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 14 

ABSTRACT 15 

The compositions of six aggregated aerosol samples from the Storm Peak site have been comprehensively 16 

analysed (Hallar et al., 2013), focusing particularly on the large water-extractable organic fraction which 17 

consists of both high molecular weight organic compounds and a range of acids and sugar-alcohols. The 18 

contribution of the soluble organic fraction of atmospheric aerosols to their hygroscopicity is hard to 19 

quantify, largely because of the lack of a detailed knowledge of both composition and the thermodynamic 20 

properties of the functionally complex compounds and structures the fraction contains. In this work we: (i) 21 

develop a means of predicting the relative solubility of the compounds in the water-extractable organic 22 

material from the Storm Peak site, based upon what is known about their chemical composition; (ii) derive 23 

the probable soluble organic fraction from comparisons of model predictions with the measured 24 

hygroscopicity; (iii) test a model of the water uptake of the total aerosol (inorganic plus total water-25 

extractable organic compounds). Using a novel UNIFAC-based method, different assignments of functional 26 

groups to the high molecular weight water soluble organic compounds (WSOC) were explored, together 27 

with their effects on calculated hygroscopic growth factors, constrained by the known molecular formulae 28 

and the double bond equivalents associated with each molecule. The possible group compositions were 29 

compared with the results of ultrahigh resolution mass spectrometry measurements of the organic material, 30 

which suggest large numbers of alcohol (–OH) and acid (–COOH) groups. A hygroscopicity index (HI) was 31 

developed. The measured hygroscopic growth is found to be consistent with a dissolution of the WSOC 32 

material that varies approximately linearly with RH, such that the dissolved fraction is about 0.45 to 0.85 at 33 

90% relative humidity when ordering by HI, depending on the assumptions made. This relationship, if it 34 

also applies to other types of organic aerosol material, provides a simple approach to calculating both water 35 

uptake and CCN activity (and the κ parameter for hygroscopic growth). The hygroscopicity of the total 36 

aerosol was modelled using a modified Zdanovskii-Stokes-Robinson approach as the sum of that of the 37 

three analysed fractions: inorganic ions (predicted), individual organic acids and "sugar alcohols" 38 

(predicted), and the high molecular weight WSOC fraction (measured). The calculated growth factors 39 

broadly agree with the measurements, and validate the approach taken. The insights into the dissolution of 40 

the organic material seem likely to apply to other largely biogenic aerosols from similar remote locations. 41 

Keywords: Hygroscopicity, soluble aerosol material, organic aerosol composition, aerosol growth factors, 42 

thermodynamic modelling.  43 

44 
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1. Introduction 45 

The hygroscopicity of the mixtures of soluble compounds present in atmospheric aerosols varies in a 46 

complex way with aerosol composition, ambient relative humidity (RH), and temperature (e.g., Seinfeld and 47 

Pandis, 2006; Jacobson, 1999). Water uptake, leading to changes in aerosol size, is a major influence on 48 

aerosol optical properties with implications for climate effects, visibility, and health (Boucher et al., 2013; 49 

2013; Seinfeld and Pandis, 2006; Pope and Dockery, 2006; Vu et al., 2015). Our ability to quantitatively 50 

model hygroscopicity is limited by both practical and theory-related factors: First, our knowledge of aerosol 51 

composition is often limited. This is particularly true of the secondary organic fraction (e.g., Kanakidou et 52 

al., 2005), but even the analysis of inorganic ions may be incomplete (for example, some ions may not be 53 

analysed for, and aerosol acidity cannot be measured directly). Second, the prediction of the equilibrium 54 

water activity of aqueous solutions requires complex models (e.g., Fountoukis and Nenes, 2007; Tong et al., 55 

2008, Zaveri et al., 2008; Zuend et al., 2008; Wexler and Clegg, 2002) and remains problematic in low 56 

relative humidity conditions for all but the simplest aerosols. The phase state of the aerosol (for example 57 

which inorganic components are present largely as solids) may deviate from thermodynamic equilibrium by 58 

being supersaturated with respect to one or more salts (Martin, 2000) to an extent that is difficult to 59 

determine directly. There are few thermodynamic models that are suitable for predicting the water uptake of 60 

the soluble organic fraction of the aerosol, which is known to be complex and contain compounds of widely 61 

varying molar mass, functional group composition, and degree of oligomerisation. The UNIFAC model 62 

(Fredenslund et al., 1975) was developed for mixtures of water and organic compounds of arbitrary 63 

functional group composition, but is primarily intended for molecules containing small numbers of 64 

functional groups that are much simpler that the complex structures found in secondary organic aerosols 65 

(Hallquist et al., 2009). Nonetheless, it has been adapted and extended to include inorganic ions by Zuend et 66 

al. (2008), for use in atmospheric science research, and also incorporated into the Extended Inorganics 67 

Aerosol Model (E-AIM) of Wexler and Clegg (2002) using the approach demonstrated by Clegg et al. 68 

(2001).   69 

In the light of the above, simplified treatments of aerosol hygroscopicity are needed, although they should 70 

be based upon the measured composition of the atmospheric aerosol to the extent possible (or required by 71 

the application). For example, the Zdanovskii-Stokes-Robinson relationship (ZSR) (Stokes and Robinson, 72 

1966) has long been used to estimate the water uptake of aerosols in terms of the sums of the amounts of 73 

water that would be taken by individual components at the same RH and temperature (e.g., Jacobson, 1999; 74 

Tong et al., 2008).  This relationship is typically applied using individual inorganic salts as components, but 75 

is readily extended to treat the total inorganic and organic fractions as components, and using separate 76 

models to estimate the water uptake of the two fractions (see section 4 of Clegg and Seinfeld, 2006a). The 77 

"kappa" (κ) single parameter representation of aerosol water uptake (Petters and Kreidenweis, 2007), and 78 

the derived relationship between aerosol dry diameter and cloud condensation nucleus activity, has also 79 

proven very successful in interpreting the results of laboratory measurements of CCN activity. This is true 80 

of both simple inorganic aerosols, and complex real aerosols collected in field campaigns (whose 81 

composition may not be known). Recently Petters et al. (2017) have explored how the number and location 82 

of organic functional groups affect the CCN activity of individual organic compounds. 83 

Hallar et al. (2013), and references therein, have presented a detailed chemical analysis of composite 84 

aerosol samples collected using a high-volume sampler at Storm Peak Laboratory in Colorado, 85 

encompassing inorganic ions, many individual organic acids and sugar-alcohols, and other  higher 86 

molecular weight water-soluble organic carbon (WSOC, consisting of thousands of individual structures or 87 

compounds). Hygroscopic growth factors of the soluble aerosol material, both total and WSOC-only, have 88 

been measured using a tandem differential mobility analyser (TDMA) by Taylor et al. (2017), who 89 

interpreted their results in terms of the κ parameter (e.g., see their Figure 4). The well characterised 90 
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composition of the aerosol, especially the organic fraction, allows composition-based approaches to 91 

modelling hygroscopicity to be investigated. In this work, we first explore approaches to modelling the 92 

water uptake of the WSOC material using UNIFAC and investigate different methods of functional group 93 

assignment to the WSOC molecules. The degree to which they are soluble is assessed, at different relative 94 

humidities, by comparisons with measured growth factors. Finally, a ZSR-based method is used to estimate 95 

the water uptake of the total aerosol as the sum of that calculated for the inorganic fraction (using the E-96 

AIM model of Clegg and co-workers, Wexler and Clegg, 2002), the organic acids and sugar-alcohols (using 97 

UNIFAC), and the separately measured growth factors of the high molecular weight WSOC material.    98 

 99 

2. Data 100 

The sampling of atmospheric aerosols was performed from 24 June to 28 July 2010 at the Storm Peak 101 

Laboratory (3210 m above sea level, ASL), which is a remote continental site near Steamboat Springs 102 

(Colorado, USA). These aerosols are likely to be typical of many remote locations dominated by biogenic 103 

aerosol formation and the results of this study are likely to apply to similar aerosols elsewhere. The 104 

sampling protocol, treatment of the aerosol samples, and the chemical analyses are described by Hallar et al. 105 

(2013). Briefly, the samples were collected on two types of filters: (i) Teflon impregnated glass fiber filters 106 

(TIGF, filter size 8” × 10”, Fibrefilm T60A20, PALL, Port Washington, NY) for sampling of PM2.5 at a 107 

flow rate of ~ 1 m3 min-1, and (ii) pre-fired quartz-fiber filters  (filter size: 47 mm; 2500 Pallflex QAT-UP, 108 

PALL, Port Washington, NY) for sampling of aerosols at a flow rate of ~0.11 m3 min-1. Daily filter samples 109 

were combined into six composites (the S1 to S6 that are the subject of this study) based on meteorological 110 

conditions and backward trajectories (Hallar et al., 2013). Material from the TIGF filters was used for the 111 

analysis of inorganic ions, individual water-soluble organic compounds (Samburova et al., 2013), molecular 112 

formula characterization of the higher molecular weight water-soluble organic fraction (Mazzoleni et al., 113 

2012), and hygroscopicity measurements of water extracts with a TDMA (Taylor et al., 2017). These 114 

hygroscopicities include those of both the total water-soluble aerosol material (containing the inorganic 115 

ions), and measurements for the high molecular weight water soluble organic matter only. Quartz fiber 116 

filters were used for analysis of bulk elemental carbon (EC), organic carbon (OC), and water-soluble 117 

organic carbon (WSOC) (Hallar et al., 2013; Samburova et al., 2013). 118 

All samples were analysed for the inorganic ions Na+, K+, Mg2+, Ca2+, SO4
2-, NO3

- and Cl- by ion 119 

chromatography and automated colourimetry (NH4
+ only) (Samburova et al., 2013); and for individual polar 120 

organic species (acids, sugars, sugar alcohols, sugar anhydrates, and lignin derivatives) by a combination of 121 

IC and GC-MS (Samburova et al., 2013). The extraction of the other water-soluble organic matter (WSOC), 122 

using XAD-8 and XAD-4 resins, is also described by Samburova et al. (2013). The WSOC compounds 123 

were characterised by ultrahigh resolution Fourier transform-ion cyclotron resonance MS (FT-ICR MS) 124 

(see Mazzoleni et al., 2012). The composite samples are referred to in this work as S1-S6 (total water-125 

soluble aerosol material), and SX1-SX6 (water-soluble high molecular weight organic matter only). A 126 

schematic diagram of the chemical analyses carried out on the samples is shown in Figure 1 of Hallar et al. 127 

(2013). 128 

Because the classes of individual polar organic species listed above are only weakly retained by the two 129 

resins used to extract the WSOC from the total water-soluble aerosol material, the WSOC extracts contain 130 

almost entirely the compounds analysed by FT-ICR MS. Thus only small residual amounts of the ions and 131 

individual organic species were analysed in the samples of total water-soluble organic material (Hallar et al., 132 

2013). The results of the FT-ICR MS measurements are expressed in terms of relative amounts of each of 133 

the identified molecular formulae, of which there were several thousand for each sample. The amounts of 134 
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WSOC in the total samples (i.e., before extraction with the resins), and from them the amounts in the 135 

aerosol in ng C m-3, were determined by Shimadzu total organic carbon analyser (model TOC-VCSH) 136 

(Hallar et al., 2013). The absolute amounts of each of these molecules, per m3, were estimated by 137 

subtracting the summed concentration of polar organic molecules (in ng C m-3) from the concentration of 138 

total water-soluble organic matter to obtain that attributable to the components identified by FT-ICR MS.  139 

The relative compositions of composite samples S1-6 are summarised in Figure 1(a,c) as both mass % and 140 

mole % of inorganic ions, polar organic molecules, and the higher molecular weight WSOC fraction. It is 141 

clear that the inorganic ions dominate the composition of samples S1 and, to a lesser extent, S3. By contrast 142 

the ions appear to make up only about 25 mole % of sample S2, and occur in the lowest absolute 143 

concentration in sample S5 (3.66 nmol m-3, which is about a factor of 3 lower than in the other samples, see 144 

