosch et al., 2013). 

We note particles may undergo liquid-liquid phase separation (LLPS) instead of a 

solubility transition (Bertram et al., 2011; Zuend and Seinfeld, 2012). Compounds that induce 15 

LLPS have limited miscibility with water. The net result is that LLPS can affect CCN activity in 

the same manner as sparingly soluble compounds (Petters et al., 2006; Petters et al., 2016). In 

essence, the presence of undissolved organics can be considered as a special case of LLPS (i.e., 

the undissolved organics form the 2nd phase). Model calculations and experimental data suggest 

that an O:C ratio of 0.5, corresponding to the oxidation level of the α-pinene SOA in this study, 20 

is sufficient to remove miscibility limitations for compounds that are composed of hydroxyl 

and/or acid groups (Bertram et al., 2011; Petters et al., 2016). Further discussion of LLPS on 

droplet activation is included in Supplementary Information.  
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The above analysis is based on κ-Köhler theory, in which the hygroscopic parameter κ is 

derived assuming the surface tension of water for activating droplets. Surface active compounds 

may reduce the surface tension, potentially altering the mechanism by which CCN activation 

proceeds. However, surface active compounds preferentially concentrate on the droplet surface, 

leading to their depletion in the droplet bulk. As a result, a reduced Raoult’s effect increases 5 

equivalent water vapor pressure, compensating the reduced water vapor pressure due to lower 

surface tension. While surfactants may strongly influence the shape of Köhler curve and 

therefore droplet growth kinetics (Ruehl et al., 2016), their impact on the effective 

hygroscopicity parameter is likely minor for most mixtures (Forestieri et al., 2018; Nakao, 2017; 

Prisle et al., 2010; Sorjamaa et al., 2004; Topping, 2010), even for very strong surfactants 10 

(Petters and Petters, 2016). Here, the main question is whether it is plausible that the interfacial 

mechanism can exactly compensate the predicted solubility effects reported in Fig. 2, such that 

the net result would be the constant κorg as a function of xAS reported in Fig. 1. Such hypothetical 

compensation cannot be replicated using theory that includes surface/bulk partitioning (see 

Supplementary Information). However, we note that the interplay of solubility, LLPS, and 15 

surface tension during activation remains poorly understood. Several new mechanisms have been 

proposed (Noziere et al., 2014; Ovadnevaite et al., 2017; Ruehl et al., 2016) although limited 

data are available to test these to date. A discussion of these new mechanisms is given in 

Supplementary Information. Until evidence is presented to the contrary, we expect that exact 

compensation between solubility limitations and an interfacial mechanism resulting in constant 20 

κorg vs. xAS is unlikely.  
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3.4 Potential causes for the lack of solubility limitation on the droplet activation of SOA 

particles  

As shown by the simulations above and earlier studies (e.g., Riipinen et al., 2015), water 

solubility can substantially influence the CCN activation for sparingly soluble compounds with 

10-4 < C < 0.05. The amount of sparingly soluble species dissolved at the point of activation and 5 

therefore the effective hygroscopicity is sensitive to the water solubility, inorganic volume 

fraction, and particles size (Bilde and Svenningsson, 2004). Because the solubility of some major 

monoterpene SOA products (e.g., Pinonic acid has a solubility of 5.5×10-3, Kuwata et al., 2013) 

falls within this range, it is surprising that κorg is independent of xAS and droplet activation is not 

limited by organic water solubility for SOA particles with xAS as low as 3%. Why might this be 10 

the case?  

First, SOA is a mixture of hundreds of organic compounds, some of which are 

sufficiently water soluble. Similar to ammonium sulfate, water uptake by these water-soluble 

organics increases the amount of water in the growing droplet that is available for solvation of 

organics with low water solubility. Such an effect is evident from the simulated κorg for particles 15 

consisting of organics with a distribution of solubilities (Supplementary Information, Fig. S7). 

Second, the lack of solubility limitation may be partially due to the non-ideality of the mixtures 

in the particle organic phase. For example, in a mixture of non-interacting solids, the components 

behave independently of one another (i.e., solubility not affected by the presence of other solids, 

and the dissolution behavior of each species is the same as their behavior as pure components.). 20 

As secondary organic aerosols consist of a large number of compounds, the mass of each 

compound may be sufficiently small to completely dissolve at the point of activation. Third, bulk 

solubility values such as that quoted for pinonic acid are referenced against a pure crystalline 
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reference state. These values are likely not applicable for the complex multicomponent SOA 

mixtures where compounds are present in an amorphous organic state (Shiraiwa et al., 2017). 

