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ABSTRACT

The compositions of six aggregated aerosol sanipbesthe Storm Peak site have been comprehensively
analysed (Hallar et al., 2013), focusing partidylan the large water-extractable organic fractidrich
consists of both high molecular weight organic commds and a range of acids and sugar-alcohols. The
contribution of the soluble organic fraction of aispheric aerosols to their hygroscopicity is hard t
guantify, largely because of the lack of a detakedwledge of both composition and the thermodymami
properties of the functionally complex compoundd atructures the fraction contains. In this work {We
develop a means of predicting the relative soltybdf the compounds in the water-extractable organi
material from the Storm Peak site, based upon vghatown about their chemical composition; (ii) ider
the probable soluble organic fraction from compargsof model predictions with the measured
hygroscopicity; (iii) test a model of the water alk¢ of the total aerosol (inorganic plus total wate
extractable organic compounds). Using a novel UNOH#ased method, different assignments of functional
groups to the high molecular weight water solubtgaaic compounds (WSOC) were explored, together
with their effects on calculated hygroscopic grofattors, constrained by the known molecular foiaeul
and the double bond equivalents associated with eedecule. The possible group compositions were
compared with the results of ultrahigh resolutiosssispectrometry measurements of the organic rakteri
which suggest large numbers of alcohol (-OH) ard &COOH) groups. A hygroscopicity indebdl) was
developed. The measured hygroscopic growth is faari consistent with a dissolution of the WSOC
material that varies approximately linearly wiRhl, such that the dissolved fraction is about 0.48.85 at
90% relative humidity when ordering bil, depending on the assumptions made. This reldtipns it

also applies to other types of organic aerosol naferovides a simple approach to calculatinghbwater
uptake and CCN activity (and tikeparameter for hygroscopic growth). The hygrosdbypiaf the total
aerosol was modelled using a modified Zdanovslok&s-Robinson approach as the sum of that of the
three analysed fractions: inorganic ions (predigtadividual organic acids and "sugar alcohols"
(predicted), and the high molecular weight WSOGCtita (measured). The calculated growth factors
broadly agree with the measurements, and valiti@eapproach taken. The insights into the dissatubio
the organic material seem likely to apply to otlaegely biogenic aerosols from similar remote |omas.

Keywords: Hygroscopicity, soluble aerosol material, orgarécomsol composition, aerosol growth factors,
thermodynamic modelling.
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1. Introduction

The hygroscopicity of the mixtures of soluble compds present in atmospheric aerosols varies in a
complex way with aerosol composition, ambient retahumidity RH), and temperature (e.g., Seinfeld and
Pandis, 2006; Jacobson, 1999). Water uptake, lgdadinhanges in aerosol size, is a major influence
aerosol optical properties with implications fointhte effects, visibility, and health (Boucher bt 2013;
2013; Seinfeld and Pandis, 2006; Pope and DocR&36; Vu et al., 2015). Our ability to quantitative
model hygroscopicity is limited by both practicaldstheory-related factors: First, our knowledgeefosol
composition is often limited. This is particulatlye of the secondary organic fraction (e.g., Kathaik et
al., 2005), but even the analysis of inorganic ioay be incomplete (for example, some ions mayberot
analysed for, and aerosol acidity cannot be meddlirectly). Second, the prediction of the equililon
water activity of agueous solutions requires compi®dels (e.g., Fountoukis and Nenes, 2007; Torad,. et
2008, Zaveri et al., 2008; Zuend et al., 2008; Wezahd Clegg, 2002) and remains problematic in low
relative humidity conditions for all but the simpteaerosols. The phase state of the aerosol (Bonpbe
which inorganic components are present largelyoidsy may deviate from thermodynamic equilibriusn b
being supersaturated with respect to one or madte (@dartin, 2000) to an extent that is difficudt t
determine directly. There are few thermodynamic et®that are suitable for predicting the water ketaf
the soluble organic fraction of the aerosol, whgknown to be complex and contain compounds otlyid
varying molar mass, functional group compositiamd degree of oligomerisation. The UNIFAC model
(Fredenslund et al., 1975) was developed for medwf water and organic compounds of arbitrary
functional group composition, but is primarily inteed for molecules containing small numbers of
functional groups that are much simpler that thegiex structures found in secondary organic aesosol
(Hallquist et al., 2009). Nonetheless, it has ba@éapted and extended to include inorganic ionsusnd et
al. (2008), for use in atmospheric science reseanmth also incorporated into the Extended Inorganic
Aerosol Model E-AIM) of Wexler and Clegg (2002) using the approachalestrated by Clegg et al.
(2001).

In the light of the above, simplified treatmentsaefosol hygroscopicity are needed, although theulsl

be based upon the measured compaosition of the ptrads aerosol to the extent possible (or requingd
the application). For example, the Zdanovskii-SsR®ebinson relationship (ZSR) (Stokes and Robinson,
1966) has long been used to estimate the watekeiptieaerosols in terms of the sums of the amooits
water that would be taken by individual componexitthe sam&H and temperature (e.g., Jacobson, 1999;
Tong et al., 2008). This relationship is typicadlyplied using individual inorganic salts as congius, but
is readily extended to treat the total inorganid arganic fractions as components, and using separa
models to estimate the water uptake of the twaisas (see section 4 of Clegg and Seinfeld, 200628.
"kappa" k) single parameter representation of aerosol wgitake (Petters and Kreidenweis, 2007), and
the derived relationship between aerosol dry diema&hd cloud condensation nucleus activity, has als
proven very successful in interpreting the resoltaboratory measurements of CCN activity. Thigrige

of both simple inorganic aerosols, and complex aeabsols collected in field campaigns (whose
composition may not be known). Recently Petter.e2017) have explored how the number and lonatio
of organic functional groups affect the CCN actiwif individual organic compounds.

Hallar et al. (2013), and references therein, lhmresented a detailed chemical analysis of composite
aerosol samples collected using a high-volume samngtlStorm Peak Laboratory in Colorado,
encompassing inorganic ions, many individual orgaaids and sugar-alcohols, and other higher
molecular weight water-soluble organic carbon (WS@&hsisting of thousands of individual structuoes
compounds). Hygroscopic growth factors of the sidwaerosol material, both total and WSOC-only, have
been measured using a tandem differential mokaliglyser (TDMA) by Taylor et al. (2017), who
interpreted their results in terms of th@arameter (e.g., see their Figure 4). The weltattarised
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composition of the aerosol, especially the orgémction, allows composition-based approaches to
modelling hygroscopicity to be investigated. Instinork, we first explore approaches to modelling th
water uptake of the WSOC material using UNIFAC anastigate different methods of functional group
assignment to the WSOC molecules. The degree tohwthey are soluble is assessed, at differentivelat
humidities, by comparisons with measured growthdiac Finally, a ZSR-based method is used to eséima
the water uptake of the total aerosol as the suthaifcalculated for the inorganic fraction (usthgE-

AIM model of Clegg and co-workers, Wexler and Cle@§2), the organic acids and sugar-alcohols (using
UNIFAC), and the separately measured growth faatbtee high molecular weight WSOC material.

2. Data

The sampling of atmospheric aerosols was perforfireed 24 June to 28 July 2010 at the Storm Peak
Laboratory (3210 m above sea level, ASL), which iemote continental site near Steamboat Springs
(Colorado, USA). These aerosols are likely to lpeagl of many remote locations dominated by biogeni
aerosol formation and the results of this studylikedy to apply to similar aerosols elsewhere. The
sampling protocol, treatment of the aerosol sampaled the chemical analyses are described by Hetllak.
(2013). Briefly, the samples were collected on tymes of filters: (i) Teflon impregnated glass filfifters
(TIGF, filter size 8"x 10", Fibrefilm T60A20, PALL, Port Washington, NYyr sampling of PMs at a
flow rate of ~ 1 Mmin™, and (ii) pre-fired quartz-fiber filters (filtesize: 47 mm; 2500 Pallflex QAT-UP,
PALL, Port Washington, NY) for sampling of aerosatsa flow rate of ~0.11 frmin™. Daily filter samples
were combined into six composites (the S1 to S6dhaithe subject of this study) based on metegicéd
conditions and backward trajectories (Hallar et2013). Material from the TIGF filters was used fioe
analysis of inorganic ions, individual water-sokiloirganic compounds (Samburova et al., 2013), mtdec
formula characterization of the higher moleculaighieé water-soluble organic fraction (Mazzoleni &t a
2012), and hygroscopicity measurements of wateaetd with a TDMA (Taylor et al., 2017). These
hygroscopicities include those of both the totateraoluble aerosol material (containing the inorga
ions), and measurements for the high molecular hteigiter soluble organic matter only. Quartz fiber
filters were used for analysis of bulk elementaboa (EC), organic carbon (OC), and water-soluble
organic carbon (WSOC) (Hallar et al., 2013; Sambaret al., 2013).