Table 1). The polar organic molecules range from about 11 to 23 mole % of the total sample. Sample S2 145 

stands out as containing the largest fraction of WSOC material.   146 

The relative compositions of the water soluble organic matter extracts (SX1-SX6) shown in Figure 1(b,d)  147 

confirm the low concentrations of both the residual polar organic molecules and inorganic ions. The mole 148 

percentage of the WSOC compounds analysed by FT-ICR MS is always greater than 75 mole %, and for 149 

two samples is greater than 90 mole %. The mole percentages of ions – which have a large influence on 150 

hygroscopicity compared to organic compounds – are well below 10 %. Thus, the measured hygroscopicity 151 

of these sample extracts is expected to be controlled mainly by the WSOC compounds (and not the ions or 152 

the individual polar organic compounds). 153 

We note that growth factors of aerosols of extract SX5 were not measured, thus we have not modelled this 154 

property for either SX5 or S5. The compositions of the samples and extracts, in terms of each of the three 155 

components, are discussed in more detail below.  156 

2.1. Inorganic ions 157 

The inorganic compositions of all samples and extracts are listed in Table 1. Total ion concentrations range 158 

from 3.66 nmol m-3 (S5) to 14.07 nmol m-3 (S1). The dominant anion is SO4
2- in all samples except S4 in 159 

which NO3
- is the principal anion. Ammonium (NH4

+) is the major cation, followed by K+. There are also 160 

significant concentrations of Ca2+ and Mg2+. The charge imbalances between the cations and anions in each 161 

sample – also listed in Table 1 – are large and negative in four out of the six samples. The effect of aerosol 162 

H+ in the samples, if the total SO4
2- in the samples was present as HSO4

- or H0.5SO4
1.5- rather than simply 163 

SO4
2-, is shown in the last two rows in Table 1. These alternative charge balances, if realistic, suggest that 164 

the levels of acidity in the aerosols are at or between these limits for samples S1-S3, and S6. Sample S5 165 

appears to be nearly neutral. Sample S4 is an outlier in these calculations, having apparently low SO4
2- 166 

concentration but high NH4
+. There is a large excess of positive charge for this sample. The analytical 167 

uncertainties in the measured inorganic ion concentrations listed in the Table are of the order of 13%, and 168 

do not explain the magnitude of the differences observed. Nor do the results of these comparisons relate in 169 

any obvious way to the source trajectories of the samples.  170 

The ion concentrations in the extracts SX1-SX6 are lower than in the total sample by well over an order of 171 

magnitude, as expected. The magnitude of the charge imbalances (see last line of Table 2), which for these 172 

samples are mostly positive, are likely to be due to the effects of the larger experimental uncertainty in the 173 

determination of ion concentrations. However, because the ions have very low absolute concentrations in 174 

the extracts (see Fig. 1d) the effect of errors on the calculated hygroscopicity will be small. 175 

2.2 Polar organic compounds 176 
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The concentrations of the 47 polar organic compounds measured by Samburova et al. (2013) are 177 

summarised in Table 3 and listed individually in Table S1 of the Supplementary Information. For full 178 

details, see Tables S3-S5 in the Supplementary Information to Samburova et al. (2013). The total 179 

concentrations range from 0.9 (S5) to 2.29 nmol m-3 (S1), with the bulk of the compounds consisting of low 180 

molar mass acids, and sugars.  181 

2.3 WSOC compounds 182 

The organic compounds determined by Mazzoleni et al. (2012) in the water-soluble organic material 183 

extracts using ultrahigh resolution FT-ICR MS are summarised in Table 4 (and are listed in full in the 184 

Supplementary Information to their publication). Total concentrations, per m3, are given for both the S1-6 185 

and SX1-6 samples. Very large numbers of molecules (containing two or more of C, H, O, N, and S atoms) 186 

were determined – 3881 in the case of sample S4 – a large fraction of which are common to all samples, as 187 

shown by the last line in Table 4. Thus, the WSOC organic material in the six composite samples appears to 188 

be rather similar. The mean, concentration weighted, number of carbon atoms in each molecule is about 17 189 

in all samples, and the mean molar masses vary over a relatively small interval (368.5 to 392.1 g). The 190 

numbers of carbon atoms in the molecules range from 3 to 45. Thus, it would be expected that some 191 

fraction of this organic material (i.e., the molecules with large numbers of carbon atoms) might be insoluble 192 

in water at the relatively high liquid phase concentrations encountered during the hygroscopicity 193 

measurements. Relative abundances of molecules containing different numbers of carbon atoms are 194 

discussed by Mazzoleni et al. (2012), and illustrated in their Figures 4 to 6.  195 

In addition to the full scan analysis, FT-ICR MS/MS fragmentation analysis was used to investigate the 196 

functional groups present in the identified molecular formulae in sample extract SX4. Due to the extreme 197 

isobaric complexity of water-soluble organic aerosol, individual mass spectral peaks could not be isolated for 198 

fragmentation. Instead small mass range windows (6 or 10 u) were selected for fragmentation, consistent with 199 

LeClair et al. (2012). Each mass window was defined by a central mass selected at intervals of 5 u (m/z 180, 200 

185, etc.) over the range of m/z 160 - 365 and then every 10 u over the range of m/z 365-485. Ultrahigh 201 

resolution analysis using FT-ICR MS was done on both unfragmented ions (representing precursor ions) and 202 

the fragmented ions after collision induced dissociation (representing product ions). Molecular formulae were 203 

then assigned to the collected ultrahigh resolution mass spectra using Composer software as described in 204 

Mazzoleni et al. (2012). The resulting precursor and fragment formulas were  paired based on the exact mass 205 

differences associated with expected common neutral losses (e.g., CO2, H2O, etc.). A total of 1471 precursor 206 

formulas were assigned to the studied mass ranges and 100% of them were also found in the full scan analysis 207 

of this same sample reported in Mazzoleni et al. (2012). 208 

Quantitative information regarding the molecules in this component of the aerosol is limited to the amounts, 209 

numbers of C, H, O, N, and S atoms in each molecule, and the numbers of double bond equivalents (DBE). 210 

These are defined by: DBE = C – H/2 + N/2 + 1, where C, H, and N are the numbers of atoms of each of the 211 

three elements in the molecule. Note that one ring counts as 1 DBE, a triple bond counts as 2 DBE and an 212 

aromatic ring is 4 DBE (one for the ring plus one for each C=C). It is polar groups such as –OH and –213 

COOH that particularly influence solubility in water and the relationship between water activity 214 

(equilibrium RH) and concentration or hygroscopicity. The results of the FT-ICR MS analysis give some 215 

insight into the abundances of the different functional groups in the WSOC material for sample SX-4, in the 216 

following way. A total of 21 different neutral losses were observed for the studied precursor and fragment 217 

ion molecular formulas based on exact mass difference pairing. For example, a neutral loss of H2O is 218 

indicative of a hydroxyl functional group (–OH) and a neutral loss of CO2 is indicative of a carboxyl 219 

functional group (–COOH). Likewise, a neutral loss of CH2O3 is indicative of two functional groups 220 

(carboxyl (–COOH) and hydroxyl). Combinations of neutral losses are expected for multifunctional 221 
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compounds such as those present in water-soluble organic aerosol, and multiple neutral losses were found 222 

to be associated with many of the precursor formulae. Roughly 70% of the precursor formulae showed 5 or 223 

more neutral losses and 36% showed 8 or more neutral losses. This high number of neutral losses suggests 224 

the presence of multiple structural isomers per assigned molecular formula, an observation supported by 225 

Zark et al. (2017). 226 

The neutral losses were grouped into five major categories: CO2 losses, H2O losses, methoxy losses, 227 

aldehyde losses, and nitrogen and/or sulfur losses. Some neutral losses can fit into two categories, for 228 

example the CH2O3 loss mentioned previously is classified as both a CO2 loss and an H2O loss because both 229 

functional groups are contained within that neutral loss. This means that some losses will be counted twice, 230 

once in two different categories. The two most abundant loss categories were CO2 and H2O, which were 231 

observed for 1279 (86.9%) and 1339 (91.0%) of the precursor formulas overall. The two next most 232 

abundant were aldehyde (1148, 78.0%) and methoxy (978, 66.5%) group neutral losses. The complete 233 

breakdown of this is shown in Table 5, and the results are discussed further in the Appendix. 234 

 235 

3. Functional Group Compositions and Hygroscopicity of the WSOC Compounds 236 

Predictions of the water uptake of the WSOC fraction of the aerosol, apart from the simple assumption of 237 

Raoult's law behaviour and the fraction of the material that dissolves, require estimates of the compositions 238 

of the individual molecules in terms of the functional groups present. With this knowledge, thermodynamic 239 

models such as UNIFAC (Fredenslund et al., 1975) can be used. In this work, we compare both approaches. 240 

The UNIFAC model predicts the activities of the constituents of liquid mixtures of organic compounds and 241 

water based upon the compositions of the molecules in terms of their functional groups. The model contains 242 

parameters that express the interactions between the functional groups, which have been determined by 243 

fitting vapour/liquid equilibrium and other data for very large numbers of liquid mixtures. Neither the 244 

positions of the groups within each molecule, nor the effects of scaling when multiple instances of a single 245 

group are present in a molecule (their contributions are broadly additive), are considered. The defined 246 

functional groups are restricted to those for which there are data. These are mostly from measurements for 247 

compounds that are used in industry and/or are common in nature, and which generally contain few 248 

functional groups. This contrasts with the composition of organic aerosols which analysis has shown to be 249 

multifunctional, have quite complex structures, and contain groups which are not currently included in 250 

UNIFAC.  251 

Because of the above limitations, estimates of the properties of this component of the organic fraction of the 252 

aerosol using UNIFAC can only be considered approximate at best. The calculations in this work, using 253 

UNIFAC, are probably best viewed as best semi-quantitative estimates of how the effects of non-ideality 254 

might affect calculated hygroscopicity relative to the assumption of Raoult's law. The groups in the 255 

UNIFAC model employed in this study are those listed by Hansen et al. (1991), Wittig et al. (2003), and 256 

Balslev and Abildskov (2002). Although these groups may only represent a subset of those present in the 257 

molecules in the samples, it is also true that the groups with the greatest influence on hygroscopicity are 258 

likely to be the highly polar ones which are well represented in the model. Sulphur and nitrogen containing 259 

groups, of which there are few in UNIFAC, are likely to be of little importance because the molecules 260 

containing them are present at very low concentrations in this fraction of the aerosol (an average of 0.23 261 

assigned sulphone, sulphide, thiol, or "nitro" groups per molecule, where the average total number of 262 

groups is 12.3). 263 
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We have estimated the compositions of the high molecular weight WSOC material in the samples in terms 264 

of the UNIFAC functional groups, based on the following assumptions: (i) the molecules consist either of 265 

chains of carbon atoms (with branches, if necessary, but not aliphatic rings), or a single aromatic ring with 266 

either one or two carbon chains attached; (ii) the only functional and structural groups present are those 267 

available within UNIFAC. This work, described in the Appendix, has enabled the calculation of equilibrium 268 

RH as a function of concentration for the WSOC compounds, including the effects of non-ideality, and also 269 

the development of a hygroscopicity index (see below) to help account for their solubilities. 270 

3.1 Hygroscopicity index 271 

The molecules in the WSOC material contain from 3 to 45 C atoms each. This large range in the number of 272 

C atoms implies significant variations in their solubility in water, and consequently hygroscopicity. Indeed, 273 

the molecules with the most carbon atoms seem unlikely to be soluble, even if they also contain polar 274 

functional groups. Also, the more aliphatic molecules – which tend to be larger – are less likely to be 275 

miscible with water.  In both cases, low solubility and low miscibility, the molecules will not contribute 276 

significantly to hygroscopicity. We have constructed a hygroscopicity index to attempt to assess this 277 

behaviour in a semi-quantitative way. We define the index value, HI(i), of a WSOC compound i by: 278 

 HI(i)  =  log10(xi* fi 
∞)     (1) 279 

where fi 
∞ is the activity coefficient of organic compound i at infinite dilution in water, relative to a 280 

reference state of pure liquid i, and xi* is the dry mole fraction of the compound in the WSOC sample of 281 

interest (i.e., not including water in the denominator). Values of fi 
∞ are calculated with UNIFAC, using the 282 

estimated functional group compositions from the Appendix, and are higher the less miscible in water the 283 

compound. The inclusion of xi* in the index takes account of the differing amounts of the compounds 284 

present: a largely non-miscible or insoluble compound may dissolve in water and contribute to the 285 

hygroscopicity if its concentration is very low (and therefore very dilute in the solution).  286 

We have calculated HI values for all WSOC molecules in the six sample extracts, and in Figure 2a they are 287 

shown plotted against cumulative mole fraction for sample SX1. The compounds are ranked in order of 288 

increasing HI. These calculations are for the base case group assignments (minimising the number of 289 