The amorphous phase state may either be the thermodynamic stable state (Marcolli et al., 2004), 

or a metastable state that formed because the nucleation step required for crystallization did not 

occur, even though the particle is dry (Mikhailov et al., 2009). Upon humidification of the 5 

amorphous particle sparingly soluble compounds can freely partition into the liquid phase. Thus, 

the effect of sudden dissolution of a crystalline state at the saturated solution, which is 

underlying the solubility theory used to construct Fig. 2 does not apply.  

3.5 Causes for the increasing effective organic hygroscopicity with oxidation level 

Because isoprene and monoterpenes represent major biogenic SOA precursors and 10 

toluene is among the major precursors of anthropogenic SOA, the lack of solubility limitation on 

CCN activation shown above suggests that the increase of SOA κorg with increasing O:C 

observed in both laboratory and field studies is unlikely due to an increase of polarity and 

solubility for the more oxidized organic compounds. As SOA formed in our chamber 

experiments have O:C closely resembling fresh, unaged SOA reported in the field measurements, 15 

and are already fully dissolved at the point of activation, we expect the CCN activation is not 

limited by solubility for more oxidized SOA with higher O:C ratio (i.e., more polar organic 

molecules). The O:C values for SOA examined in this study is listed in Table S1 of 

Supplementary Information. In the absence of solubility limitation, κorg is essentially the same as 

κorg,intr, and is controlled mainly by molar volume (Eq. 2). This has been shown by earlier studies 20 

for pure organic compounds with sufficient solubility (Kuwata et al., 2013; Petters et al., 2009; 

Petters et al., 2016). Given the relatively narrow range of SOA density, the increasing κorg with 

O:C suggests a negative correlation between the molecular weight and O:C for secondary 
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organic species. Such negative correlation is likely due to the following two reasons. First, 

secondary organic species formed from smaller precursor VOCs tend to have a lower molecular 

weight, and they need to be more oxidized (i.e., higher O:C) such that their volatilities are 

sufficiently reduced for effectively partitioning into particle phase. The lower carbon number for 

SOA species formed from smaller VOCs also contributes to an increased O:C ratio. This trend is 5 

evident from Fig. 3, which shows both O:C and κorg are negatively correlated with carbon 

number of precursors for SOA examined in this study.  This trend is also consistent with the 

negative correlation between SOA hygroscopic growth factor and the precursor molecular 

weight observed in a previous study (Varutbangkul et al., 2006).  

Second, there are several processes, including functionalization, fragmentation, and 10 

oligomerization, during the aging of SOA, Lambe et al. (2011) studied κorg of SOA generated in 

laboratory experiments from 14 atmospherically representative biogenic and anthropogenic 

VOC. They found that for SOA formed from the same VOC, increased OH exposure leads to 

SOA with higher κorg and O:C. Such increase of κorg with O:C for SOA generated from the same 

VOC may be partially due to fragmentation, which leads to molecules with increased O:C and 15 

lower molecular weight, therefore higher κorg value (Eq. 2). This process likely contributes to the 

increasing κorg with O:C observed for ambient aerosols as well. Insights on chemical mechanism 

during oxidation can be obtained by examining the Van Krevelen diagram (Heald et al., 2010), 

which shows the variation of H:C as a function of O:C. Lambe et al. (2011) showed that as OH 

exposure increases, the variation of H:C vs. O:C largely follows a line with a slope close to -0.5 20 

for SOA formed from α-pinene, β-pinene, toluene, m-xylene, and mesitylene in an oxidation 

flow reactor. For SOA formed from VOC of larger molecular weight such as n-decane, n-

heptadecane, and diesel fuel, the slope of (ΔH:C)/(ΔO:C) is about -0.5 when O:C ratio is above 
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~0.5, whereas the slope is steeper for O:C below 0.5. Ng et al. (2011) also found the variation of 

H:C vs. O:C follows a (ΔH:C)/(ΔO:C) slope of -0.5 for ambient secondary organic aerosols 

measured at all sites examined in that study. A (ΔH:C)/(ΔO:C) slope of -0.5 is consistent with 

the addition of a carboxylic acid group to the site of a C‐C bond cleavage (Kroll et al., 2009). 