All samples were analysed for the inorganic ion$, Ka, Mg**, C&*, SO, NO; and Cl by ion
chromatography and automated colourimetry {Néhly) (Samburova et al., 2013); and for individpalar
organic species (acids, sugars, sugar alcoholsy sutdpydrates, and lignin derivatives) by a comtdmaof

IC and GC-MS (Samburova et al., 2013). The extoactf the other water-soluble organic matter (WSOC)
using XAD-8 and XAD-4 resins, is also described3amburova et al. (2013). The WSOC compounds
were characterised by ultrahigh resolution Fouri@nsform-ion cyclotron resonance MS (FT-ICR MS)
(see Mazzoleni et al., 2012). The composite sangieseferred to in this work as S1-S6 (total water
soluble aerosol material), and SX1-SX6 (water-sl@iitigh molecular weight organic matter only). A
schematic diagram of the chemical analyses caaig@n the samples is shown in Figure 1 of Haltaale
(2013).

Because the classes of individual polar organicisgdisted above are only weakly retained by tie t
resins used to extract the WSOC from the total iwedéuble aerosol material, the WSOC extracts donta
almost entirely the compounds analysed by FT-ICR M#is only small residual amounts of the ions and
individual organic species were analysed in thepdasnof total water-soluble organic material (Hadaal.,
2013). The results of the FT-ICR MS measuremergsapressed in terms of relative amounts of each of
the identified molecular formulae, of which therere several thousand for each sample. The amotints o
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WSOC in the total samples (i.e., before extractith the resins), and from them the amounts in the
aerosol in ng C M were determined by Shimadzu total organic cadomalyser (model TOC-VCSH)
(Hallar et al., 2013). The absolute amounts of exd¢hese molecules, per’nwere estimated by
subtracting the summed concentration of polar drgamlecules (in ng C 1) from the concentration of
total water-soluble organic matter to obtain th#ilautable to the components identified by FT-IGFS.

The relative compositions of composite samples @teGsummarised in Figure 1(a,c) as both mass % and
mole % of inorganic ions, polar organic molecukas] the higher molecular weight WSOC fractionslt i
clear that the inorganic ions dominate the compwsibf samples S1 and, to a lesser extent, S3.oByrast
the ions appear to make up only about 25 mole %aofple S2, and occur in the lowest absolute
concentration in sample S5 (3.66 nmof,rwhich is about a factor of 3 lower than in theestsamples, see
Table 1). The polar organic molecules range froouali1 to 23 mole % of the total sample. Sample S2
stands out as containing the largest fraction ofO&Snaterial.

The relative compositions of the water soluble arganatter extracts (SX1-SX6) shown in Figure 1Jb,d
confirm the low concentrations of both the residualar organic molecules and inorganic ions. Théemo
percentage of the WSOC compounds analysed by FTMSRs always greater than 75 mole %, and for
two samples is greater than 90 mole %. The molegmages of ions — which have a large influence on
hygroscopicity compared to organic compounds -waiébelow 10 %. Thus, the measured hygroscopicity
of these sample extracts is expected to be coatrotlainly by the WSOC compounds (and not the ions o
the individual polar organic compounds).

We note that growth factors of aerosols of ext&Xb were not measured, thus we have not modelied th
property for either SX5 or S5. The compositionshef samples and extracts, in terms of each oftifezt
components, are discussed in more detail below.

2.1. Inorganicions

The inorganic compositions of all samples and ex¢rare listed in Table 1. Total ion concentraticarsge
from 3.66 nmol ¥ (S5) to 14.07 nmol M(S1). The dominant anion is $0in all samples except S4 in
which NGO; is the principal anion. Ammonium (NH is the major cation, followed by'KThere are also
significant concentrations of €aand Md". The charge imbalances between the cations andsin each
sample — also listed in Table 1 — are large anétnegin four out of the six samples. The effectefosol
H* in the samples, if the total $0in the samples was present as 3D Ho sSO,* rather than simply
SO, is shown in the last two rows in Table 1. Thelsermative charge balances, if realistic, suggest t
the levels of acidity in the aerosols are at omeen these limits for samples S1-S3, and S6. Sa8#le
appears to be nearly neutral. Sample S4 is areoitlithese calculations, having apparently low’SO
concentration but high Nfi There is a large excess of positive charge fiersample. The analytical
uncertainties in the measured inorganic ion comaéinhs listed in the Table are of the order of 13%d
do not explain the magnitude of the differencesolrd. Nor do the results of these comparisonseréha
any obvious way to the source trajectories of Hrases.

The ion concentrations in the extracts SX1-SX6laner than in the total sample by well over an oraofe
magnitude, as expected. The magnitude of the charg&lances (see last line of Table 2), which Fase
samples are mostly positive, are likely to be duthe effects of the larger experimental uncerjaimtthe
determination of ion concentrations. However, bseathe ions have very low absolute concentrations i
the extracts (see Fig. 1d) the effect of errorshencalculated hygroscopicity will be small.

2.2 Polar organic compounds
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The concentrations of the 47 polar organic compeundasured by Samburova et al. (2013) are
summarised in Table 3 and listed individually irbleaS1 of the Supplementary Information. For full
details, see Tables S3-S5 in the Supplementaryriviftion to Samburova et al. (2013). The total
concentrations range from 0.9 (S5) to 2.29 nmdI(811), with the bulk of the compounds consistindoof
molar mass acids, and sugars.

2.3 WSOC compounds

The organic compounds determined by Mazzoleni.€R8l12) in the water-soluble organic material
extracts using ultrahigh resolution FT-ICR MS anengnarised in Table 4 (and are listed in full in the
Supplementary Information to their publication) tdlaconcentrations, perirare given for both the S1-6
and SX1-6 samples. Very large numbers of moled@estaining two or more of C, H, O, N, and S atoms)
were determined — 3881 in the case of sample Skarga fraction of which are common to all sampées,
shown by the last line in Table 4. Thus, the WS®g§anic material in the six composite samples apgpear
be rather similar. The mean, concentration weightedhber of carbon atoms in each molecule is abdut
in all samples, and the mean molar masses varyak@atively small interval (368.5 to 392.1 g).€Th
numbers of carbon atoms in the molecules range 8am45. Thus, it would be expected that some
fraction of this organic material (i.e., the molE=uwith large numbers of carbon atoms) might lseluble
in water at the relatively high liquid phase cortcations encountered during the hygroscopicity
measurements. Relative abundances of moleculeainong different numbers of carbon atoms are
discussed by Mazzoleni et al. (2012), and illustlah their Figures 4 to 6.

In addition to the full scan analysis, FT-ICR MS/¥t&gmentation analysis was used to investigate the
functional groups present in the identified molecdbrmulae in sample extract SX4. Due to the enére
isobaric complexity of water-soluble organic aetpsalividual mass spectral peaks could not beatsal for
fragmentation. Instead small mass range windoves (® u) were selected for fragmentation, consistét
LeClair et al. (2012). Each mass window was defimgd central mass selected at intervals of 5 @ (180,
185, etc.) over the range of m/z 160 - 365 and &wemny 10 u over the range of m/z 365-485. Ultrahig
resolution analysis using FT-ICR MS was done o looifragmented ions (representing precursor iond) a
the fragmented ions after collision induced disstion (representing product ions). Molecular foraaulvere
then assigned to the collected ultrahigh resolutiass spectra using Composer software as desénibed
Mazzoleni et al. (2012). The resulting precursal tagment formulas were paired based on the erass
differences associated with expected common ndossés (e.g., COH,0, etc.). A total of 1471 precursor
formulas were assigned to the studied mass ramge$G0% of them were also found in the full scaalygsis
of this same sample reported in Mazzoleni et @I122.

Quantitative information regarding the moleculeshis component of the aerosol is limited to theoants,
numbers of C, H, O, N, and S atoms in each moleeuld the numbers of double bond equivalents (DBE).
These are defined by: DBE = C — H/2 + N/2 + 1, veh@€r H, and N are the numbers of atoms of eacheof t
three elements in the molecule. Note that onecogts as 1 DBE, a triple bond counts as 2 DBEaand
aromatic ring is 4 DBE (one for the ring plus oone éach C=C). It is polar groups such as —OH and —
COOH that particularly influence solubility in watend the relationship between water activity
(equilibriumRH) and concentration or hygroscopicity. The resoftthe FT-ICR MS analysis give some
insight into the abundances of the different fumail groups in the WSOC material for sample SXa4he
following way. A total of 21 different neutral loss were observed for the studied precursor andnieag

ion molecular formulas based on exact mass diffargrairing. For example, a neutral loss gDHs
indicative of a hydroxyl functional group (—OH) aadeutral loss of CQs indicative of a carboxyl
functional group (-COOH). Likewise, a neutral l@a$<_H,O; is indicative of two functional groups
(carboxyl (-COOH) and hydroxyl). Combinations ofitral losses are expected for multifunctional
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compounds such as those present in water-solug&nar aerosol, and multiple neutral losses weradou
to be associated with many of the precursor formuRoughly 70% of the precursor formulae showed 5 o
more neutral losses and 36% showed 8 or more héosises. This high number of neutral losses sugges
the presence of multiple structural isomers peigassl molecular formula, an observation supported b
Zark et al. (2017).