UNIFAC groups needed to describe each molecule). Results for the other samples are similar. Recall that, 290 

for a calculated activity of an organic compound in water (xi fi ), where xi is the mole fraction of compound 291 

i in solution, a value of unity indicates a concentration beyond which no dissolution of the compound can 292 

occur. Further additions of the compound, if it is liquid at the temperature of interest, would result in a 293 

phase separation. If it is a solid, then precipitation of the solid from solution would presumably have 294 

occurred at some lower activity. High values of HI correspond to non-hygroscopic, and probably insoluble 295 

compounds (even at high RH), while compounds with lower values are expected to be more soluble and 296 

hygroscopic over a wide RH range. A value of HI equal to unity does not have any particular significance. 297 

The overall shape of the curve in Figure 2a suggests that there are relatively few compounds –  less than 298 

about 25 mol% of the total material in the sample – with low solubility, and most of the compounds occupy 299 

a broad intermediate range. At low equilibrium RH it is expected that only the most soluble compounds (at 300 

the left of the plot) will dissolve and contribute to hygroscopicity. At higher RH, where more water would 301 

be present in the aerosol and the mole fractions (xi) of the organic compounds lower, a greater fraction of 302 

the compounds would be expected to dissolve. How do values of the index relate to carbon number and to 303 

the O:C ratios of the molecules? Both quantities are plotted for sample SX1 in Figure 2b, again ranked in 304 

order of increasing HI. The expected relationships, that low carbon number and high O:C ratio corresponds 305 

to high miscibility and hygroscopicity (and high carbon number and low O:C to low miscibility) can be 306 

seen in the figure. However, for the bulk of the material, of the order of 75%, there is considerable scatter 307 
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and the relationships are approximate only. In part this reflects the varying amounts present of compounds 308 

that may have similar carbon numbers and O:C ratios (and perhaps fi 
∞), but very different xi*. 309 

3.2 Categorising the compounds 310 

In order to investigate the variation of functional group composition with HI for sample SX1 we have 311 

divided the material shown in Figure 2 into 5 fractions containing equal moles of material: 0-20%, 20-40%, 312 

etc., so that the first group contains the most soluble fraction of the WSOC material (lowest HI values) and 313 

the fifth and last group contains the least miscible or soluble material (highest HI values). The average 314 

formulae of each group are shown in Figure 3a. As expected, the numbers of C and H atoms increase going 315 

from left to right (soluble to insoluble), although the numbers of O atoms vary little – evidently it is the 316 

increasing numbers of C and H that account for the reduction in expected solubility. Figure 3b shows the 317 

assigned UNIFAC group compositions of the most soluble (log10(HI) < -1.75), least soluble (log10(HI) > 318 

2.25), and intermediate solubility (0 < log10(HI) < 1.0) fractions of the material. The clearest features are, 319 

first, the highly aliphatic nature of the least soluble fraction, and its relative simplicity: there is little N and 320 

S, and the bulk of the O present is predicted to be in the form of acetate and ether groups. By contrast, the 321 

most soluble fraction (see Figure 3c) has only small numbers of alkane and alkene groups, but a variety of 322 

the more complex and polar groups dominated by ether and acetate but with also a significant number of –323 

OH and –COOH.  324 

It is clear from Figure 3 that the ranking of the compounds by hygroscopicity index is broadly consistent 325 

with what is expected: compounds that are largely aliphatic in nature are expected to be insoluble, and 326 

therefore unlikely to contribute to hygroscopicity; the more chemically complex and less aliphatic 327 

compounds are expected to be most miscible and/or soluble. The hygroscopicity index, and rankings, are 328 

essentially qualitative and, in particular, the available functional groups do not represent the full range of 329 

those that occur in aerosol organic material. However, the index is helpful in exploring the influence of 330 

varying WSOC solubility on the predicted hygroscopicity of the total aerosol material and extracts as will 331 

be shown further below.  332 

3.3 Varying the assignment of functional groups 333 

The effect of alternative functional group assignment methods on the estimated composition of S1 334 

molecules is summarised in Table A1. Maximising the number of functional groups per molecule strongly 335 

favours the assignment of alkane, alkene, alcohol and aldehyde groups over all others (see the second 336 

column of results in the table). Assigning a high weight to alkane, alcohol, and acid functional groups 337 

results in a large reduction in the assigned number of aldehyde and alcohol groups relative to the previous 338 

case and their replacement by the acid group –COOH (last column in Table A1). Figure 4 summarises the 339 

average estimated compositions of the SX1 sample fractions 1 (most hygroscopic), 3, and 5 (least 340 

hygroscopic) for these two additional cases. The molecules were grouped into the five fractions according 341 

to the calculated HI, in the same way as for the base case. In a comparison of Figure 4 with the base case 342 

(Figure 3b,c) several features stand out. First, the compositional simplicity of the molecules for the two 343 

additional cases and, second, the much smaller variation in the predicted number of alkane groups per 344 

molecule. It appears that variations in predicted degree of hygroscopicity of the molecules is driven mostly 345 

by the number of –OH (alcohol) groups for the case where the number of functional groups per molecule is 346 

being maximised. Here, the predicted average of about 10 –OH per molecule (Figure 4a) in the most 347 

hygroscopic fraction is clearly too high as this would be typical of the sugars and sugar alcohols that were 348 

analysed by IC and MS and only present at very low concentration on the WSOC material. For the case 349 

where alkane, alcohol, and acid groups were given high weight (Figure 4b) the predicted hygroscopicity is 350 

driven partly by the numbers of alkane groups (more of these groups means a lower hygroscopicity) and 351 
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partly by the combined number of predicted –OH and –COOH groups (which are highest in fraction number 352 

1). Finally, a comparison of the absolute values of the predicted hygroscopicity index for the three cases 353 

suggests that the alternative group assignments yield molecules that are much more likely to be soluble and 354 

hygroscopic. This is due to the large numbers of acid and particularly alcohol functional groups that are 355 

predicted. The effects of the alternative group assignments on calculated aerosol water uptake are examined 356 

in section 5. 357 

 358 

4. Methods 359 

In this section we describe the methods used to estimate the hygroscopicity of the aerosol material so that 360 

the results of the modelling can be compared with measured hygroscopic growth factors (GF). This quantity 361 

is defined by the following equation: 362 

GF  =  [(Volume at the RH of interest) / (Volume at a reference RH)]1/3    (2) 363 

where the reference relative humidity (RH) is 10% in our growth factor determinations. The compositions 364 

of the aerosol samples in this study are known in terms of the concentrations of inorganic ions, polar 365 

organic molecules, and other WSOC molecules. The calculation of the hygroscopic growth factors, to 366 

compare to the measurements, requires that the water content of the aerosols be calculated as a function of  367 

RH (equivalent to the water activity, aw, of the droplets), followed by their densities and hence the total 368 

volume of the aerosol at each concentration.  369 

The water content of an aqueous mixture, containing two or more solutes, can be estimated using the 370 

Zdanovskii-Stokes-Robinson (ZSR) relationship (Stokes and Robinson, 1966), so that: 371 

 Σi (mi / mi
o)  =  1          (3) 372 

where mi is the molality of each solute i in the mixture, and mi
o is the molality of i in a pure (single solute) 373 

solution of i at the water activity of the mixture. This relationship can also be expressed, more simply, as: 374 

 WT  =  Σi  wi
o           (4) 375 

where WT is the total mass of water in the mixture, and wi
o is the mass of water associated with the moles of 376 

each solute i in a pure (single solute) solution of i at the water activity of the mixture (see equation (7) of 377 

Clegg et al., 2003). Clegg and Seinfeld (2006b) have shown, in their section 7, that the wi
o in the equation 378 

above can also refer to groups of solutes within the overall mixture. We apply this principle here so that, for 379 

each aerosol sample: 380 

 WT  =  Wo(ions)  +  Wo(polar organic)  +  Wo(WSOC)     (5) 381 

where Wo is the mass of water associated with the named group of solutes in a solution containing only 382 

these solutes, at the water activity of the mixture. In equation (5) “ions” refers to the inorganic electrolytes 383 

in the aerosol samples (Table 1), “polar organic” to the polar organic molecules (Table 3), and “other 384 

organic” to the WSOC organic molecules analysed by FT-ICR MS (Table 4). 385 

Analogous relationships to ZSR can be derived for other thermodynamic and physical properties, and Hu 386 

(2000) has determined such an equation for the density of solution mixtures (his equation 11), which can be 387 

transformed into an additive relationship for solution volumes. Applied to the system of interest here, it 388 

yields: 389 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 VT  =  Vo(ions)  +  Vo(polar organic)  +  Vo(WSOC)     (6) 390 

where VT is the total volume of the aqueous mixture at water activity aw, and Vo are the volumes occupied 391 

by aqueous solutions of the three named groups of solutes at the water activity of the mixture. We have 392 

calculated the volume of each individual mixture in equation (6) using equation (12) of Semmler et al. 393 

(2006): 394 

 1/ρ  =  Σi xi* / ρi
o         (7) 395 

where ρ is the density of the mixture, and ρi
o is the density of a pure aqueous solution of solute i at the total 396 

weight fraction of solutes in the mixture, xi*, given by: 397 

 xi*  =  ni / Σj nj          (8) 398 

where ni is the number of moles of solute i in the mixture, and the summation is over all solutes j. The total 399 

volume of each of the three components of the aerosol (the Vo in equation 6) is related to its density by Vo = 400 

MT / ρ where MT is its total mass. For the polar organic and WSOC components of the solution, the 401 

individual solutes i are the organic molecules. The composition of the inorganic component of the solution 402 

is expressed in terms of individual electrolyte solutes, rather than ions, using equation (5) of Clegg and 403 

Simonson (2001) for xi*. 404 

The calculation of the water content and volumes of the three components of the aerosols (ions, polar 405 

organic, and WSOC) is described in more detail in the sections below.  406 

4.1 Inorganic electrolytes (ions) 407 

The electrolyte components of the samples of total aerosol material will take up most of the water. It is 408 

shown in Table 1 that there are charge imbalances between the cations and anions, and that these are 409 

strongly negative for the samples that contain the most sulphate. The last two rows of the table show that 410 

the balance is improved by the assumption that the sulphate is present in the aerosol as HSO4
-, or H0.5SO4

1.5- 411 

for all samples except S5 (for which the charge balance is in error by only 4%) and S4. The NH4
+ 412 

concentrations in aerosol samples S1-S3, and S6, are consistent with this, implying the presence of 413 

ammonium bisulphate or letovicite in the aerosol. However, the significant concentrations of NO3
- and Cl- 414 

present would not generally be expected in a strongly acidic aerosol because they would be lost to the gas 415 

phase as HNO3 and HCl. 416 

Calculations of the volumes of the measured inorganic components of the aerosol samples, as a function of 417 

RH, were carried out for a number of different cases. In the first of these the charge imbalance between 418 

cations and anions was corrected by adjusting both the cation and anion amounts so that the total charges 419 

(Σc nczc and Σa na|za|) were both equal to the mean value of the two sums obtained from the measured 420 

amounts in Table 1. For the second and third cases it was assumed that either the existing measured cation 421 

or anion concentrations were correct, and ions of the other charge type were then adjusted to give charge 422 

balance. We also carried out calculations for one acidic case (a negative charge imbalance was corrected by 423 

adding H+). 424 

The solubility of CaSO4 (as gypsum, CaSO4.2H2O) is very small (about 0.015 mol kg-1 at 25 oC) and all 425 

Ca2+ present in the aerosol samples was assumed to remain as a solid at all RH. This leaves the ions NH4
+, 426 

Na+, K+, Mg2+, SO4
2-, NO3

- and Cl- potentially dissolved in the aqueous phase. The E-AIM Model III of 427 

Clegg et al. (1998) was used to calculate the water uptake of the inorganic ions and the particle volumes. 428 

Ion interactions between cations Mg2+ and K+ (which are not present in Model III) and the anions SO4
2-, 429 

NO3
-, and Cl- were added as described in the Supplementary Information. The densities and volumes of the 430 
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particle solutions, and the solid salts that form at low RH, were calculated using the work of Clegg and 431 