The net effect would be to replace a −CH2− group with a −COOH group, resulting a slope of -0.5 5 

for (ΔH:C)/(ΔO:C). As organics become more oxidized during gas phase oxidation of VOC, the 

dominant reaction transitions from functionalization to fragmentation (Lambe et al., 2012; Zhao 

et al., 2015). Other studies also suggest that at O:C value of 0.4, about 80% gas phase oxidation 

leads to fragmentation (Donahue et al., 2012; Jimenez et al., 2009). A fraction of the fragmented 

molecules, which have reduced molecular weight and higher O:C can contribute to SOA by 10 

partitioning. We note auto-oxidation can also produce highly oxidized organics that contribute 

substantially to SOA (Ehn et al., 2014). For heterogeneous oxidation, fragmentation completely 

dominates once the organics reach O:C value of 0.4, and the increase in O:C ratio upon further 

oxidation is due to the loss of carbon rather than the addition of oxygen (Kroll et al., 2009). As 

an example, the fragmentation during heterogeneous oxidation of azelaic acid leads to lower 15 

molecular weight and high κorg value, albeit for hygroscopic growth under sub-saturated 

conditions (Cappa et al., 2011). In addition to functionalization and fragmentation discussed 

above, oligomerization also occurs during the formation and aging of the SOA. Laboratory-

generated and ambient SOA particles may consist of substantial amount of oligomers that 

significantly impact SOA volatility (Kalberer et al., 2004). Several studies suggest that the 20 

formation of oligomers may occur on fast time scales, ranging from less than 1 min to ~ 30 min 

(e.g., Kolesar et al., 2015; Zaveri et al., 2018).  
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Further evidence for the fragmentation of organics during oxidation may derive from the 

hygroscopicity of highly oxidized SOA formed from precursors with large molecular weight. For 

example, highly oxidized SOA formed from n-heptadecane (C17H36) reaches a κorg value above 

0.2 at O:C value of 1.0 (Lambe et al., 2011). Based on the organic density estimated from the 

O:C value of 1.0 and Eq. 2, a κorg value of 0.2 indicates a molecular weight between 130 and 160 5 

g mol-1, corresponding to molecules with 4 to 6 carbon atoms. The above estimate assumes 

organics are completely dissolved at the point of activation (i.e., κorg=κorg, intr) and that non-ideal 

solution effects are negligible. If the organics are only partially dissolved, the molecular weight 

would have to be even lower. As the precursor molecules have 17 carbon atoms, this indicates 

substantial fragmentation during the formation and oxidation of SOA, which leads to increased 10 

κorg.  

3.6 A model for predicting the dependence of effective organic hygroscopicity on oxidation 

level 

Whereas the variation of precursor molecule size and fragmentation during oxidation 

described above explain the general trend of increasing κorg with the oxidation level, laboratory 15 

SOA generated from a wide range of precursors with different vapor pressures, molecular 

weights and structures, exhibit nearly the same relationship between κorg and O:C (Lambe et al., 

2011). During the recent GoAmazon 2014/5 field campaign, κorg of various SOA components 

was derived and the variation of κorg with O:C also follows a similar relationship to that observed 

in laboratory studies (Thalman et al., 2017). While such a “universal” relationship allows 20 

efficient parameterization of κorg based on O:C, it also raises a question why such a “universal” 

relationship is applicable to SOA generated from a range of precursors and under different 

conditions. As we show next, this “universal” relationship to a large degree derives from the 
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interplay among molecular weight, oxidation level, and volatility in the absence of solubility 

limitation on droplet activation. In essence, to have sufficiently low volatility and contribute 

substantially to SOA, smaller organic molecules, which have higher κorg values due to their lower 

molecular weight, need to be more oxidized (i.e., higher O:C). Taking advantage of the finding 

that droplet activation of representative SOA is not limited by water solubility, we construct a 5 

simple model of SOA hygroscopicity based on molecular weight, oxidation level, and volatility. 

This simple model can reproduce the relationship between κorg and O:C observed in the 

laboratory and field studies.  

The volatility of aerosol organics can be estimated using a simple three-parameter group 

contribution expression (Donahue et al., 2011): 10 

*log 0.475 ( 25) 1.7C OC n n              (3) 

where C* (μg/m3) is the volatility at 293.15 K, nC and nO are the carbon number and oxygen 

number of organic molecules, respectively. Equation 3 indicates that adding a carbon reduces the 

volatility by about half a decade, while adding an oxygen atom on average reduces the volatility 

by approximately 1.7 decades. From Eq. 3, we can derive nO as a function of nC and logC*: 15 

*0.475 1
( 25) log

1.7 1.7O Cn n C             (4) 

The hydrogen number can then be estimated using the approximation (Donahue et al., 2011; 

Heald et al., 2010): 

2H C O Cn n n n           (5) 
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Once nC, nO, and nH are available, molecular weight and the organic density can be derived from 

H:C and O:C ratios (Kuwata et al., 2012). The approximation of Eq. 5 has negligible impact on 

the molecular weight given the low atomic mass of hydrogen.  