The neutral losses were grouped into five majoegaties: C@losses, HO losses, methoxy losses,
aldehyde losses, and nitrogen and/or sulfur loSasie neutral losses can fit into two categories, f
example the CkD; loss mentioned previously is classified as bo@(a loss and an D loss because both
functional groups are contained within that neutras. This means that some losses will be coumti,
once in two different categories. The two most alaunt loss categories were €anhd HO, which were
observed for 1279 (86.9%) and 1339 (91.0%) of tleeyrsor formulas overall. The two next most
abundant were aldehyde (1148, 78.0%) and methosg, @6.5%) group neutral losses. The complete
breakdown of this is shown in Table 5, and theltesare discussed further in the Appendix.

3. Functional Group Compositions and Hygr oscopicity of the WSOC Compounds

Predictions of the water uptake of the WSOC fracbbthe aerosol, apart from the simple assumpdion
Raoult's law behaviour and the fraction of the matehat dissolves, require estimates of the cositpmns

of the individual molecules in terms of the funcidd groups present. With this knowledge, thermodyina
models such as UNIFAC (Fredenslund et al., 1976)bsaused. In this work, we compare both approaches

The UNIFAC model predicts the activities of the stituents of liquid mixtures of organic compounadsl a
water based upon the compositions of the moleanlésrms of their functional groups. The model com$
parameters that express the interactions betwesfutittional groups, which have been determined by
fitting vapour/liquid equilibrium and other datarfeery large numbers of liquid mixtures. Neithee th
positions of the groups within each molecule, mer ¢ffects of scaling when multiple instances single
group are present in a molecule (their contribwgiare broadly additive), are considered. The ddfine
functional groups are restricted to those for whiuére are data. These are mostly from measurerfants
compounds that are used in industry and/or are ammimnature, and which generally contain few
functional groups. This contrasts with the composibf organic aerosols which analysis has showreto
multifunctional, have quite complex structures, andtain groups which are not currently included in
UNIFAC.

Because of the above limitations, estimates optioperties of this component of the organic fracd the
aerosol using UNIFAC can only be considered apmnaxé at best. The calculations in this work, using
UNIFAC, are probably best viewed as best semi-dtadive estimates of how the effects of non-idgalit
might affect calculated hygroscopicity relativethe assumption of Raoult's law. The groups in the
UNIFAC model employed in this study are those tidhy Hansen et al. (1991), Wittig et al. (2003)d an
Balslev and Abildskov (2002). Although these grouomesy only represent a subset of those presentkin th
molecules in the samples, it is also true thagitoeips with the greatest influence on hygroscopiait
likely to be the highly polar ones which are welpresented in the model. Sulphur and nitrogen aanta
groups, of which there are few in UNIFAC, are likéb be of little importance because the molecules
containing them are present at very low concermtnatin this fraction of the aerosol (an averagé.28
assigned sulphone, sulphide, thiol, or "nitro" grewer molecule, where the average total number of
groups is 12.3).
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We have estimated the compositions of the high cutde weight WSOC material in the samples in terms
of the UNIFAC functional groups, based on the failog assumptions: (i) the molecules consist eitifer
chains of carbon atoms (with branches, if necessarnynot aliphatic rings), or a single aromatitgrivith
either one or two carbon chains attached; (ii)ahly functional and structural groups present hosée
available within UNIFAC. This work, described irethppendix, has enabled the calculation of equilior
RH as a function of concentration for the WSOC commuts, including the effects of non-ideality, andoals
the development of a hygroscopicity index (seeWwgto help account for their solubilities.

3.1 Hygroscopicity index

The molecules in the WSOC material contain from 3% C atoms each. This large range in the number o
C atoms implies significant variations in theirigaility in water, and consequently hygroscopicltydeed,

the molecules with the most carbon atoms seemelglio be soluble, even if they also contain polar
functional groups. Also, the more aliphatic molest which tend to be larger — are less likelydgo b
miscible with water. In both cases, low solubiliyd low miscibility, the molecules will not coriitite
significantly to hygroscopicity. We have construtgehygroscopicity index to attempt to assess this
behaviour in a semi-quantitative way. We defineitiex valueHl, of a WSOC compounidby:

Hlg = logo(x* fi ™) (1)

wheref; “ is the activity coefficient of organic compoundt infinite dilution in water, relative to a
reference state of pure liquidandx* is the dry mole fraction of the compound in the&s@C sample of
interest (i.e., not including water in the denonamp Values off; * are calculated with UNIFAC, using the
estimated functional group compositions from the@épdix, and are higher the less miscible in wdter t
compound. The inclusion of* in the index takes account of the differing amtsuof the compounds
present: a largely non-miscible or insoluble commbmay dissolve in water and contribute to the
hygroscopicity if its concentration is very low ¢htherefore very dilute in the solution).

We have calculateH! values for all WSOC molecules in the six samplgaets, and in Figure 2a they are
shown plotted against cumulative mole fractiondample SX1. The compounds are ranked in order of
increasingHl. These calculations are for the base case graigresents (minimising the number of
UNIFAC groups needed to describe each moleculeuiRefor the other samples are similar. Recall,tha
for a calculated activity of an organic compounaviater & f; ), wherex; is the mole fraction of compound
i in solution, a value of unity indicates a concatitm beyond which no dissolution of the compouad c
occur. Further additions of the compound, if iligsiid at the temperature of interest, would regukh
phase separation. If it is a solid, then precifotabf the solid from solution would presumably bav
occurred at some lower activity. High valuesHdfcorrespond to non-hygroscopic, and probably irfgelu
compounds (even at hidkH), while compounds with lower values are expecteldde more soluble and
hygroscopic over a wideH range. A value ofll equal to unity does not have any particular sigaifce.

The overall shape of the curve in Figure 2a suggsit there are relatively few compounds — |kast
about 25 mol% of the total material in the samplegith low solubility, and most of the compounds opg

a broad intermediate range. At low equilibril’ it is expected that only the most soluble compauad
the left of the plot) will dissolve and contributehygroscopicity. At higheRH, where more water would
be present in the aerosol and the mole fractiap®{ the organic compounds lower, a greater fractb

the compounds would be expected to dissolve. Howadiges of the index relate to carbon number and to
the O:C ratios of the molecules? Both quantitiesotted for sample SX1 in Figure 2b, again ranked
order of increasingil. The expected relationships, that low carbon nurabd high O:C ratio corresponds
to high miscibility and hygroscopicity (and highrban number and low O:C to low miscibility) can be
seen in the figure. However, for the bulk of thetenal, of the order of 75%, there is consideraduatter



308 and the relationships are approximate only. In gastreflects the varying amounts present of conmois
309 that may have similar carbon numbers and O:C rgtind perhap§ *), but very different*.

310 3.2 Categorising the compounds

311  In order to investigate the variation of functiogabup composition witldl for sample SX1 we have

312  divided the material shown in Figure 2 into 5 frans containing equal moles of material: 0-20% 4206,
313  etc., so that the first group contains the moatldel fraction of the WSOC material (lowest values) and
314  the fifth and last group contains the least migciin soluble material (higheld values). The average
315 formulae of each group are shown in Figure 3a.¥®eeted, the numbers of C and H atoms increaseygoin
316  from left to right (soluble to insoluble), althougie numbers of O atoms vary little — evidentlisithe

317 increasing numbers of C and H that account fordigeiction in expected solubility. Figure 3b shotws t
318  assigned UNIFAC group compositions of the mostsiel{logq(HI) < -1.75), least soluble (lggHI) >

319  2.25), and intermediate solubility (0 < lg@l) < 1.0) fractions of the material. The clearesittiees are,
320 first, the highly aliphatic nature of the leastigae fraction, and its relative simplicity: theeelittle N and
321 S, and the bulk of the O present is predicted tintibe form of acetate and ether groups. By catitthe
322  most soluble fraction (see Figure 3c) has only smahbers of alkane and alkene groups, but a yaoiet
323  the more complex and polar groups dominated byr ethe acetate but with also a significant number of
324 OHand —COOH.