Wexler (2011), and equation (7) above. The inclusion of the additional electrolytes and solid salts, for the 432 

volume calculations, is also described in the Supplementary Information.  433 

4.2 Polar organic compounds 434 

Molar volumes of the polar organic compounds summarised in Table 3 were calculated from their molar 435 

masses, and (liquid) densities estimated using the method of Girolami (1994). This is based upon the 436 

formulae of the compounds and also the numbers of particular chemical groups that are present (notably 437 

alcohol, acid, amide, sulphoxide and sulphone). These molar volumes were assumed to be constant for all 438 

solution water contents. The method of Girolami is one of several assessed by Barley et al. (2013), and 439 

found to yield densities to within 10% of the true value in almost all cases, and 5% in most. A fixed density 440 

of 1.3 g cm-3 was assumed for all compounds as solids.  441 

The water uptake of the aqueous solutions of polar organic compounds was calculated using UNIFAC 442 

(described in section 3.1). For simplicity, all of the polar compounds were assumed to be completely 443 

soluble at relative humidities above the reference RH. Given that these compounds constitute a minor 444 

fraction of the total solutes (12 to 25 mol% of the total samples, and only 1.5 to 18 mol% of the extracts), 445 

this assumption is unlikely to have a large effect. 446 

4.3 WSOC fraction 447 

The liquid molar volumes of the WSOC compounds were estimated in the same way as for the polar 448 

organic compounds described above and making use of the UNIFAC group assignments in the three 449 

different cases being examined. The organic compounds in solid form are treated in the same way as the 450 

polar compounds and assumed to have a density of 1.3 g cm-3. The numbers of C atoms in the WSOC 451 

molecules range from 3 to 45, suggesting that not all of the higher molecular weight WSOC fraction is 452 

soluble (sections 3.3 and 3.4). This is a feature of WSOC behaviour that is explored in comparisons with 453 

measured hygroscopic growth factors in the next section.  454 

 455 

5. Modelling Hygroscopic Growth Factors of the Organic Material 456 

It is well understood that electrolyte solutes are more hygroscopic, and have higher growth factors, than 457 

most soluble organic compounds. This is illustrated in Figure 5, which compares measured growth factors 458 

of the SX1 WSOC material, calculated growth factors of the S1 polar organics, and calculated growth 459 

factors of (NH4)2SO4, (NH4)3H(SO4)2, and NH4HSO4. The polar organic fraction was assumed to be fully 460 

liquid at all RH (hence the continuous increase in GF with RH, in contrast to the deliquescence transitions 461 

shown for the salts). The growth factor would be increased by a factor of about 1.057 if the polar organic 462 

fraction were assumed to be solid at the reference RH (this is based upon the difference between the solid 463 

and liquid molar volumes of glucose, which is a significant component of the polar organic fraction). The 464 

measured growth factors of the WSOC material in Figure 5 are very low, which is also true of the other 465 

composite samples (see Figure 5 of Hallar et al., 2013). A simple calculation suggests that, at 80% RH, 466 

about 840 g of WSOC material is required to take up the same amount of water as 1 mole (132 g) of 467 

ammonium sulphate. Figure 1a shows that a comparable mass ratio of WSOC material to inorganic 468 

electrolytes (840 : 132, or 6.3 : 1) is approached only in sample S2. In the other samples, the ratio varies 469 

from about 1:1 (S1) to about 2.5:1 (S5). 470 

Although the WSOC material contributes little to the water uptake of the total aerosol for most samples, its 471 

hygroscopicity is still of interest, for three reasons: first, because some reactions involving WSOC 472 
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compounds may only occur in the aqueous phase, or at an interface between a solid and an aqueous phase 473 

(Hallquist et al., 2009; Smith et al., 2014; and references therein). Second, a knowledge of how WSOC 474 

material interacts with water is important for understanding the physical state of the aerosol. Our 475 

thermodynamic treatment of the WSOC fraction of aerosol as being partially soluble at room temperature 476 

corresponds to the "semi-solid" state discussed by Shiraiwa et al. (2017), and the high viscosity semi-solid 477 

or glassy secondary organic aerosols examined by Petters et al. (2018). Freedman (2017) discusses the 478 

effect of the organic component of the aerosol on particle morphology of aerosol particles. Third, the 479 

composition of the original particles is likely to have been much more diverse than that of the aggregate 480 

samples, with many having a higher fractional organic content than suggested by the composite average. 481 

For these particles the WSOC hygroscopicity may largely control their water uptake and contribution to 482 

CCN concentrations in the atmosphere. The variation of particle composition (inorganic vs. organic) with 483 

particle size, and effects on the hygroscopicity of aerosols observed during the MILAGRO field study are 484 

described by Wang et al. (2010). 485 

 In the sections below, calculations of the hygroscopicity of each fraction of the aerosol are discussed and 486 

compared with the measurements of Taylor et al. (2017). 487 

5.1 Polar organic compounds 488 

The 48 polar organic compounds for which concentrations were measured individually in all samples by 489 

Samburova et al. (2013) are listed in Table S1, and their UNIFAC group assignments are listed in Table S5 490 

of the Supplementary Information. These were used in the calculation of the hygroscopicity of this fraction 491 

of the aerosol and its contribution to the total volume, and hence growth factor, of the aerosol material. The 492 

predicted growth factors of the polar organic compounds in sample S1, relative to a hypothetical liquid 493 

mixture at 20% RH, are intermediate between those of the ammonium sulphate salts and the measured 494 

values of the WSOC material (Figure 5). However, the polar organic compounds account for only 20+11 495 

mass % of the total water-soluble organic material (Samburova et al., 2013), or an average of 39 mol %, 496 

which suggests that their contribution to the water uptake of the total aerosol material will be modest. The 497 

measured values for the total water-extractable aerosol material (Figure 2 of Taylor et al., 2017) show 498 

uptake of water by the aerosols at all RH. Consequently, in the comparisons made in section 5.3 below, we 499 

assumed that the polar organic compounds mix with this water at all RH and do not occur as solids in the 500 

aerosol.   501 

5.2 The WSOC fraction 502 

A number of different physical states of this fraction of the aerosol material can be envisaged. These are 503 

shown in Figure 6. The first case, in which all molecules are assumed to be fully miscible with water, is the 504 

simplest. However, this appears unlikely to be realistic given the large fraction of WSOC material 505 

containing molecules with 20 or more carbon atoms. The next possible state, case (2), is one in which 506 

aerosol particles consist of a core of insoluble or slightly soluble molecules, surrounded by an aqueous 507 

phase containing soluble molecules. The higher the relative humidity, the smaller this core might be (as 508 

greater proportions of the less soluble molecules are able to dissolve into the larger volume of aerosol 509 

water). The third case is one in which there exists a hydrophobic organic liquid phase, containing very little 510 

water and contributing very little to the growth factor, in equilibrium with an aqueous phase containing the 511 

more polar, soluble, organic molecules. The final case shown in Figure 6 is a combination of cases (2) and 512 

(3): an insoluble or partially soluble core and two liquid phases. It seems reasonable to expect that this last 513 

case – if realistic – would yield the lowest growth factors. 514 

Freedman (2017) has discussed phase separation, and the existence of more than one liquid phase, in 515 

organic aerosols. The "partially engulfed" morphology in Freedman's Figure 6, for a particle consisting of 516 
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two immiscible liquid phases, is thermodynamically equivalent to cases 3 and 4 in our Figure 6: two 517 

immiscible liquid phases in equilibrium (case 3), and the same but with an insoluble core (case 4). By 518 

"thermodynamically equivalent" we mean that the equilibrium state of the gas/particle system is the same. 519 

However, it is recognised that the geometry and arrangement of the two phases in the particle might affect 520 

responses to changes in the surrounding atmosphere: e.g., a particle in which an inner liquid phase core was 521 

completely surrounded by a "shell" of a second liquid phase would be expected to come to equilibrium with 522 

the surrounding atmosphere more slowly than would our case 3 or the "partially engulfed" case of 523 

Freedman (2017). 524 

It is not possible to model directly the growth factors for all the cases shown in Figure 6. The true 525 

functional group compositions of the molecules are not known, nor are the solubilities of the individual 526 

solid compounds in the WSOC material. The occurrence of more than one liquid phase can, in principle, be 527 

modelled using UNIFAC. Test calculations for the base case UNIFAC group assignments (minimising the 528 

number of functional groups per molecule) did suggest the formation of more than one liquid phase at high 529 

RH. However, the very large number of molecules combined with the uncertainty as to their true group 530 

compositions, and the fact that the model performs relatively poorly for molecules containing multiple polar 531 

functional groups, means that the results would be unlikely to be accurate.  532 

Case (2) is the simplest of the three cases shown in Figure 6 that do not assume a single liquid phase, and 533 

was investigated in the following way. Having first ranked the WSOC molecules in the SX1 extract in order 534 

of their hygroscopicity (high to low, by their calculated HI), we computed the growth factors assuming that 535 

a range of different fractions of the WSOC material could dissolve in water: first, the most soluble 5 mol %, 536 

then the most soluble 25 mol %, and so on until it was assumed that 85 mol % of the molecules dissolve in 537 

water. The results are compared with the measured growth factors of sample SX1 in Figure 7. The 538 

relationship between water content and water activity (hence RH) was calculated using UNIFAC in plots (a-539 

c), and Raoult's law in plot (d). The most obvious feature of the figure is that the measured growth factors 540 

match the calculated values for increasingly high soluble fractions as RH rises. This corresponds to more of 541 

the WSOC material dissolving at high RH: for example about 45 mol % at 80% RH, and 70 mol % at 90 % 542 

RH in Figure 7(a). This, qualitatively, is what is expected for the assumed physical state of the WSOC 543 

aerosol material embodied in case (2) in Figure 6. 544 

There are features of the plots in Figure 7 that require explanation. First, the predicted growth factors of the 545 

partially dissolved WSOC are greater than unity at 20 % RH and increase with the assumed soluble fraction. 546 

This is because they are all referenced to a dry aerosol. Thus, for example, Figure 7(a) shows that at 20 % 547 

RH the SX1 WSOC aerosol in which 85 mol % of the WSOC molecules are soluble has a growth factor of 548 

1.07 relative to a dry aerosol at the same RH. The growth factors at the lowest RH – for which water has the 549 

smallest influence – largely reflect the difference between the assumed 'dry' density of the WSOC material, 550 

which is 1.3 g cm-3, and those of the liquid organic molecules estimated using the equation of Girolami 551 

(1994). Changing the assumed dry density affects the calculated growth factors at all RH: a decrease to 1.2 552 

g cm-3 results in a reduction of the predicted growth factor for 85 mol % soluble material from 1.117 to 553 

1.094 at 80% RH, and changing it to 1.4 g cm-3 increases the calculated growth factor to 1.139 at the same 554 

RH. Second, the large differences between the calculated growth factors in Figure 7(a-c), even at low RH, 555 

are caused by differences between the predicted water activities of the aqueous phase, differences in the 556 

predicted molar volumes of the molecules (related to their group compositions), and because the molecules 557 

are ordered differently (by the calculated HI) in each of plots a-c. Thus, for example, the 25% of the 558 

molecules in Figure 7(a) predicted to have the highest solubility are not the same as in plots (b) and (c). In 559 

the final calculation, for Raoult's law water uptake, we assumed the same ordering of molecules as in plot (a) 560 

and the growth factors for the two cases are quite similar at the lowest RH.  561 
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In summary, we can say that: (i) measured growth factors of the WSOC fraction are consistent with a 562 

degree of solubility that varies with RH, and complete dissolution of the WSOC material is not approached 563 

in any of our calculations until at least 90% RH; (ii) the dissolved fractions of WSOC material (at a chosen 564 

RH) that can be inferred from the results in Figure 7 differ according to the assumptions made in each of the 565 

four cases. The Raoult's law case in Figure 7(d), which is the simplest to model, yields a larger predicted 566 

soluble fraction at moderate RH (50-60%) than the other cases, but this isn't true at high RH. (iii) Figure 7(c) 567 

shows results for the case for which the UNIFAC group assignments are best supported by the FT-ICR MS 568 

results (high weight given at alkane, -OH and –COOH groups). The results for both these cases are 569 

consistent with the expected greater hygroscopicity of polar organic compounds (in the sense of higher 570 

water uptake per amount of soluble material) and also suggest that not all of the organic material dissolves 571 

even at the highest RH. This seems reasonable given the large number of carbon atoms in many of the 572 

molecules.  573 

The relationship between soluble fraction and RH, and the relevance of our results to other types of organic 574 

aerosol material and to aerosol (atmospheric) models, is discussed in section 7. 575 