As the CCN activation of most SOA is not limited by its water solubility, κorg is the same 

as κorg, intr, which can be derived from organic density and molecular weight using Eq. 2, 5 

assuming a van’t Hoff factor of 1. Therefore, κorg and O:C can be derived from nC and logC* by 

combining Eq. 2-5. As an example, Fig. 4 shows nO, nH, molecular weight, and κorg as functions 

of carbon number for organic species with volatility C* of 0.1 μg/m3 (i.e., logC*=-1). For 

organic species with the same volatility, nO decreases with increasing nC, indicating that for 

organics with the same volatility, those with higher carbon number tend to be less oxidized. 10 

Despite a decreasing nO, molecular weight increases with increasing nC, leading to a lower 

hygroscopicity. 

Obviously ambient organic aerosols exhibit a range of volatility. Previous studies suggest 

that the mean logC* of ambient organics largely falls within the range of -5 to -1 (e.g., Saha et 

al., 2017; Stark et al., 2017). The value of κorg derived from Eq. 2-5 is plotted against O:C for 15 

organics with logC* value ranging from -5 to -1 in Fig. 5. For organics with the same volatility, 

κorg increases nearly linearly with O:C ratio. Despite the four orders of magnitude difference in 

C*, the derived variation of κorg with O:C falls within a relatively narrow band. Figure 5 also 

shows the linear relationship between κorg with O:C derived by Lambe et al. (2011) for 

laboratory generated SOA with a wide range of O:C values, SOA hygroscopicity derived from 20 

this study, and  hygroscopicity of SOA factors derived from the measurements during recent 

GoAmazon 2014/5 campaign (Thalman et al., 2017). For β-caryophyllene SOA, κorg shown in 

Fig. 5 is the average value when xAS is larger than 15% (i.e., when droplet activation is not 
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limited by the solubility of β-caryophyllene SOA). The uncertainty range of the relationship 

derived by Lambe et al. (2011) is shown as the shaded area in Fig. 5. The κorg values derived 

from both the laboratory studies and field observation largely fall within the range of κorg derived 

from Eq. 2-5 for O:C from 0 to 1.5, indicating the simple model successfully captures the major 

variation of κorg with O:C for SOA.  5 

The above derivation of the relationship assumes that molecules contain only hydroxyl 

and carbonyl groups (Donahue et al., 2011). While the volatility of molecules with other 

functional groups is less accurately represented, many typical functional groups in ambient 

aerosol organics are reasonably approximated as carbonyls, alcohols, or some combination of the 

two (Daumit et al., 2013). For example, an acid group decreases saturation vapor pressure by 10 

3.58 decades, similar to 3.4 (i.e., 1.7×2) indicated by Eq. 3. While not all functional groups (e.g., 

Acyclic ethers) are well represented by the above treatment (Daumit et al., 2013), we expect the 

general trend that nO decreases with increasing nC for organic compounds with the same 

volatility is robust. As the modeled relationship between κorg and O:C falls within a relatively 

narrow area for organics with mean logC* ranging from -5 to -1, the uncertainties associated 15 

with the Eq. 3 is unlikely to substantially change the modelled relationships. Similar expressions 

of logC* as a function of carbon and oxygen numbers were also proposed in earlier studies 

(Daumit et al., 2013; Nakao, 2017; Pankow and Asher, 2008), and they do not lead to substantial 

differences in the results presented below. The good agreement between the modeled 

relationships and those derived from laboratory and field measurements suggests that the 20 

increasing SOA hygroscopicity with O:C to a large degree derives from the relationship among 

molecular weight, O:C, and volatility that controls gas-particle partitioning and formation of 

SOA.  
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While the results indicate that droplet activation and κorg are not limited by water 

solubility for most SOA, we note primary organic aerosols are often hydrophobic, and droplet 

activation of these particles is expected to be strongly limited by the very low solubility of 

primary organic species. Lambe et al. (2011) showed that the relationship between κorg and O:C 

for oxidize POA differs from that of SOA, suggesting that at the same O:C, oxidized POA have a 5 

lower κorg value than SOA due to the limitation of solubility.  