325 lItis clear from Figure 3 that the ranking of thenpounds by hygroscopicity index is broadly comsist
326  with what is expected: compounds that are largi@bhatic in nature are expected to be insoluble, an
327 therefore unlikely to contribute to hygroscopicitiie more chemically complex and less aliphatic

328 compounds are expected to be most miscible andloble. The hygroscopicity index, and rankings, are
329  essentially qualitative and, in particular, theikalzde functional groups do not represent the fatige of
330 those that occur in aerosol organic material. H@wgthe index is helpful in exploring the influenale

331 varying WSOC solubility on the predicted hygrosaityi of the total aerosol material and extractsvils
332 be shown further below.

333 3.3 Varying the assignment of functional groups

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

335 molecules is summarised in Table A1. Maximisingibenber of functional groups per molecule strongly
336 favours the assignment of alkane, alkene, alcohdleddehyde groups over all others (see the second
337 column of results in the table). Assigning a highight to alkane, alcohol, and acid functional goup

338 results in a large reduction in the assigned nurobatdehyde and alcohol groups relative to thevipres
339  case and their replacement by the acid group —CQ&¥ticolumn in Table Al). Figure 4 summarises the
340 average estimated compositions of the SX1 samatiéms 1 (most hygroscopic), 3, and 5 (least

341  hygroscopic) for these two additional cases. Theemdes were grouped into the five fractions acouayd
342  tothe calculatedfl, in the same way as for the base case. In a casopanf Figure 4 with the base case
343  (Figure 3b,c) several features stand out. Firgt,citimpositional simplicity of the molecules for tin®

344  additional cases and, second, the much smalleati@miin the predicted number of alkane groups per
345 molecule. It appears that variations in predictedrde of hygroscopicity of the molecules is driveostly
346 by the number of —OH (alcohol) groups for the ocabkere the number of functional groups per moleale
347  being maximised. Here, the predicted average ofiab® —OH per molecule (Figure 4a) in the most

348 hygroscopic fraction is clearly too high as thisulebbe typical of the sugars and sugar alcoholswieae
349 analysed by IC and MS and only present at verydomcentration on the WSOC material. For the case
350 where alkane, alcohol, and acid groups were givgh Wweight (Figure 4b) the predicted hygroscopigsty
351 driven partly by the numbers of alkane groups (nudréhnese groups means a lower hygroscopicity) and
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partly by the combined number of predicted —OH a@®OH groups (which are highest in fraction number
1). Finally, a comparison of the absolute valuethefpredicted hygroscopicity index for the thrases
suggests that the alternative group assignmeni yielecules that are much more likely to be saudoid
hygroscopic. This is due to the large numbers af and particularly alcohol functional groups tha¢
predicted. The effects of the alternative groupgmssents on calculated aerosol water uptake arenieveal

in section 5.

4. Methods

In this section we describe the methods used tmatd the hygroscopicity of the aerosol materiathsd
the results of the modelling can be compared wiélasared hygroscopic growth facto@H). This quantity
is defined by the following equation:

GF = [(Volume at theRH of interest) / (Volume at a refereniel)]*? (2)

where the reference relative humidiBH) is 10% in our growth factor determinations. Tloenpositions
of the aerosol samples in this study are knowmims of the concentrations of inorganic ions, polar
organic molecules, and other WSOC molecules. Thauledion of the hygroscopic growth factors, to
compare to the measurements, requires that the w@téent of the aerosols be calculated as a fomatf
RH (equivalent to the water activitg,,, of the droplets), followed by their densities dmhce the total
volume of the aerosol at each concentration.

The water content of an aqueous mixture, contaitwggor more solutes, can be estimated using the
Zdanovskii-Stokes-Robinson (ZSR) relationship (8®knd Robinson, 1966), so that:

Lm/m’) =1 3)

wherem is the molality of each solutén the mixture, anan® is the molality ofi in a pure (single solute)
solution ofi at the water activity of the mixture. This relatsiip can also be expressed, more simply, as:

Wr =% w° (4)

whereW is the total mass of water in the mixture, antlis the mass of water associated with the moles of
each soluté in a pure (single solute) solution icht the water activity of the mixture (see equationof

Clegg et al., 2003). Clegg and Seinfeld (2006b)ehshown, in their section 7, that tg in the equation
above can also refer to groups of solutes withendberall mixture. We apply this principle heretlsat, for
each aerosol sample:

Wr = Wi(ions) + WP(polar organic) +W°(WSOC) (5)

whereW is the mass of water associated with the nameuipgob solutes in a solution containing only
these solutes, at the water activity of the mixtimezquation (5) “ions” refers to the inorganieakolytes
in the aerosol samples (Table 1), “polar organicthte polar organic molecules (Table 3), and “other
organic” to the WSOC organic molecules analyse@By}CR MS (Table 4).

Analogous relationships to ZSR can be derived tbeothermodynamic and physical properties, and Hu
(2000) has determined such an equation for theityesissolution mixtures (his equation 11), whichincbe
transformed into an additive relationship for smntvolumes. Applied to the system of interest hére
yields:



390 Vr = V(ions) + V°(polar organic) +V°(WSOC) (6)

391  whereVr is the total volume of the aqueous mixture at watgivity a,,, andV° are the volumes occupied
392 by aqueous solutions of the three named groupelofes at the water activity of the mixture. We éav
393  calculated the volume of each individual mixtureeguation (6) using equation (12) of Semmler et al.
394  (2006):

395 1/p = Ei Xi* /pio (7)

396  wherep is the density of the mixture, apd is the density of a pure aqueous solution of salat the total
397  weight fraction of solutes in the mixturg*, given by:

398 X* = n /2] N; (8)

399  wheren; is the number of moles of solute the mixture, and the summation is over all ssdjt The total
400 volume of each of the three components of the a(tseV° in equation 6) is related to its density 8=
401  M:/p whereMy is its total mass. For the polar organic and WR0@ponents of the solution, the

402 individual solutes are the organic molecules. The composition ofitlbeganic component of the solution
403  is expressed in terms of individual electrolyteuses$, rather than ions, using equation (5) of Cleug)

404  Simonson (2001) fox*.

405  The calculation of the water content and volumethefthree components of the aerosols (ions, polar
406  organic, and WSOC) is described in more detaihangections below.

407 4.1 Inorganic electrolytes (ions)

408 The electrolyte components of the samples of tdabsol material will take up most of the wateis|t
409 shown in Table 1 that there are charge imbalanekgden the cations and anions, and that these are
410  strongly negative for the samples that containniost sulphate. The last two rows of the table stiat
411 the balance is improved by the assumption thastityghate is present in the aerosol as S H, SO
412  for all samples except S5 (for which the chargaubee is in error by only 4%) and S4. The ;NH

413  concentrations in aerosol samples S1-S3, and 8@&aasistent with this, implying the presence of

414  ammonium bisulphate or letovicite in the aerosawsdver, the significant concentrations of Nénd CI
415  present would not generally be expected in a styoagjdic aerosol because they would be lost togde
416  phase as HNgand HCI.

417  Calculations of the volumes of the measured indmyammponents of the aerosol samples, as a funofion
418 RH, were carried out for a number of different caseshe first of these the charge imbalance between
419  cations and anions was corrected by adjusting thetltation and anion amounts so that the totalgesar
420 (X nez. andX, nyz|) were both equal to the mean value of the twossabntained from the measured

421 amounts in Table 1. For the second and third casess assumed that either the existing measurgoinca
422  or anion concentrations were correct, and ionhi@father charge type were then adjusted to givegeha
423  balance. We also carried out calculations for andi@acase (a negative charge imbalance was ceaddnt
424  adding H).

425  The solubility of CaS@(as gypsum, CaS@H,0) is very small (about 0.015 mol ket 25°C) and all

426  Cd&" present in the aerosol samples was assumed torrama solid at alRH. This leaves the ions NH

427 Na', K', Mg*, SO, NO; and Cl potentially dissolved in the aqueous phase. Et#¢M Model 11l of

428 Clegg et al. (1998) was used to calculate the wattake of the inorganic ions and the particle nuds.

429 lon interactions between cations fMand K (which are not present in Model Ill) and the asi®Q?”,

430 NOjs, and Clwere added as described in the Supplementarynhaftion. The densities and volumes of the
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particle solutions, and the solid salts that fotrfoa RH, were calculated using the work of Clegg and
Wexler (2011), and equation (7) above. The inclugibthe additional electrolytes and solid salts,the
volume calculations, is also described in the Seimgintary Information.

4.2 Polar organic compounds

Molar volumes of the polar organic compounds sunsedrin Table 3 were calculated from their molar
masses, and (liquid) densities estimated usingnithod of Girolami (1994). This is based upon the
formulae of the compounds and also the numberaxticpllar chemical groups that are present (notably
alcohol, acid, amide, sulphoxide and sulphone) s€éhmolar volumes were assumed to be constantlfor al
solution water contents. The method of Girolanong of several assessed by Barley et al. (2018), an
found to yield densities to within 10% of the tresdue in almost all cases, and 5% in most. A fidedsity
of 1.3 g cn? was assumed for all compounds as solids.