 576 

6. Modelling Hygroscopic Growth Factors of the Total Soluble Material 577 

Because of the difficulties of modelling water uptake of the WSOC fraction, described above, we have 578 

calculated the water uptake of the total aerosol as the sum of the measured WSOC uptake, and the predicted 579 

water uptake of the polar organic compounds and the inorganic ions. The calculation of water uptake of the 580 

inorganic ion fraction of the aerosol (Wo(ions) in eq. 5) includes the formation of solids, so that the 581 

modelled water uptake should correspond most closely to the measured "deliquescence scans" of Taylor et 582 

al. (2017) (particles exposed to low RH then high RH). 583 

The results for all samples are shown in Figure 8, with the exception of sample S5 (because growth factors 584 

of WSOC extract SX5 were not measured). The upper and lower limits of the shaded area, at any given RH, 585 

represent the two charge balance cases described in section 4.1 (either the cation amounts were adjusted to 586 

match the measured total anion charge, or vice versa). The insets show the contributions to the total growth 587 

factor of the higher molecular weight WSOC fraction (measured), the WSOC fraction plus the calculated 588 

polar organic contribution, and finally all three components. There are several notable features of the plots: 589 

First, alculated growth factors are generally lower than measured values. This is especially the case for 590 

sample S2, which has the lowest inorganic fraction of all the samples (see Figure 1a,c) and consequently the 591 

lowest predicted growth factor. In Figure 9 we show the measured growth factors for all samples at three 592 

selected RH, plotted against the mol % of inorganic solutes. There is no apparent relationship between the 593 

two, which is not what would be expected. We investigated this behaviour further by plotting the same 594 

quantities, but using the calculated growth factors, in Figure 9b. To this we added the calculated growth 595 

factors, for 80% RH, of a mixture of 1 mole of (NH4)2SO4 and 1 mole of organic material, which is assumed 596 

to take up water according to Raoult's law and has a dry density and molar volume (when dissolved) the same 597 

as the WSOC material. The two dashed lines on the plot correspond to 40% dissolved organic material, and 598 

100%. The results in Figure 9b show, first, that there is essentially no relationship expected between mole % 599 

of inorganic solutes and growth factor at 60% RH, because a significant fraction is calculated to be solid at 600 

this point. This is in agreement with the measured values for the same RH, shown in Figure 9a. At 80% RH 601 

the calculated GF for the five sample compositions show a relationship with inorganic content with a slope 602 

that corresponds quite closely to the two simplified cases (the dashed lines in the Figure 9b). However, this is 603 

not the case for the measured growth factors. The main factors that affect these comparisons are: (i) 604 

uncertainties in the TDMA measurements, (ii) uncertainties in the composition measurements and the 605 
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relative amounts of the three aerosol fractions, and (iii) uncertainties in the modeling estimates. A 606 

comparison of parts (a) and (b) of Fig. 9 of suggests that it is the measured growth factors for just two 607 

composite samples that are most responsible for the apparent lack of correlation: S2 (lowest relative 608 

inorganic content, 27.7%) and S1 (highest inorganic content, 55.7%). The differences between measured 609 

and modelled growth factors are greatest for sample S2. Sample S2 contains roughly 3x to 4x the amount of 610 

WSOC material that the other samples do, but only a typical amount of inorganic ions. The measured 611 

growth factor of the WSOC extract SX2 appears anomalously high, in comparison to the other samples, as 612 

does that of the total aerosol. This remains unexplained. It is noticeable (Figure 8a) that the RH scan points 613 

for S1 (highest inorganic content) are compressed at high RH. That is an indication that the TDMA raised 614 

the RH up to 90% relatively slowly, and it is possible that control settings were refined for the later 615 

experiments, which would affect the comparability of the results. 616 

The total amounts of WSOC plus individually analysed polar organic compounds in the composite samples 617 

are obtained using a Shimadzu analyser, the polar organic compounds by a combination of ion 618 

chromatography and GC-MS, and the remaining WSOC material by difference. The analytical uncertainties 619 

associated with the measurements are given in the notes to Tables 1, 3, and 4. Systematic biases of similar 620 

magnitudes, leading to an underestimate of the total proportions of inorganic ions in the composite samples 621 

S1 to S6, might be the cause of the under-predicted growth factors for S3, S4, and S6 (but not S2). However, 622 

with only 5 samples, it does not seem helpful to speculate about the relative importance of the several 623 

sources of uncertainty. Some of the discrepancies likely reflect imprecision inherent in the growth factor 624 

measurements, as well as the various elements of the chemical analysis, and the small number of 625 

samples.  As apparent from the error bars in Figure 9a, the magnitude of deviation from the expected trend 626 

is on the order of the analytic uncertainty associated with TDMA and composition measurements.  Other 627 

uncertainties arise from modelling estimates, and the sensitivity to contamination of microgram samples. 628 

Second, there are some differences between the growth factors measured in the two scans for each sample 629 

(particularly S4), but in general they are slight. The calculated growth factors also do not show the 630 

deliquescence "steps" that are typical of simple purely inorganic systems, except for sample S1. For this 631 

sample the increased growth factor at about 72% RH is due mostly to the predicted dissolution of 632 

(NH4)2SO4 and MgSO4.6H2O. In all samples numerous salts are predicted to be formed, and the smoothness 633 

of most of the growth factor curves in Figure 8 can be attributed to the formation and dissolution of large 634 

numbers of salts as RH changes. For example, for sample S3, over the RH range 80% to 20%, the following 635 

solid salts are present: K2SO4, MgSO4.6H2O, Na2SO4.(NH4)2SO4.4H2O, (NH4)2SO4, 636 

{2,3}NH 4NO3.(NH4)2SO4, NH4Cl, and MgSO4.H2O. 637 

Third, it is important to remember that the calculation of the water content of the samples as the sum of the 638 

three different components (equation 5) introduces an artifact with regard to the formation of the solid salts. 639 

This is illustrated in Figure 10 for the case of a hypothetical aerosol containing 1 mole of a soluble 640 

"Raoult's law" organic compound and one mole of (NH4)1.5H0.5SO4 (letovicite). Where the water content 641 

associated with the organic compound and salt are calculated separately, the electrolyte fraction contributes 642 

nothing to the total water content below the deliquescence point (68% RH), whereas in reality the soluble 643 

organic fraction of the aerosol provides some water at all RH for the salt to dissolve into. This leads to 644 

much higher growth factors at moderate to low RH, a smoother growth factor curve, and a reduction (i.e., 645 

lower RH) of the deliquescence transitions with respect to (NH4)2SO4 and (NH4)1.5H0.5SO4. We would not 646 

expect such a large effect for the measured samples, because of the apparently small amounts of water 647 

associated with the organic fraction, and it would not explain the difference between measured and 648 

modelled growth factors at high RH for which there are no solid salts. 649 
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Perhaps more relevant to the present study is the fact that, at high RH, equation (5) does not take into 650 

account the influence of the additional amounts of WSOC organic material that can be expected to dissolve 651 

into the relatively large amount of water associated with the inorganic fraction of the total aerosol. There are 652 

two elements to consider: first, the additional volume of water for the organic to dissolve in; second, the 653 

change in the activity coefficient (γ) of the organic going from the solution of WSOC material + water (as 654 

measured for the SX series of extracts) to a mixture that also contains the inorganic solutes. The latter is 655 

probably of lesser importance: a calculation using the Zdanovskii-Stokes-Robinson expression for solute 656 

activity coefficients (equation 9 of Clegg et al., 2003) suggests a change from γ(WSOC) equal to 0.8 (on a 657 

molality basis) in a water-WSOC solution at 80% RH, to 0.66 in a mixture containing 1 mole of dissolved 658 

(NH4)2SO4 and 0.5 moles of dissolved WSOC material. In this calculation the ammonium sulphate is used as a 659 

surrogate of the more complex inorganic mixtures occurring in the samples, and the 0.5 moles of WSOC 660 

material corresponds to a 1:1 mixture (in terms of moles) in which 50% dissolves in water. (The mole % 661 

compositions of the samples can be seen in Figure 1c.) 662 

The E-AIM model was used to investigate the effect of additional dissolution of WSOC organic material in the 663 

total aerosol samples (S1-S6), relative to that estimated to occur for SX1 in Figure 7 under various 664 

assumptions, as follows.  The amounts of water associated with 1 mole of (NH4)2SO4 and 1 mole of WSOC 665 

material (50% dissolved) at 80% RH are 9.56 and 2.0 moles, respectively. If we assume a WSOC "dry" 666 

density of 1.3 g cm-3, a molar volume of 386 cm3 mol-1 when dissolved (for an average molar mass of 386 g 667 

mol-1) then the growth factor of the mixture at 80% is 1.19. Also needed for this calculation is the density of 668 

dry (NH4)2SO4, which is 1.77 g cm-3, and that of its aqueous solution in equilibrium with 80% RH which is 669 

1.245 g cm-3. This GF corresponds quite closely with those predicted for samples S3-S6, which are the ones 670 

that are nearest to a 1:1 mixture of inorganic solutes and WSOC material.  If a further 25% of the WSOC 671 

material dissolves into the water associated with the salt, we calculate in increase in the growth factor of 0.03 672 

(to 1.22). This increase, which would bring the predicted GF closer to the measured ones for these total 673 

samples is significant and is of about the same magnitude as the uncertainty associated with the charge 674 

imbalances of the inorganic ion amounts for samples S3 and S4. 675 

Fourth, we also calculated growth factors for cases in which a negative charge balance in the measured 676 

inorganic ions was corrected by adding H+ to create an acidic aerosol. One such result, for sample S3, is 677 

shown in Figure 8c. This is a typical: a much higher growth factor is seen at low RH due to the greater 678 

solubility of the acid salts, and this agrees better with the measurements for this sample. However, this is 679 

not the case for all samples (too high a growth factor is predicted for sample S1), and the assumption does 680 

not explain the lack of a relationship between the inorganic content of the samples and growth factor shown 681 

in Figure 9a. Also, a highly acidic aerosol seems likely to be unrealistic for reasons stated earlier. 682 

Finally, we note that the GF results for samples SX2 and S2 remain an anomaly. Although the inorganic 683 

content of this composite aerosol sample, 561 ng m-3, is similar to that of the other samples, the WSOC 684 

concentration exceeds that of the other samples by a factor of 3 or greater. Furthermore, this fraction (SX2) 685 

has a much higher measured growth factor than WSOC material from the other samples, despite a 686 

composition which is similar. This suggests the possibility of chemical contamination of the WSOC 687 

fraction. This remains unexplained, but seems unlikely to have occurred during the determination of the 688 

growth factors because of the procedures adopted to avoid it. (In between samples, and especially following 689 

any calibration with salt, the atomizer was thoroughly purged with pure water.  The size distribution generated 690 

by the atomizer when filled with a small volume (20 cm3) of ultrapure water was also periodically measured 691 

to ensure that the characteristic diameter of the generated aerosol was at least a factor of 10 lower than 692 

generated when the atomizer was filled with the sample solutions.  Furthermore, small samples of ultrapure 693 

water were run through the system over the course of a few hours, to check that there was no rightward shift 694 
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in the measured size distribution that would occur if contamination accumulated over the typical time required 695 

for the measurement of one sample. 696 

 697 

7. Discussion and Summary 698 

Predicting the hygroscopicity of the soluble organic component of an aerosol requires a knowledge of both 699 

the compounds present, and their solubility (either from measurements or predictions) at different RH. In 700 

this work we have explored elements of both of these requirements, and shown that it is possible to assess 701 

hygroscopicity in a semi-quantitative way (the hygroscopicity index HI) based on the results of FT-ICR MS 702 

analysis coupled with predictions of the functional group compositions of molecules. We have used these 703 

results, together with the UNIFAC model and measured growth factors of the organic extracts, to determine 704 

that the dissolved fraction of the organic material varies smoothly with RH (up to 50% or more dissolved at 705 

90% RH depending on the modelling assumptions used), see Figure 7. Direct quantification of the degree of 706 

dissolution of organic aerosol material would be valuable in future studies. The combination of measured 707 

hygroscopicities of the organic fraction of the aerosol (Taylor et al., 2017) with the model-predicted water 708 

uptake of the inorganic fraction agrees quite well with the measured growth factors (Figure 8) within the 709 

uncertainties of the measurements, although with some differences that are noted later in this section. Our 710 

results are likely to be particularly relevant to other locations where biogenic secondary organic aerosol 711 

dominates. However, the methods and modelling approaches developed here can in principle be applied to 712 

any soluble organic aerosol. The main points of our results, focusing particularly on the WSOC material, are 713 

summarised and discussed below.  714 

The calculated functional group assignments for the high molecular weight WSOC fraction (Table 4), based 715 

only on the numbers of double bond equivalents in the WSOC molecules and their formulae, were poorly 716 

constrained. It is possible for alcohol and acid groups to make up between 28% and <3% of the total 717 

assigned functional groups, depending on the weighting of the assignments, and still obey the constraints 718 