 

4. Conclusion 

Organic aerosols were generated by condensation of secondary organic species onto 50 

nm ammonium sulfate seeds in a steady state environmental chamber. For SOA generated from 10 

α-pinene, Δ-3 carene, isoprene, and toluene, the effective hygroscopicity of organic species 

remains largely constant for particles with different sulfate volume fraction, suggesting that for 

most SOA, the droplet activation is not limited by organic water solubility, and κorg is controlled 

mainly by the molecular weight of the organic species. This indicates that the increase of organic 

hygroscopicity with the organic oxidation level cannot be attributed to higher water solubility of 15 

more oxidized organic compounds. Instead, the increase of the organic hygroscopicity with 

oxidation level is to a large degree due to that (a) SOA formed from smaller parent VOC 

molecules tend to have lower molecular weight and are more oxidized and (b) during oxidation 

of SOA, fragmentation reactions produce organic molecules with lower molecular weight and 

therefore higher hygroscopicity. Taking advantage of the finding that droplet activation of SOA 20 

is not limited by water solubility, we developed a simple model of SOA hygroscopicity based on 

molecular weight, oxidation level, and volatility. This model is shown to reproduce the variation 
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of κorg with O:C observed from previous laboratory and field studies. These results provide a 

mechanistic understanding of the variation of organic hygroscopicity, which is expected to help 

improve the quantification of aerosol impact on clouds and climate.   
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Table 1. The molecular formula, molecular weight, density, and intrinsic organic hygroscopicity 

derived using Eq. 2 for major monoterpene SOA products. The density was calculated from O:C 

and O:H values (Kuwata et al., 2012).  

Major monoterpene SOA 
Products  

Molecular 
formula 

MW  

(g mole-1) 
Density 
(g cm-3) 

κorg, intr 

Pinonaldehyde C10H16O2 168 1.06 0.11 

Pinic acid C9H14O4 186 1.24 0.12 

Pinonic acid C10H16O3 184 1.13 0.11 

Norpinonic acid C9H14O3 170 1.17 0.12 

3-Oxo-pina Ketone C7H8O2 124 1.27 0.18 

Limonic acid C9H14O4 186 1.24 0.12 

Limonaldehyde C9H14O2 154 1.09 0.13 

7-Hydroxylimonic acid C10H16O4 180 1.20 0.12 

 5 
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Figures: 

 

Figure 1. Effective organic hygroscopicity κorg as a function of particle sulfate volume fraction 

for secondary organic aerosols formed from isoprene (68 g mol-1), α-pinene (136 g mol-1), β-5 

caryophyllene (204 g mol-1), and toluene (92 g mol-1). The error bar represents the uncertainty (1-

σ) of the effective organic hygroscopicity derived from size-resolved CCN measurements.  
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Figure 2. Simulated effective organic hygroscopicity for particles grown from 50 nm ammonium 

sulfate seeds by condensation of secondary organic species with κorg,intr = 0.15. The effective 

organic hygroscopicity is shown as a function of sulfate volume fraction for organic solubility C 5 

ranging from 1×10-5 to 5×10-2. 
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Figure 3. κorg (blue square) and O:C (green circle) as a function of precursor VOC carbon 

number for SOA formed from isoprene, monoterpene, β-caryophyllene, and toluene in this study. 

For β-caryophyllene SOA, κorg is the average value when xAS is larger than 15% (i.e., when 5 

droplet activation is not limited by the solubility of β-caryophyllene SOA). 
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Figure 4. Oxygen and hydrogen numbers (a) and molecular weight and κorg (b) as functions of 

carbon number for organics with volatility C* of 0.1 μg/m3 (i.e., logC*=-1)  

  

(a) (b)
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Figure 5. Predicted variation of κorg as a function of O:C for organics with mean logC* ranging 

from -1 to -5. Also shown are κorg of SOA Positive Matrix Factorization (PMF) factors derived 

from measurements during GoAmazon 2014/5 (Thalman et al., 2017), κorg for SOA formed from 

isoprene, monoterpene, β-caryophyllene, and toluene in this study, and the relationship between 5 

κorg and O:C for SOA derived from a laboratory study (Lambe et al., 2011). The shaded area 

represents the uncertainty in the derived relationship (Lambe et al., 2011).  
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