The water uptake of the aqueous solutions of pmiganic compounds was calculated using UNIFAC
(described in section 3.1). For simplicity, alltbé polar compounds were assumed to be completely
soluble at relative humidities above the refereRide Given that these compounds constitute a minor
fraction of the total solutes (12 to 25 mol% of th&al samples, and only 1.5 to 18 mol% of the aots),
this assumption is unlikely to have a large effect.

4.3 WSOC fraction

The liquid molar volumes of the WSOC compounds vestimated in the same way as for the polar
organic compounds described above and making uge dINIFAC group assignments in the three
different cases being examined. The organic comg®umsolid form are treated in the same way as the
polar compounds and assumed to have a densitaf dni’. The numbers of C atoms in the WSOC
molecules range from 3 to 45, suggesting that half ghe higher molecular weight WSOC fraction is
soluble (sections 3.3 and 3.4). This is a featin8OC behaviour that is explored in comparisonghwi
measured hygroscopic growth factors in the nexi@ec

5. Modédlling Hygroscopic Growth Factors of the Organic Material

It is well understood that electrolyte solutes m@e hygroscopic, and have higher growth factdwsnt
most soluble organic compounds. This is illustrateBigure 5, which compares measured growth factor
of the SX1 WSOC material, calculated growth factirthe S1 polar organics, and calculated growth
factors of (NH).SO,, (NH,):H(SOy),, and NHHSO,. The polar organic fraction was assumed to be full
liquid at allRH (hence the continuous increase in GF ViRkh in contrast to the deliquescence transitions
shown for the salts). The growth factor would beréased by a factor of about 1.057 if the polaanig
fraction were assumed to be solid at the refer&utéthis is based upon the difference between thed sol
and liquid molar volumes of glucose, which is anffigant component of the polar organic fractiohije
measured growth factors of the WSOC material inufégb are very low, which is also true of the other
composite samples (see Figure 5 of Hallar et 8L32 A simple calculation suggests that, at &%
about 840 g of WSOC material is required to takehgpsame amount of water as 1 mole (132 g) of
ammonium sulphate. Figure 1a shows that a compamabss ratio of WSOC material to inorganic
electrolytes (840 : 132, or 6.3 : 1) is approacbely in sample S2. In the other samples, the naites
from about 1:1 (S1) to about 2.5:1 (S5).

Although the WSOC material contributes little t@ tivater uptake of the total aerosol for most sampte
hygroscopicity is still of interest, for three reas: first, because some reactions involving WSOC



473  compounds may only occur in the aqueous phasé,ar mterface between a solid and an aqueous phase
474 (Hallquist et al., 2009; Smith et al., 2014; anfirences therein). Second, a knowledge of how WSOC
475  material interacts with water is important for uratanding the physical state of the aerosol. Our

476  thermodynamic treatment of the WSOC fraction obaet as being partially soluble at room temperature
477  corresponds to the "semi-solid" state discussefiisaiwa et al. (2017), and the high viscosity seoiid
478  or glassy secondary organic aerosols examined tigrBet al. (2018). Freedman (2017) discusses the
479  effect of the organic component of the aerosol arnigde morphology of aerosol particles. Third, the

480 composition of the original particles is likely bave been much more diverse than that of the agtgreg
481  samples, with many having a higher fractional orgaontent than suggested by the composite average.
482  For these particles the WSOC hygroscopicity magdpr control their water uptake and contribution to
483  CCN concentrations in the atmosphere. The variaifgrarticle composition (inorganic vs. organic}iwi
484  particle size, and effects on the hygroscopicitaefosols observed during the MILAGRO field study a
485  described by Wang et al. (2010).

486 In the sections below, calculations of the hygopscity of each fraction of the aerosol are disedlsand
487  compared with the measurements of Taylor et alL 720

488 5.1 Polar organic compounds

489  The 48 polar organic compounds for which concemmnatwere measured individually in all samples by
490 Samburova et al. (2013) are listed in Table S1,thaadt UNIFAC group assignments are listed in Téehie
491  of the Supplementary Information. These were usdtié calculation of the hygroscopicity of thisdtian
492  of the aerosol and its contribution to the totdlwoe, and hence growth factor, of the aerosol ratéerhe
493  predicted growth factors of the polar organic commpis in sample S1, relative to a hypothetical tiqui
494 mixture at 20%RH, are intermediate between those of the ammonidphate salts and the measured
495  values of the WSOC material (Figure 5). Howevee, pblar organic compounds account for only 20+11
496  mass % of the total water-soluble organic matéB8aimburova et al., 2013), or an average of 39 mol %
497  which suggests that their contribution to the watgiake of the total aerosol material will be mddése
498  measured values for the total water-extractablesaématerial (Figure 2 of Taylor et al., 2017) who

499  uptake of water by the aerosols atRiH. Consequently, in the comparisons made in seé&i8elow, we
500 assumed that the polar organic compounds mix \withwater at alRH and do not occur as solids in the
501 aerosol.

502 5.2 The WSOC fraction

503 A number of different physical states of this fiantof the aerosol material can be envisaged. These
504 shown in Figure 6. The first case, in which all emlles are assumed to be fully miscible with wasethe
505 simplest. However, this appears unlikely to beisgialgiven the large fraction of WSOC material

506 containing molecules with 20 or more carbon atofie next possible state, case (2), is one in which
507 aerosol particles consist of a core of insolublslmhtly soluble molecules, surrounded by an agseo
508 phase containing soluble molecules. The higheredtagive humidity, the smaller this core might las (
509 greater proportions of the less soluble molecutesaale to dissolve into the larger volume of aeros
510 water). The third case is one in which there exasttydrophobic organic liquid phase, containingyJdtie
511  water and contributing very little to the growtlefar, in equilibrium with an aqueous phase contajrthe
512  more polar, soluble, organic molecules. The firrlecshown in Figure 6 is a combination of casesai{d)
513  (3): aninsoluble or partially soluble core and tguid phases. It seems reasonable to expecthisalast
514  case - if realistic — would yield the lowest groviaigtors.

515 Freedman (2017) has discussed phase separatiotheanglistence of more than one liquid phase, in
516  organic aerosols. The "partially engulfed" morplgylan Freedman's Figure 6, for a particle consistih
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two immiscible liquid phases, is thermodynamica&guivalent to cases 3 and 4 in our Figure 6: two
immiscible liquid phases in equilibrium (case 3)ddahe same but with an insoluble core (case 4). By
"thermodynamically equivalent" we mean that theildopium state of the gas/particle system is thmea
However, it is recognised that the geometry andreyement of the two phases in the particle migletcaf
responses to changes in the surrounding atmospherea particle in which an inner liquid phasescoas
completely surrounded by a "shell" of a seconditiqahase would be expected to come to equilibriuth w
the surrounding atmosphere more slowly than wouldcase 3 or the "partially engulfed” case of
Freedman (2017).

It is not possible to model directly the growthtfars for all the cases shown in Figure 6. The true
functional group compositions of the moleculesraeknown, nor are the solubilities of the indivadu

solid compounds in the WSOC material. The occumasfanore than one liquid phase can, in principke,
modelled using UNIFAC. Test calculations for thedaase UNIFAC group assignments (minimising the
number of functional groups per molecule) did ssggee formation of more than one liquid phaseigt h
RH. However, the very large humber of molecules comabiwith the uncertainty as to their true group
compositions, and the fact that the model perfometegively poorly for molecules containing multigdelar
functional groups, means that the results wouldrd&ely to be accurate.

Case (2) is the simplest of the three cases showigure 6 that do not assume a single liquid phase

was investigated in the following way. Having firahked the WSOC molecules in the SX1 extract deor
of their hygroscopicity (high to low, by their calatedHl), we computed the growth factors assuming that
a range of different fractions of the WSOC matecmlild dissolve in water: first, the most solublmél %,
then the most soluble 25 mol %, and so on untilas assumed that 85 mol % of the molecules dissolve
water. The results are compared with the measwaath factors of sample SX1 in Figure 7. The
relationship between water content and water dgt{tienceRH) was calculated using UNIFAC in plots (a-
c), and Raoult's law in plot (d). The most obvidesture of the figure is that the measured growttdrs
match the calculated values for increasingly higlulsle fractions a&H rises. This corresponds to more of
the WSOC material dissolving at higiii: for example about 45 mol % at 8@kl, and 70 mol % at 90 %
RH in Figure 7(a). This, qualitatively, is what ispected for the assumed physical state of the WSOC
aerosol material embodied in case (2) in Figure 6.