(Table A1). However, the  FT-ICR MS results in Table 5 suggest that the final set of UNIFAC group 719 

assignments in Table A1 (with high weight given to –OH, –COOH, and alkane groups) is the most realistic.  720 

The solubility of organic compounds is expected to decrease with the number of carbon atoms (molecular 721 

size), and be increased by the presence of polar organic functional groups such as –OH and –COOH. The 722 

hygroscopicity index HI developed in section 3.3 is used in this work to estimate a ranking of the WSOC 723 

compounds, by order of hygroscopicity, taking into account the relative amounts of each that are present. 724 

This index determines the order in which WSOC compounds are allowed to dissolve in the calculations of 725 

growth factors for different fractional dissolved amounts.  726 

The extent to which the WSOC material dissolves in water at different RH isn't known directly. Given that 727 

many of the molecules are very large – up to about 40 carbon atoms (Table 4) – complete solubility is not 728 

expected even at the highest RH. This suggests that the solid/liquid phase partitioning of the WSOC 729 

partitioning resembles examples 2 (solid core and aqueous solution) or 4 (solid core and two or more liquid 730 

phases) from Figure 6. The predicted growth factors of the WSOC material, discussed in section 5 and 731 

shown in Figure 7, compare an assumption of "Raoult's law" solubility with UNIFAC calculations for the 732 

three different functional group assignments (maximise the total number of groups, minimise it, and give 733 

high weight to –OH and –COOH groups). The results show that: 734 

(i) In all cases the measured growth factors are consistent with a solubility of the WSOC compounds that 735 

varies smoothly with RH. 736 

(ii) Some of the WSOC material is predicted to remain undissolved even at the highest modelled RH (90%), 737 

and this fraction is greatest for the two UNIFAC group assignments that include the highest numbers of 738 
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polar groups. The second of these, in which high weight is assigned to alkane, –OH, and –COOH functional 739 

groups, yields the assignments that are most consistent with FT-ICR MS measurements. 740 

(iii) The highest fractional solubilities, and therefore the lowest hygroscopicities per mole of dissolved 741 

WSOC material, are predicted for the Raoult's law case (Figure 7d) and the one in which the total number 742 

of assigned functional groups is minimised (Figure 7a). This is the assignment in which –OH and –COOH 743 

groups make up less than 3% of the total (Table A1), and contrasts to the two other cases in which UNIFAC 744 

was used and for which the proportions of –OH and –COOH groups are much higher (Figure 7b,c). 745 

Our finding of partial solubility has implications for aerosol modelling. Riipinen et al. (2015), in a 746 

theoretical study, have demonstrated that the solubility of aerosol organic material is an important factor in 747 

controlling its ability to act as CCN, and Carrico et al. (2008) have shown that the hygroscopicity of smoke 748 

extracts from biomass burning, determined by HTDMA and by CCN measurements, are closely related (to 749 

within +20% in the κ parameter of Petters and Kreidenweis (2007)). Figure 11 shows the soluble fractions 750 

of WSOC material for which the calculated growth factor agrees with the measured values, for two cases: 751 

Raoult's law behaviour of the aqueous phase (as in Figure 7d), and for the UNIFAC calculation (from 752 

Figure 7c). In both cases the soluble fraction varies approximately linearly with RH (from a soluble fraction 753 

of zero at 10% RH), and implies that it remains below unity even close to 100% RH. Converting from a 754 

mole to a mass basis, the soluble fraction for the Raoult's law case in Figure 11 is given by 0.671(RH – 0.1). 755 

These fractions correspond to the "flat" solubility distribution shown in Figure 2 of Riipinen et al. (2015): 756 

equal mass fractions of material, each with a defined solubility, covering a logarithmic range of solubilities 757 

up to 1000 g dm-3. 758 

It might be expected that this simple relationship between soluble fraction and RH applies, with different 759 

slopes, to other types of multicomponent organic aerosol material. If so, the only extra information needed 760 

in order to estimate a growth factor is the density of the solid (undissolved) organic material, the density of 761 

the aqueous solution, and an average molar mass of the organic material. The relationship could also be 762 

used to derive a  κ parameter, as described for material of limited solubility by Petters and Kreidenweis 763 

(2008) (and with an RH-dependent value of function H(xi) in their equation 6). We suggest this as a subject 764 

for further research. 765 

The individually analysed organic acids and sugar alcohols (Samburova et al., 2013) constitute a significant 766 

fraction of the total aerosol in all samples. The calculated growth factors of these compounds are predicted 767 

to be intermediate between those of the WSOC fraction, and typical inorganic salts (Figure 5). At 80% RH 768 

the predicted GF in the figure is about 1.19 compared to a measured 1.08 for the WSOC material, but a 769 

much higher 1.48 for ammonium sulphate. These acids and sugar alcohols have known functional group 770 

compositions and much simpler structures than the WSOC compounds, and the UNIFAC model is better 771 

suited to modelling their properties. However, in the calculations of the hygroscopicity of this fraction of 772 

the aerosol, in Figures 5 and 8, we have assumed complete dissolution of all compounds at all RH. Thus it 773 

is probable that the predicted contributions to the growth factors of the total aerosol, shown in the insets to 774 

the plots in Figure 8, are maximum values.  775 

The growth factors of the total aerosol material, see section 6, were modelled as the sum of the measured 776 

water uptake of the WSOC fraction, and the predicted water uptake of the individually determined organic 777 

compounds (discussed in the previous paragraph) and the inorganic ions. The calculations for the ions 778 

assumed the equilibrium formation of solid salts. The measured growth factors, shown in Figure 8, are for 779 

both "deliquescence" and "efflorescence" scans and are designed to map the lower and upper legs of any 780 

hysteresis loop. They are generally quite similar except for sample S4 above about 90% RH. There is some 781 

uncertainty in the calculations of the contribution of the ions to total water uptake because of charge 782 

imbalances between the total measured cations and total measured anions, which were compensated based 783 

on various different assumptions. With the exception of sample S1, the predicted growth factors at 784 
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moderate to high RH tend to be somewhat lower than measured, although in reasonable overall agreement. 785 

The method of estimating the total water content of the aerosol as the sum of that associated with the three 786 

fractions (equation 5) does not explicitly take into account the increased dissolution of soluble solids into 787 

the larger volume of water that would be expected. An estimate of the effect of increased WSOC 788 

dissolution suggested that the growth factors at 80% RH could be increased by about 0.03. This is 789 

significant, but is not sufficient to bring the measured and modelled growth factors in Figure 8 into 790 

complete agreement.  791 

The results of this study broadly validate the approach taken to modelling the hygroscopicity of a 792 

compositionally complex aerosol, containing both inorganic and organic compounds. Our finding that  793 

partial solubility of the WSOC material is required to explain measured growth factors, and that this can be 794 

represented as a linear function of RH, suggests that quite simple approaches can be used to model its 795 

atmospheric effects.  Studies to quantify directly the degree of dissolution of the organic fraction of the 796 

aerosol at different RH, and the phase(s) in which it is present, would be valuable.  797 

 798 

  799 

 800 

Acknowledgements 801 

The National Science Foundation Division of Atmospheric Sciences collaborative grant AGS-0931431, 802 

AGS-0931910, AGS-0931505, and AGS-0931390 supported this work. Any opinions, findings, and 803 

conclusions or recommendations expressed in this material are those of the author(s) and do not necessarily 804 

reflect the views of the National Science Foundation. The authors thank Peter Atkins and Thomas 805 

Kristensen for organization of the field campaign and the collection of samples, and Doug Lowenthal for 806 

contributions to earlier parts of the project (sampling and analysis).  807 

808 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

APPENDIX 809 

Estimation of the Functional Group Compositions 810 

We estimated the compositions of the high molecular weight WSOC material in the samples in terms of the 811 

UNIFAC functional groups in the following ways. First, it is necessarily assumed that the only functional 812 

and structural groups present are those available within UNIFAC. For simplicity, it is also assumed that the 813 

molecules consist either of chains of carbon atoms (with branches, if necessary, but not aliphatic rings), or a 814 

single aromatic ring with either one or two carbon chains attached. The determination of the possible 815 

functional and structural group compositions for each molecule was formulated as a constrained integer 816 

minimisation problem in which each molecule is described using the minimum number of UNIFAC groups, 817 

subject to the constraints that there must be no unoccupied bonds, and the numbers of atoms and double 818 

bond equivalents must be correct for each molecule. The problem was solved using a "branch and bound" 819 

linear programming method (routine H02BBF of the Numerical Algorithms Group Fortran Library (NAG, 820 

2013)).  821 

The available information regarding the molecules is insufficient to provide unique solutions in terms of the 822 

assigned functional groups, and minimising the total number of groups tends to favour those that contain 823 

large numbers of atoms (such as acetate, for example). We therefore carried out two additional calculations, 824 

for the WSOC molecules in samples S1, to explore the variability of estimated composition. In the first 825 

calculation, the group assignments were carried out so as to maximise the total number of groups in each 826 

molecule, thus favouring the presence of the smaller groups containing fewer atoms. In the second 827 

calculation, the group assignments were weighted in order to favour alkane, alcohol, and acid groups and 828 

thus both describe the molecules in a functionally simple way and maximise the occurrence of the two polar 829 

groups that most strongly promote hygroscopicity. The results are shown in Table A1. In the base case 830 

(minimising the number of groups needed to describe each molecule) the majority of the oxygen atoms in 831 

the molecules are assigned to acetate and ether groups and most of the rest to ketones. When the number of 832 

groups per molecule is maximised (see the second column of results in Table A1) the picture is very 833 

different: alcohol and aldehyde groups are now almost 40% of the total, and most of the rest are alkane 834 

groups. In the final case, in which high weights are given to alkane, alcohol and acid groups, the two polar 835 

groups account for almost 29% of the total number of groups. Another notable feature of the result is that 836 

the proportion of assigned alkene groups varies relatively little – from about 7 % to 11 % across the three 837 

results. Table A2 shows the group assignments for an arbitrarily chosen molecule (C11H18O6), illustrating – 838 

in a single example – how widely they differ between the three cases.  839 

Some of the characteristics of the higher molecular weight WSOC material in SX4 are summarised in Table 840 

1 of Mazzoleni et al. (2012). The frequency of aromatic molecules in the sample, using the aromaticity 841 

index of Koch and Dittmar (2006), is only 45 out of a total of 3737 assigned formulae (1.2%). Using the 842 

assumption of a "chain" (non-aromatic) molecule, successful UNIFAC functional group assignments were 843 

made in this study in all but 0.81% to 3.5% (average: 1.6%) of molecules in samples SX1 to SX6. For the 844 

assumption that each molecule contained an aromatic ring (where the number of DBE allowed it), 845 

successful assignments were made in all but 7% to 12.6% (average, 8.8%) of cases. These results are for the 846 

base case group assignments. While they are qualitatively consistent with the finding of Mazzoleni et al. 847 

noted above, the fact that about 90% of the molecules could be assigned group compositions including 848 

aromatic rings confirms that the assignments are quite weakly constrained by the available information 849 

(numbers of each atom present, and double bond equivalents). In the calculations that follow we have first 850 

of all accepted the successful chain-based group assignments. Where these were unsuccessful, assignments 851 

that include an aromatic ring were adopted where possible. The total mole fraction of WSOC material that 852 

was successfully described in this way, for all six samples, ranged from 0.993 to 0.999 (average: 0.9977). 853 
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The mean numbers of each type of functional group per molecule, and the deviations of each sample from 854 

this mean, are listed in Table A3 for the base case group assignments. The results for the different samples, 855 

SX1-SX6, are broadly similar. The presence of large numbers of O-containing groups (acetate, ether, 856 

ketone) reflects the high degree of oxygenation of most molecules. 857 

The modified aromaticity index (AImod) of Koch and Dittmar et al. (2006) was used to estimate the extent of 858 

carbon-carbon unsaturation for the molecular formulae, because the ultrahigh resolution MS/MS analysis 859 

cannot otherwise provide specific information about the alkane, alkene, and aromatic functional groups in the 860 

WSOC molecules. The index assumes that 50% of the oxygen in a molecular formula contributes a single 861 