There are features of the plots in Figure 7 thatire explanation. First, the predicted growth dastof the
partially dissolved WSOC are greater than unit2@®6RH and increase with the assumed soluble fraction.
This is because they are all referenced to a digsaé Thus, for example, Figure 7(a) shows th&0ato

RH the SX1 WSOC aerosol in which 85 mol % of the WS®dalecules are soluble has a growth factor of
1.07 relative to a dry aerosol at the sdRht The growth factors at the lowdsit — for which water has the
smallest influence — largely reflect the differemegween the assumed 'dry' density of the WSOCriagte
which is 1.3 g crifi, and those of the liquid organic molecules estétatsing the equation of Girolami
(1994). Changing the assumed dry density affeetséiculated growth factors at &H: a decrease to 1.2
g cmi® results in a reduction of the predicted growtttdador 85 mol % soluble material from 1.117 to
1.094 at 80%RH, and changing it to 1.4 g ¢hincreases the calculated growth factor to 1.138@same
RH. Second, the large differences between the ca&dilgrowth factors in Figure 7(a-c), even at IaW,

are caused by differences between the predicteenaativities of the aqueous phase, differencebéan
predicted molar volumes of the molecules (relatethéir group compaositions), and because the mtdecu
are ordered differently (by the calculatidt) in each of plots a-c. Thus, for example, the 25%he
molecules in Figure 7(a) predicted to have the ésglsolubility are not the same as in plots (b) @ydin

the final calculation, for Raoult's law water uptakve assumed the same ordering of molecules @stifa)
and the growth factors for the two cases are uilitélar at the lowesRH.
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In summary, we can say that: (i) measured growttofa of the WSOC fraction are consistent with a
degree of solubility that varies witRH, and complete dissolution of the WSOC materialasapproached
in any of our calculations until at least 9G¥d; (ii) the dissolved fractions of WSOC material éathosen
RH) that can be inferred from the results in Figudiffer according to the assumptions made in ed¢he
four cases. The Raoult's law case in Figure 7(d)chvis the simplest to model, yields a larger pried
soluble fraction at moderai®H (50-60%) than the other cases, but this isn't atugighRH. (iii) Figure 7(c)
shows results for the case for which the UNIFACugrassignments are best supported by the FT-ICR MS
results (high weight given at alkane, -OH and —COgdélips). The results for both these cases are
consistent with the expected greater hygroscopafifyolar organic compounds (in the sense of higher
water uptake per amount of soluble material) asd aliggest that not all of the organic materisdaliges
even at the highe®H. This seems reasonable given the large numberbba atoms in many of the
molecules.

The relationship between soluble fraction &t and the relevance of our results to other tyfesganic
aerosol material and to aerosol (atmospheric) nspdetdiscussed in section 7.

6. Modédlling Hygroscopic Growth Factors of the Total Soluble M aterial

Because of the difficulties of modelling water Uqaf the WSOC fraction, described above, we have
calculated the water uptake of the total aerosthasum of the measured WSOC uptake, and thegbeeldi
water uptake of the polar organic compounds andnihiganic ions. The calculation of water uptakehef
inorganic ion fraction of the aeros&M(ions) in eq. 5) includes the formation of solids,that the

modelled water uptake should correspond most gtdsethe measured "deliquescence scans" of Taylor e
al. (2017) (particles exposed to I&dH then highRH).

The results for all samples are shown in Figun&iB) the exception of sample S5 (because growttofac
of WSOC extract SX5 were not measured). The upperd@wver limits of the shaded area, at any giReh
represent the two charge balance cases descrilsedtion 4.1 (either the cation amounts were agguii
match the measured total anion charge, or viceayethe insets show the contributions to the tgtaivth
factor of the higher molecular weight WSOC fract{omeasured), the WSOC fraction plus the calculated
polar organic contribution, and finally all threensponents. There are several notable featuresqgjldts:

First, alculated growth factors are generally lotiem measured values. This is especially the foaise
sample S2, which has the lowest inorganic fractiball the samples (see Figure 1a,c) and conselyuet
lowest predicted growth factor. In Figure 9 we shtbew measured growth factors for all samples &ethr
selectedRH, plotted against the mol % of inorganic solutdserE is no apparent relationship between the
two, which is not what would be expected. We ingeded this behaviour further by plotting the same
guantities, but using the calculated growth fagtorgigure 9b. To this we added the calculatedwtno
factors, for 80%RH, of a mixture of 1 mole of (NPL.SO, and 1 mole of organic material, which is assumed
to take up water according to Raoult's law andahdiy density and molar volume (when dissolved)strme
as the WSOC material. The two dashed lines onltiecprrespond to 40% dissolved organic materiad, a
100%. The results in Figure 9b show, first, thatréhis essentially no relationship expected betweee %

of inorganic solutes and growth factor at 6B, because a significant fraction is calculatedasdlid at

this point. This is in agreement with the measwades for the sani@H, shown in Figure 9a. At S0RH

the calculatedsF for the five sample compositions show a relatigmsyith inorganic content with a slope
that corresponds quite closely to the two simgditases (the dashed lines in the Figure 9b). How#vs is
not the case for the measured growth factors. Tdia factors that affect these comparisons are: (i)
uncertainties in the TDMA measurements, (ii) uraieties in the composition measurements and the
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relative amounts of the three aerosol fractiond, @r) uncertainties in the modeling estimates. A
comparison of parts (a) and (b) of Fig. 9 of suggésat it is the measured growth factors for just
composite samples that are most responsible faapparent lack of correlation: S2 (lowest relative
inorganic content, 27.7%) and S1 (highest inorganittent, 55.7%). The differences between measured
and modelled growth factors are greatest for saiBgleSample S2 contains roughbyt® 4x the amount of
WSOC material that the other samples do, but omjypcal amount of inorganic ions. The measured
growth factor of the WSOC extract SX2 appears ahousdy high, in comparison to the other samples, as
does that of the total aerosol. This remains ursrpt. It is noticeable (Figure 8a) that B¢ scan points
for S1 (highest inorganic content) are compress$éxigh RH. That is an indication that the TDMA raised
the RH up to 90% relatively slowly, and it is possiblatltontrol settings were refined for the later
experiments, which would affect the comparabilityte results.

The total amounts of WSOC plus individually anatyg®lar organic compounds in the composite samples
are obtained using a Shimadzu analyser, the pod@néc compounds by a combination of ion
chromatography and GC-MS, and the remaining WSO@nah by difference. The analytical uncertainties
associated with the measurements are given indteso Tables 1, 3, and 4. Systematic biasesrofasi
magnitudes, leading to an underestimate of thé potgortions of inorganic ions in the compositenpées

S1 to S6, might be the cause of the under-predgtedth factors for S3, S4, and S6 (but not S2)weber,
with only 5 samples, it does not seem helpful tecspate about the relative importance of the sévera
sources of uncertainty. Some of the discrepandielylreflect imprecision inherent in the growtlcfar
measurements, as well as the various element afhthmical analysis, and the small number of
samples. As apparent from the error bars in Fiarghe magnitude of deviation from the expectedd

is on the order of the analytic uncertainty asgedavith TDMA and composition measurements. Other
uncertainties arise from modelling estimates, dedsensitivity to contamination of microgram sarsple

Second, there are some differences between thetlyfastors measured in the two scans for each sampl
(particularly S4), but in general they are slighte calculated growth factors also do not show the
deliquescence "steps" that are typical of simplelyuinorganic systems, except for sample S1. Riar t
sample the increased growth factor at about RE¥4s due mostly to the predicted dissolution of
(NH,),SO, and MgSQ.6H,0. In all samples numerous salts are predictee ttmbned, and the smoothness
of most of the growth factor curves in Figure 8 tanattributed to the formation and dissolutionaofe
numbers of salts &H changes. For example, for sample S3, oveRtheange 80% to 20%, the following
solid salts are present,80,;, MgSQ,.6H,0O, NgSO;.(NH4),S0,.4H,0, (NH,),SO,,

{2,3}NH ;NO3.(NH,),SO,, NH,CI, and MgSQ.H,0.

Third, it is important to remember that the caltiola of the water content of the samples as the cline
three different components (equation 5) introdwesirtifact with regard to the formation of theiddalts.
This is illustrated in Figure 10 for the case dfygothetical aerosol containing 1 mole of a soluble
"Raoult's law" organic compound and one mole of {NEH, SO, (Ietovicite). Where the water content
associated with the organic compound and saltameiated separately, the electrolyte fraction dbotes
nothing to the total water content below the dedgpence point (68%H), whereas in reality the soluble
organic fraction of the aerosol provides some watexll RH for the salt to dissolve into. This leads to
much higher growth factors at moderate to RM; a smoother growth factor curve, and a reducti@n, (
lower RH) of the deliquescence transitions with respe¢id,),SO, and (NH,), sHo sSO;. We would not
expect such a large effect for the measured sapipesuse of the apparently small amounts of water
associated with the organic fraction, and it woudd explain the difference between measured and
modelled growth factors at hidgRH for which there are no solid salts.