"unsaturation" in the form of an aldehyde, ketone, or carboxylic acid. The remaining fraction of saturations 862 

are then assumed to be due to carbon-carbon bonds and are classified as aliphatic, olefinic, aromatic, or 863 

condensed aromatic structures. Overall, the most common AImod classifications were aliphatic and olefinic, 864 

both of which have alkane groups. Thus, it is logical that alkane and alkene groups would represent a 865 

significant component of the WSOC. Our group assignments, described above, and AImod both predict that 866 

aromatic groups are the least prevalent. The UNIFAC predictions for aromatic, alkane and alkene groups seem 867 

reasonable for all three parameter sets in Table A1. 868 

The ultrahigh resolution MS/MS analysis provides insight regarding the polar functional groups associated 869 

with the studied precursor molecular formulas (LeClair et al., 2012). Carboxyl (–COOH) and hydroxyl (–OH) 870 

functional groups are observed as neutral losses of CO2 and H2O. Thus, the predicted UNIFAC functional 871 

groups can be compared to the 720 studied CHO precursor ions and their product ions. In case 1 (see the first 872 

column of results in Table A1), where the total groups are minimized, relatively low percentages of hydroxyl 873 

and carboxyl functional groups are predicted, which is not supported by the MS/MS neutral loss analysis. 874 

Case 2, where the total number of groups are maximized, shows a significant number of hydroxyl functional 875 

groups (occurring in 93% of all molecules), which is consistent with the MS/MS results. However, the 876 

numbers of carboxyl groups (0.23% of all molecules) are much lower than inferred from the MS/MS analysis 877 

as shown in Table 5. In case 3 the alkane, hydroxyl, and carboxyl groups are given high weight in the group 878 

assignment calculation, and consequently are predicted to be present in much greater numbers (see the last 879 

column of results in Table A1). This is more consistent with the results of the MS/MS analysis, although the 880 

predicted numbers of hydroxyl functional groups are low relative to the observed H2O losses in MS/MS 881 

analysis. This may reflect the fact that the MS/MS fragmentation cannot distinguish the neutral loss of H2O 882 

from an independent hydroxyl group (R-OH, where R is not a carbonyl carbon) from that of a carboxylic acid 883 

group (R-C(O)-OH). This means that some of the H2O losses are likely due to carboxyl functional groups that 884 

easily loose an OH. This is supported by the observation that nearly every precursor (all but 59) that shows an 885 

H2O loss also shows a CO2 loss. Overall, it seems clear that minimizing the functional groups produces the 886 

least realistic results, while maximizing the functional groups and weighting certain functional groups 887 

produces results more consistent with the ultrahigh resolution MS/MS analysis. 888 

 889 

 890 

891 
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TABLES (main text) 

 

Table 1.  The measured inorganic composition of the total aerosol material in samples S1-S6. 

 Unit S1 S2 S3 S4 S5 S6 

Total ions ng m-3 797.3 561.3 730.4 368.0 181.8 395.8 

(as above) nmol m-3 14.07 10.52 12.03 9.27 3.66 7.10 

        

Cl- nmol m-3 0.125 0.121 0.0719 0.157 0.0674 0.0124 

NO3
- nmol m-3 1.340 1.345 2.213 2.032 0.436 0.808 

SO4
2- nmol m-3 5.662 3.435 4.709 0.805 1.008 2.518 

NH4
+ nmol m-3 4.690 3.210 2.279 3.643 1.164 1.838 

Na+ nmol m-3 0.281 0.381 0.478 0.389 0.152 0.277 

K+ nmol m-3 1.063 1.167 1.374 1.132 0.362 0.742 

Ca2+ nmol m-3 0.707 0.665 0.661 0.829 0.348 0.812 

Mg2+ nmol m-3 0.203 0.191 0.245 0.287 0.124 0.0922 

        

Charge 
balance a 

% -47.8 -25.2 -65.3 64.3 4.02 -22.6 

b % 4.85 13.8 -8.1 84.7 26.9 16.6 
c % -14 -1.3 -26.3 74.1 14.7 0.85 

Note: the concentrations are given as amounts per m3 of atmosphere sampled. The analytical uncertainties 
for inorganic ions were: 3-10 % (Cl-), 1-23 % (NO3

-), 2-16 % (SO4
2-), 3-12 % (NH4

+), 0.2-1 % (Na+),  1-4 % 
(K+),  1-5 % (Ca2+),  4-14 % (Mg2+). 

a Charge balance is calculated as  (Σi nCi zCi - Σi nA i |zA i|) where n and z are the number of moles and the 
charge, respectively, of each cation C and anion A. To calculate the percentages listed in the table, the 
amounts given by the expression above are divided by the quantity 0.5(Σi nCi zCi + Σi nA i |zA i|). 

b The charge balance is calculated on the assumption that SO4
2- is partially neutralised, and present in the 

aerosol as HSO4
-. 

c The charge balance is calculated on the assumption that SO4
2- is partially neutralised, and present in the 

aerosol as H0.5SO4
1.5-. 
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Table 2.  The measured inorganic composition of the aerosol material in extracts SX1-SX6.                         

  SX1 SX2 SX3 SX4 SX5 SX6 

Total ions ng m-3 10.15 12.02 13.55 8.84 15.00 16.86 

(as above) nmol m-3 0.259 0.248 0.335 0.203 0.307 0.438 

        

Cl- nmol m-3 0 0 0 0 0.124 0.0451 

NO3
- nmol m-3 0.0247 0.0432 0.0384 0.0376 0 0.0450 

SO4
2- nmol m-3 0.0194 0.0462 0.0301 0.0187 0.0886 0.0251 

NH4
+ nmol m-3 0.0327 0.0371 0.0388 0.0305 0.0477 0.0471 

Na+ nmol m-3 0.0526 0.0270 0.0733 0.0204 0.0368 0.0890 

K+ nmol m-3 0.0566 0.0442 0.0732 0.0367 0.0100 0.115 

Ca2+ nmol m-3 0.0609 0.0421 0.0671 0.0514 0 0.0582 

Mg2+ nmol m-3 0.0124 0.0079 0.0139 0.0079 0 0.0139 

charge 
balance a 

% 127.9 42.2 111.6 93.3 -104.5 95.2 

Note: the concentrations are given as amounts per m3 of atmosphere sampled.  

a  See note (a) in Table 1. 

 

Table 3.  Summary of the measured polar organic composition of the aerosol material (all samples). 

 Unit S1 S2 S3 S4 S5 S6 

All compounds ng m-3 312.0 239.4 212.1 213.6 94.3 122.0 

(as above) ng C m-3 122.2 93.5 79.5 81.3 33.5 42.7 

(as above) nmol m-3 2.29 1.85 1.96 1.98 0.909 1.20 

6 low MW acids mass% 29.16 34.71 50.30 47.84 59.38 67.10 

24 high MW acids mass% 11.40 14.29 18.26 18.32 15.52 19.54 

7 sugar alcohols mass% 6.39 7.32 6.59 6.45 10.81 5.23 

11 sugars mass% 53.05 43.68 24.84 27.39 14.29 8.12 

        

  SX1 SX2 SX3 SX4 SX5 SX6 

All compounds ng m-3 32.7 31.6 47.9 47.0 3.0 26.1 

(as above) ng C m-3 14.7 13.4 21.2 19.6 1.38 10.6 

(as above) nmol m-3 0.316 0.307 0.470 0.500 0.023 0.261 

6 low MW acids mass% 38.04 39.87 38.59 48.54 12.00 47.02 

24 high MW acids mass% 53.44 40.75 53.85 41.74 32.65 44.51 

7 sugar alcohols mass% 0.43 2.34 0.83 1.44 8.34 0.0 

11 sugars mass% 8.10 17.04 6.72 8.27 47.01 8.47 

Note: the concentrations are given as amounts per m3 of atmosphere sampled. The analytical uncertainties 
for organic species were: 3-20 % (6 low MW acids), 5-29 % (24 high MW acids), 5-32 % (7 sugar 
alcohols), 5-19 % (11 sugars). 
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Table 4. Summary of the organic composition of the WSOC aerosol material determined by FT-ICR MS (all 
samples).  

  Unit S1 S2 S3 S4 S5 S6 

Total WSOC a ng C m-3 524.5 1932.3 600.9 595.7 303.0 489.9 

WSOC b ng C m-3 402.3 1838.7 521.4 514.4 269.5 447.2 

WSOC c nmol m-3 1.92 8.87 2.68 2.44 1.32 2.26 

        

  SX1 SX2 SX3 SX4 SX5 SX6 

Total WSOC d ng C m-3 289.6 1682.6 484.5 547.0 282.2 256.6 

WSOC e ng C m-3 275.0 1669.1 463.2 527.4 280.77 246.1 

WSOC c nmol m-3 1.32 8.05 2.38 2.51 1.37 1.24 

 
Properties 

No. of structures or molecules  3056 3349 2797 3881 3384 2490 

        

Max. molar mass g 736.9 719.8 730.8 772.9 758.9 700.8 

Min. molar mass g 116.1 106.1 114.1 102.1 102.1 114.1 

Mean molar mass g 386.1 392.1 361.9 388.3 378.1 368.5 

Mean molar volume cm3 mol-1 383.1 381.2 359.9 386.5 375.4 367.0 

        

Max. no. of C  45 37 37 42 45 39 

Min. no. of C  3 3 3 3 3 4 

Mean no. of C  17.4 17.3 16.2 17.5 17.1 16.5 

Fraction in common  0.7570 0.7364 0.8370 0.7688 0.7882 0.8523 

Notes: The analytical uncertainty for total WSOC material was ~ 10%. 

a Total water soluble organic carbon in the aerosol determined using the Shimadzu total organic carbon 
analyser (see section 2).  

b Concentrations of the WSOC material analysed by FT-ICR MS (Mazzoleni et al. 2012), obtained by 
subtracting from the total (the line above) the concentrations of the individual polar organic molecules 
determined by IC and GC MS (Samburova et al., 2013). 

c Same as (b) but in molar units. 

d Total water-soluble organic carbon in the resin-extracted composite samples aerosol determined using the 
Shimadzu total organic carbon analyser  

e Concentrations of the WSOC material analysed by FT-ICR MS, obtained by subtracting from the total (the 
line above) the concentrations of the individual polar organic molecules determined in the resin-extracted 
samples by IC and GC MS. 
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Table 5. Summary of the numbers of precursor formulas showing certain types of losses.  

Molecular 
Group 

CO2 Loss 
(-COOH) 

H2O Loss 
(-OH) 

Aldehyde 
Loss 

Methoxy 
Loss N, S Loss 

All 
1294 

(86.6%) 
1360 

(91.0%) 
940 (48.3%) 972 (65.0%) 689 (46.1%) 

CHO 663 (92.1%) 678 (94.2%) 563 (78.2%) 578 (80.3%) NA 

CHNO 369 (95.8%) 367 (95.3%) 205 (53.2%) 218 (56.6%) 378 (98.2%) 

CHOS 243 (70.4%) 293 (84.9%) 171 (49.6%) 173 (50.1%) 274 (79.9%) 

CHNOS 19 (42.2%) 22 (48.9%) 1 (2.2%) 3 (6.7%) 37 (82.2%) 

Notes: the first value is the number of precursor formulas in each category, and the numbers in parentheses 
are their percentages of the total formulas in each molecular group. The molecular group (leftmost column) 
is defined as the set of WSOC molecules or compounds containing only the elements listed.  
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TABLES (appendix) 

 

Table A1. Summary of the assignment of UNIFAC functional groups to WSOC molecules in sample SX1, 
shown as percentages of the total number of groups. 

 Percentage Contributions of Each Type of Functional Group 

Functional Group a Minimise total number 
of groups b 

Maximise total number 
of groups b 

Increased weight given 
to alkane, alcohol, and 
acid groups b 

aromatic   0.08   (0.16)   0.04   (0.16)   0.06   (0.16) 

alkane 36.7     (74.9) 48.7     (99.1) 57.9     (96.8) 

alkene 11.2     (55.3)   8.31   (63.4)   7.37  (42.2) 

alcohol   1.54   (8.10) 24.9     (93.3)   8.38  (42.5) 

ketone   5.12   (28.81)   0         1.45   (25.7) 

aldehyde   0.18   (1.15) 14.5     (67.3)   0.14   (1.25) 

acid   1.20   (10.9)   0.01   (0.23) 20.3     (98.4) 

oxide   2.22   (16.6)   0          0 

nitro   0.07   (0.72)   0.02   (0.26)   0.07   (0.99) 

amide   4.63   (45.1)   2.63   (45.2)   3.33   (45.0) 

thiol   0.07   (0.92)   0.45   (10.2)   0.58   (10.2) 

sulphide   0.38   (4.84)   0.38   (7.44)   0.47   (7.4) 

sulphone   0.93   (11.9)   0   0 

acetate 20.9     (87.3)   0   0 

ether 14.8     (71.1)   0   0       

Notes: the columns list the numbers of groups of each indicated type (for all 3056 molecules in the sample), 
expressed as a percentage of the total number of assigned groups of all types. All values greater than 5% are 
in boldface type. The values in parentheses are the numbers of molecules containing one or more of the 
indicated functional groups (also expressed as percentages).  

a  These types correspond to the following "main groups" listed in the supplementary information to Hansen 
et al. (1991) except as indicated: aromatic - 3 (ACH); alkane - 1 (CH2); alkene - 2 (C=C); alcohol -  5 (OH); 
ketone - 9 (CH2CO); aldehyde - 10 (CH); acid - 20 (COOH); oxide - 53 (see Balslev and Abildskov, 2002); 
nitro - 26 (CNO2); amide - 46 (CON); thiol - 29 (CH3SH); sulphide - 48 (CH2S); sulphone - 55 (see Wittig 
et al., 2003); acetate - 11 (CCOO); ether - 13 (CH2O). Each of the named groups may involve more than 
one structure, for example alkane means C (bonded to four other atoms), CH (bonded to three other atoms), 
–CH2–, and –CH3. 

b  First column of results – the assignment was carried out so as to describe the molecules using the 
minimum number of groups, with all groups given equal weight; second column – similar to the first 
column, but the total number of groups was maximised; third column – the total number of groups was 
minimised, but a high weight was given to alkane, alcohol, and acid functional groups. 
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Table A2. Examples of group assignments to molecule C11H18O6 (with 3 DBE) 

 Numbers of Each Type of Functional Group 

Functional Group Minimise total 
number of 
groups 

Maximise total 
number of 
groups 

Increased weight 
given to alkane, 
alcohol, and acid 
groups 

alkane 5 8 8 

aldehyde - 3 - 

alcohol - 3 - 

acid - - 3 

acetate 2 - - 

Notes: the columns list the number of groups of each indicated type that were assigned to the molecule. 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

Table A3. Average assigned group compositions, per molecule, for the total SX1-6 WSOC material. 

UNIFAC Group Average per molecule ∆S1 ∆S2 ∆S3 ∆S4 ∆S5 ∆S6 

alkane 4.137982 0.5765 0.3748 -0.4686 -0.1224 -0.1489 -0.2114 

acetate 2.585348 0.1058 0.0868 -0.0594 -0.0246 -0.0788 -0.0297 

ether 1.814833 0.0828 0.2086 -0.1271 -0.1051 -0.0918 0.0326 

alkene 1.567942 -0.1320 -0.2113 -0.0165 0.2740 0.1651 -0.0793 

ketone 0.589472 0.0681 0.0278 -0.0427 0.0408 -0.0386 -0.0554 

amide 0.532353 0.0630 0.2041 -0.1039 0.0364 -0.0580 -0.1415 

oxide 0.344804 -0.0597 -0.1025 0.0487 0.0122 0.0318 0.0696 

acid 0.225060 -0.0710 -0.0404 0.0400 0.0535 0.0668 -0.0489 

alcohol 0.186433 0.0111 0.0630 -0.0087 -0.0392 -0.0009 -0.0253 

sulphone 0.141088 -0.0222 -0.0384 0.0193 0.0035 0.0104 0.0273 

sulphide 0.067178 -0.0188 -0.0294 0.0102 0.0073 0.0130 0.0176 

aldehyde 0.055608 -0.0322 -0.0289 0.0174 0.0018 0.0537 -0.0118 

aromatic 0.031884 -0.0220 -0.0157 0.0048 0.0164 0.0191 -0.0027 

thiol 0.013206 -0.0040 -0.0048 -0.0053 0.0052 0.0062 0.0026 

nitro 0.006489 0.0034 0.0043 -0.0033 0.0005 -0.0013 -0.0036 

Notes: these results are for the "base case" group assignments, in which molecules were described using the 
minimum number of functional groups, without weighting. The second column shows the average group 
composition per molecule across all samples, and the six columns ∆S1, ∆S2, etc. indicate the deviations of 
each of the six samples from that mean. 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPTFIGURES 

FIGURES 

 

Figure 1. Relative compositions of the total water soluble aerosol material (samples S1-6), and water 
soluble organic matter extracts (SX1-6), in both mass % (a and b) and mole % (c and d). Key: diagonal 
lines –   inorganic ions; solid grey – individual polar organic compounds; black – high molecular weight 
water soluble organic carbon (WSOC). The data in this plot are from Tables 3 and 4. 
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Figure 2. Calculated hygroscopicity index properties of WSOC sample SX1, plotted against the cumulative 
mole fraction of the sample, ranked in order of increasing values of the index HI. The most hygroscopic 
compounds are at the left of each plot, and the least hygroscopic compounds at the right. (a) Left axis and 
solid dots: the logarithm of the calculated activity coefficient of each compound at infinite dilution in water 
at 25 oC. Right axis and open circles: the index value HI(i) of each compound i. (b) Left axis and solid dots: 
the number of carbon atoms in each molecule. Right axis and open circles: the ratio of oxygen to carbon 
atoms in each molecule.  
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Figure 3. Characteristics of the WSOC fraction in sample SX1, with molecules ranked according to 
hygroscopicity index and then divided into five groups containing equal numbers of moles of each 
compound. This is the "base case" in which the functional group assignments are carried out so as to 
minimise the total number of groups per molecule. Fraction 1 is predicted to be the most soluble, and 
fraction 5 the least soluble. The ranges of values of log10(HI) for each fraction are as follows: 1 –  less than 
-1.75; 2 –  from -1.75 to 0.0; 3 – from 0.0 to 1.0; 4 – from 1.0 to 2.25; 5 – greater than 2.25. (a) Average 
formulae of each fraction. (b) Average UNIFAC group composition of fractions 1, 3, an 5. (c) Average 
UNIFAC group composition of fraction 1 (the same data as shown in b).  
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Figure 4. Predicted average UNIFAC group functional composition of the WSOC fraction in sample SX1, 
with molecules ranked according to hygroscopicity index HI and then divided into five groups containing 
equal numbers of moles of each compound. Fraction 1 is predicted to be the most soluble, and fraction 5 the 
least soluble. (a) For the case in which the number of functional groups per molecule was maximised. (b) 
For the case in which the number of functional groups per molecule was minimised, but high weight was 
given to alkane, alcohol, and acid groups. 
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Figure 5. Calculated growth factors (GF) of three ammonium sulphate salts, and polar organic compounds, 
and measured growth factors of WSOC material SX1 plotted against relative humidity (RH). Symbols 
(WSOC material): dots – deliquescence (low RH to high RH); open circles – efflorescence (high RH to low 
RH). Lines: (a) (NH4)2SO4; (b) (NH4)3H(SO4)2; (c) NH4HSO4; (d) polar organic compounds assuming a 
fully liquid mixture at all RH and referenced to the predicted liquid volume at 0.2 RH. The values for the 
salts were calculated using E-AIM Model II of Clegg and Wexler (1998) for a temperature of 25 oC, and for 
the polar organic compounds using UNIFAC, liquid molar volumes estimated using Girolami (1994), and 
equation (7) of this work.  
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Figure 6. Schematic diagram of possible phases present in WSOC material that has taken up water. (1) A 
single liquid phase in which all WSOC molecules are miscible with water. (2) A solid core of insoluble 
material (which may vary in size with the ambient humidity), surrounded by a single liquid phase 
containing water and that fraction of the WSOC material that is soluble at that relative humidity. (3) Two 
liquid phases, one containing those molecules that are most soluble in water and a second phase containing 
largely hydrophobic molecules that are miscible with one another but take up very little water. (4) A 
combination of cases 2 and 3: an insoluble core, surrounded by hydrophobic and liquid phases in 
equilibrium with one another. 
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Figure 7. Growth factors (GF) of WSOC material in sample SX1, plotted against ambient relative humidity 
(RH), expressed as a fraction. Symbols: dots – deliquescence (low RH to high RH); open circles – 
efflorescence (high RH to low RH); lines - calculated values assuming different fixed mole fractions of 
aerosol material are soluble (ranging from 0.05 to 0.85, marked on the plots). (a) Calculated GF are for 
UNIFAC group assignments that minimise the number of functional groups per molecule (the base case); 
(b) for UNIFAC group assignments that maximise the number of functional groups per molecule; (c) for 
UNIFAC group assignments that give high weight to alkane, –OH, and –COOH functional groups; (d) 
assuming Raoult's law behaviour of all WSOC molecules. The calculated GF are relative to completely dry 
material at a relative humidity of 20%, and include the influence of the trace amounts of ions and polar 
molecules shown in Figure 1(b,d).  
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Figure 8. Measured and predicted growth factors (GF) as a function of relative humidity (RH). Symbols: 
dots – deliquescence measurement (scan from low RH to high RH); open circles – efflorescence  
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upper and lower solid plotted lines are for the cases in which, (i) the ion amounts have been charge 
balanced to match the higher of the two totals (i.e. the total ion charge for the cations, or the total for the 
anions); (ii) they have been charge balanced to match the lower of the two totals. The latter results in a 
smaller total amount of ionic solutes and hence a lower GF. The fine dotted line (plot (c) only) is for the 
case where the ions have been charged balanced by adding H+. Inset: the three contributions to the total 
calculated GF. Dots –  measured values for the SX extracts; dotted line – the SX extracts plus the calculated 
contribution of the individual polar organic compounds); solid line – the previous two contributions plus 
that calculated for the inorganic ions (in this case for mean of the two cases shown in the main plot). 
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Figure 9. Growth factors (GF) for all samples except S5, at three relative humidities, plotted against the mol 
% of inorganic solutes present in the samples. (a) Measured values; (b) calculated (the same as in Figure 8). 
Symbols: open squares – 60% RH, open circles – 80% RH; dots – 85% RH.  Lines: calculated values, for 
80% RH, for a mixture of (NH4)2SO4 and a "Raoult's law" organic compound having the same average 
molar volume as the WSOC material in samples SX1-SX6, and the same assumed solid density (1.3 g cm-3). 
Calculated GF for the upper line assume that 100% of the organic is dissolved in the aqueous phase, and 
40% dissolved for the lower line. The bars associated with each value represent the following: horizontal – 
the range from the minimum mol % of inorganic solutes (in which ion amounts are adjusted to achieve 
charge balance to the lower of the cation and anion charge amounts), to the maximum (where the 
adjustment is to the higher of the two total charge amounts); vertical – the change in measured growth 
factor corresponding to an uncertainty of +2 % in RH. 
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Figure 10. Calculated growth factors (GF) as a function of relative humidity (RH) for an aerosol consisting 
of 1 mole of a soluble organic compound (with water uptake conforming to Raoult's law), and 1 mole of 
(NH4)1.5H0.5SO4 (letovicite). Lines: solid – the mixture is modelled as a single solution, containing both 
solutes; dotted – the mixture is modelled according to eq (5), as the sum of the volumes of one solution 
containing only the organic compound and water, and a second solution containing the letovicite and water 
(including solid salts that form at low RH). 
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Figure 11. Soluble fractions of the WSOC material for which calculated growth factors agree with the 
measured values, plotted against relative humidity (RH). Symbols: dots – values for the assumption of 
Raoult's law mixing in the aqueous phase (Figure 7d); open circles – values from the UNIFAC calculation 
of equilibrium RH in which the functional group assignments gave high weight to alkane, –OH, and –
COOH functional groups (Figure 7c). Lines: solid – fitted line for the Raoult's law case, given by 0.74(RH – 
0.1); dashed – fitted line for the UNIFAC case, given by 0.50(RH – 0.1). Note: soluble fractions in the 
figure are mole-based, and can be converted to mass by multiplying by 0.907. The bars associated with each 
point represent the soluble fractions associated with the upper and lower measured growth factors, and do 
not represent experimental error. 
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• A hygroscopicity index is developed for secondary organic aerosol material 
• The estimated molecular group compositions confirm large numbers of –OH and –COOH 

• Dissolution of water-extractable organic material varies linearly with RH 
• Results suggest simple methods of modelling water uptake of atmospheric organics 

• Measured and predicted growth factors of the total soluble aerosol agree well 
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