650  Perhaps more relevant to the present study isaittdtat, at higiRH, equation (5) does not take into
651  account the influence of the additional amount$/&0OC organic material that can be expected to Wisso
652 into the relatively large amount of water assodatéth the inorganic fraction of the total aerosidhere are
653  two elements to consider: first, the additionalwoé of water for the organic to dissolve in; secdhd

654  change in the activity coefficient)(of the organic going from the solution of WSOCtenil + water (as
655 measured for the SX series of extracts) to a mextinat also contains the inorganic solutes. Therlat

656  probably of lesser importance: a calculation usivigZdanovskii-Stokes-Robinson expression for solut
657  activity coefficients (equation 9 of Clegg et @003) suggests a change fre(dvSOC) equal to 0.8 (on a
658  molality basis) in a water-WSOC solution at 80% R¥0.66 in a mixture containing 1 mole of dissolve
659  (NH4),SO, and 0.5 moles of dissolved WSOC material. In thisulation the ammonium sulphate is used as a
660  surrogate of the more complex inorganic mixturesuatng in the samples, and the 0.5 moles of WSOC
661  material corresponds to a 1:1 mixture (in termmofes) in which 50% dissolves in water. (The mole %
662  compositions of the samples can be seen in Figuje 1

663  TheE-AIM model was used to investigate the effect of amlutti dissolution of WSOC organic material in the
664  total aerosol samples (S1-S6), relative to thameged to occur for SX1 in Figure 7 under various

665  assumptions, as follows. The amounts of watercgasal with 1 mole of (NEJ,SO, and 1 mole of WSOC
666  material (50% dissolved) at 80RH are 9.56 and 2.0 moles, respectively. If we assaiesSOC "dry"

667  density of 1.3 g cif} a molar volume of 386 chmol* when dissolved (for an average molar mass of 386 g
668  mol™Y) then the growth factor of the mixture at 80%.is91 Also needed for this calculation is the dgnsit

669  dry (NH,);SQ;, which is 1.77 g ¢y and that of its aqueous solution in equilibriuithv80%RH which is

670  1.245 g crit. ThisGF corresponds quite closely with those predictedsénples S3-S6, which are the ones
671 that are nearest to a 1:1 mixture of inorganictesland WSOC material. If a further 25% of the VCSO

672  material dissolves into the water associated wighsalt, we calculate in increase in the growtkofaaf 0.03
673  (to 1.22). This increase, which would bring thediceed GF closer to the measured ones for these total

674  samples is significant and is of about the samenitizde as the uncertainty associated with the earg

675 imbalances of the inorganic ion amounts for samBlzand S4.

676  Fourth, we also calculated growth factors for caseghich a negative charge balance in the measured
677  inorganic ions was corrected by addingtbl create an acidic aerosol. One such resulsdople S3, is
678 shown in Figure 8c. This is a typical: a much higip@wth factor is seen at IoRH due to the greater
679  solubility of the acid salts, and this agrees letti¢h the measurements for this sample. HoweVves, is
680  not the case for all samples (too high a growtldfiais predicted for sample S1), and the assumutaes
681  not explain the lack of a relationship betweenittogganic content of the samples and growth fashamwn
682 in Figure 9a. Also, a highly acidic aerosol seeikaly to be unrealistic for reasons stated earlier.

683  Finally, we note that the GF results for sample® @Kd S2 remain an anomaly. Although the inorganic
684  content of this composite aerosol sample, 561 Hgisnsimilar to that of the other samples, the WSOC
685  concentration exceeds that of the other samplesfagtor of 3 or greater. Furthermore, this fratt{§X2)
686  has a much higher measured growth factor than W8@terial from the other samples, despite a

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

688  fraction. This remains unexplained, but seems ehjiko have occurred during the determination ef th
689  growth factors because of the procedures adoptaudial it. (In between samples, and especiallyfwoithg
690 any calibration with salt, the atomizer was thofdygurged with pure water. The size distributgenerated
691 by the atomizer when filled with a small volume @®&) of ultrapure water was also periodically measured
692  to ensure that the characteristic diameter of éremated aerosol was at least a factor of 10 |tveer

693  generated when the atomizer was filled with thearsolutions. Furthermore, small samples of plira
694  water were run through the system over the couradew hours, to check that there was no rightveduitt
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in the measured size distribution that would o¢taontamination accumulated over the typical tiragquired
for the measurement of one sample.

7. Discussion and Summary

Predicting the hygroscopicity of the soluble orgatomponent of an aerosol requires a knowledgetf b
the compounds present, and their solubility (eifh@m measurements or predictions) at differf@Ht In

this work we have explored elements of both of ¢hegjuirements, and shown that it is possible $ess
hygroscopicity in a semi-quantitative way (the hogpopicity indexHl) based on the results of FT-ICR MS
analysis coupled with predictions of the functiogedup compositions of molecules. We have usedethes
results, together with the UNIFAC model and mead@g®wth factors of the organic extracts, to deteem
that the dissolved fraction of the organic mateviaiies smoothly witiRH (up to 50% or more dissolved at
90% RH depending on the modelling assumptions used)iFgpee 7. Direct quantification of the degree of
dissolution of organic aerosol material would b&ughle in future studies. The combination of meadur
hygroscopicities of the organic fraction of theassl (Taylor et al., 2017) with the model-predicteater
uptake of the inorganic fraction agrees quite with the measured growth factors (Figure 8) witthia
uncertainties of the measurements, although withesdifferences that are noted later in this sectur
results are likely to be particularly relevant ther locations where biogenic secondary organiosamr
dominates. However, the methods and modelling ambres developed here can in principle be applied to
any soluble organic aerosol. The main points ofresults, focusing particularly on the WSOC matgdee
summarised and discussed below.

The calculated functional group assignments forhilye molecular weight WSOC fraction (Table 4), dds
only on the numbers of double bond equivalentsienWSOC molecules and their formulae, were poorly
constrained. It is possible for alcohol and aciougis to make up between 28% and <3% of the total
assigned functional groups, depending on the wisigldf the assignments, and still obey the constsai
(Table Al). However, the FT-ICR MS results in Tablsuggest that the final set of UNIFAC group
assignments in Table Al (with high weight giver-@H, —COOH, and alkane groups) is the most realisti

The solubility of organic compounds is expecteddcrease with the number of carbon atoms (molecular
size), and be increased by the presence of pajanar functional groups such as —OH and —COOH. The
hygroscopicity indexdl developed in section 3.3 is used in this workgineate a ranking of the WSOC
compounds, by order of hygroscopicity, taking iatmount the relative amounts of each that are ptese
This index determines the order in which WSOC coamals are allowed to dissolve in the calculations of
growth factors for different fractional dissolvechaunts.

The extent to which the WSOC material dissolvewater at differenRH isn't known directly. Given that
many of the molecules are very large — up to adOutarbon atoms (Table 4) — complete solubilitygas
expected even at the high&i. This suggests that the solid/liquid phase partitig of the WSOC
partitioning resembles examples 2 (solid core aptbaus solution) or 4 (solid core and two or mageidl
phases) from Figure 6. The predicted growth facbéthe WSOC material, discussed in section 5 and
shown in Figure 7, compare an assumption of "Resolafiv" solubility with UNIFAC calculations for the
three different functional group assignments (masénhe total number of groups, minimise it, angegi
high weight to —OH and —COOH groups). The resuitsasthat:

() In all cases the measured growth factors ansistent with a solubility of the WSOC compoundatth
varies smoothly withrRH.

(i) Some of the WSOC material is predicted to remandissolved even at the highest modeReti(90%),
and this fraction is greatest for the two UNIFA@gp assignments that include the highest numbers of
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polar groups. The second of these, in which higlyhtas assigned to alkane, —OH, and —COOH funetion
groups, yields the assignments that are most densiwith FT-ICR MS measurements.

(iii) The highest fractional solubilities, and tleéore thd owest hygroscopicities per mole of dissolved
WSOC material, are predicted for the Raoult's lasec(Figure 7d) and the one in which the total rermb
of assigned functional groups is minimised (Figtag. This is the assignment in which —-OH and —COOH
groups make up less than 3% of the total (Table Adjl contrasts to the two other cases in whichRAU
was used and for which the proportions of —-OH a@@OH groups are much higher (Figure 7b,c).

Our finding of partial solubility has implicatiorier aerosol modelling. Riipinen et al. (2015), in a
theoretical study, have demonstrated that the dajubf aerosol organic material is an importaattor in
controlling its ability to act as CCN, and Carriebal. (2008) have shown that the hygroscopicitgrobke
extracts from biomass burning, determined by HTD&# by CCN measurements, are closely related (to
within +20% in thex parameter of Petters and Kreidenweis (2007)).1eigd shows the soluble fractions
of WSOC material for which the calculated growthtéa agrees with the measured values, for two cases
Raoult's law behaviour of the aqueous phase (&gure 7d), and for the UNIFAC calculation (from
Figure 7c). In both cases the soluble fractionesdpproximately linearly witRH (from a soluble fraction
of zero at 109%RH), and implies that it remains below unity eversel®o 100%RH. Converting from a

mole to a mass basis, the soluble fraction forRheult's law case in Figure 11 is given by 0.6H.¢ 0.1).
These fractions correspond to the "flat" solubilligtribution shown in Figure 2 of Riipinen et g&015):
equal mass fractions of material, each with a @efisolubility, covering a logarithmic range of dulities

up to 1000 g d.

It might be expected that this simple relationgbeween soluble fraction afH applies, with different
slopes, to other types of multicomponent organiosa material. If so, the only extra informatioeeled

in order to estimate a growth factor is the densftthe solid (undissolved) organic material, tleasity of
the aqueous solution, and an average molar mabg @rganic material. The relationship could also b
used to derive & parameter, as described for material of limiteldlsitity by Petters and Kreidenweis
(2008) (and with arH-dependent value of functidf(x;) in their equation 6). We suggest this as a stibjec
for further research.

The individually analysed organic acids and sudeotels (Samburova et al., 2013) constitute a §icamt
fraction of the total aerosol in all samples. Théualated growth factors of these compounds ardigied
to be intermediate between those of the WSOC tracand typical inorganic salts (Figure 5). At 86%4
the predicted>F in the figure is about 1.19 compared to a measur@8 for the WSOC material, but a
much higher 1.48 for ammonium sulphate. These adssugar alcohols have known functional group
compositions and much simpler structures than ti$ compounds, and the UNIFAC model is better
suited to modelling their properties. However,hie talculations of the hygroscopicity of this fiantof
the aerosol, in Figures 5 and 8, we have assumaglete dissolution of all compounds atRH. Thus it

is probable that the predicted contributions toghmvth factors of the total aerosol, shown initisets to
the plots in Figure 8, are maximum values.

The growth factors of the total aerosol materiaeg section 6, were modelled as the sum ofriéasured

water uptake of the WSOC fraction, and gnedicted water uptake of the individually determined organi
compounds (discussed in the previous paragraphjrenishorganic ions. The calculations for the ions
assumed the equilibrium formation of solid saltse easured growth factors, shown in Figure 8fare
both "deliquescence" and "efflorescence" scansaamdlesigned to map the lower and upper legs of any
hysteresis loop. They are generally quite similarept for sample S4 above about 9B%. There is some
uncertainty in the calculations of the contributmfrthe ions to total water uptake because of aharg
imbalances between the total measured cationscaaldeasured anions, which were compensated based
on various different assumptions. With the exceptibsample S1, the predicted growth factors at
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moderate to higliRH tend to be somewhat lower than measured, althougrasonable overall agreement.
The method of estimating the total water conterthefaerosol as the sum of that associated witkhttee
fractions (equation 5) does not explicitly takeiaccount the increased dissolution of solubledsahto

the larger volume of water that would be expeckatdestimate of the effect of increased WSOC
dissolution suggested that the growth factors & 881 could be increased by about 0.03. This is
significant, but is not sufficient to bring the nse@&ed and modelled growth factors in Figure 8 into
complete agreement.

The results of this study broadly validate the apph taken to modelling the hygroscopicity of a
compositionally complex aerosol, containing botbrganic and organic compounds. Our finding that
partial solubility of the WSOC material is requiredexplain measured growth factors, and thatcarsbe
represented as a linear functionRb, suggests that quite simple approaches can betasaddel its
atmospheric effects. Studies to quantify direttly degree of dissolution of the organic fractibthe
aerosol at differerRH, and the phase(s) in which it is present, wouldddaable.
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APPENDI X
Estimation of the Functional Group Compositions

We estimated the compositions of the high molecwgight WSOC material in the samples in terms ef th
UNIFAC functional groups in the following ways. Eir it is necessarily assumed that the only funetio
and structural groups present are those availaitkenitUNIFAC. For simplicity, it is also assumedattthe
molecules consist either of chains of carbon atpmith branches, if necessary, but not aliphatigsix or a
single aromatic ring with either one or two carlohiains attached. The determination of the possible
functional and structural group compositions foctemnolecule was formulated as a constrained integer
minimisation problem in which each molecule is dimd using the minimum number of UNIFAC groups,
subject to the constraints that there must be moeaupied bonds, and the numbers of atoms and double
bond equivalents must be correct for each molediiie.problem was solved using a "branch and bound"
linear programming method (routine HO2BBF of thenduical Algorithms Group Fortran Library (NAG,
2013)).

The available information regarding the molecutemsufficient to provide unique solutions in teraighe
assigned functional groups, and minimising theltotanber of groups tends to favour those that donta
large numbers of atoms (such as acetate, for exgmple therefore carried out two additional caltiolss,
for the WSOC molecules in samples S1, to exploeevtriability of estimated composition. In the firs
calculation, the group assignments were carriedsowts to maximise the total number of groups ahea
molecule, thus favouring the presence of the smghi@ups containing fewer atoms. In the second
calculation, the group assignments were weighteatdier to favour alkane, alcohol, and acid groups a
thus both describe the molecules in a functionsittyple way and maximise the occurrence of the talap
groups that most strongly promote hygroscopicitye Tesults are shown in Table Al. In the base case
(minimising the number of groups needed to desadizh molecule) the majority of the oxygen atoms in
the molecules are assigned to acetate and ethgpgemd most of the rest to ketones. When the nuofbe
groups per molecule is maximised (see the secolncoof results in Table Al) the picture is very
different: alcohol and aldehyde groups are now alrd0% of the total, and most of the rest are akan
groups. In the final case, in which high weights given to alkane, alcohol and acid groups, thepoalar
groups account for almost 29% of the total numbieroups. Another notable feature of the resuthi
the proportion of assigned alkene groups variegively little — from about 7 % to 11 % across theee
results. Table A2 shows the group assignmentsrf@rhitrarily chosen molecule ({H,50g), illustrating —
in a single example — how widely they differ betwebe three cases.

Some of the characteristics of the higher molecwkeight WSOC material in SX4 are summarised in abl
1 of Mazzoleni et al. (2012). The frequency of aati;ymolecules in the sample, using the aromaticity
index of Koch and Dittmar (2006), is only 45 outeofotal of 3737 assigned formulae (1.2%). Usirgy th
assumption of a "chain" (non-aromatic) moleculecggsful UNIFAC functional group assignments were
made in this study in all but 0.81% to 3.5% (averag6%) of molecules in samples SX1 to SX6. Fer th
assumption that each molecule contained an aromatj¢where the number of DBE allowed it),
successful assignments were made in all but 792 84 (average, 8.8%) of cases. These results atbdo
base case group assignments. While they are qualtaconsistent with the finding of Mazzoleniadt

noted above, the fact that about 90% of the moé=cabuld be assigned group compositimeiuding
aromatic rings confirms that the assignments aite queakly constrained by the available information
(numbers of each atom present, and double bondaeuts). In the calculations that follow we hairstf

of all accepted the successful chain-based grosigraments. Where these were unsuccessful, assigamen
that include an aromatic ring were adopted whessipte. The total mole fraction of WSOC materialtth
was successfully described in this way, for allsnples, ranged from 0.993 to 0.999 (average7@)99
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The mean numbers of each type of functional gramnmolecule, and the deviations of each sample from
this mean, are listed in Table A3 for the base gasap assignments. The results for the differantges,
SX1-SX6, are broadly similar. The presence of largmbers of O-containing groups (acetate, ether,
ketone) reflects the high degree of oxygenatiomo$t molecules.

The modified aromaticity index (Abg of Koch and Dittmar et al. (2006) was used tineste the extent of
carbon-carbon unsaturation for the molecular foemmpbecause the ultrahigh resolution MS/MS analysis
cannot otherwise provide specific information abibigt alkane, alkene, and aromatic functional grénipise
WSOC molecules. The index assumes that 50% ofxyxgenm in a molecular formula contributes a single
"unsaturation” in the form of an aldehyde, ketare;zarboxylic acid. The remaining fraction of sations
are then assumed to be due to carbon-carbon baddsa classified as aliphatic, olefinic, aromatic,
condensed aromatic structures. Overall, the moatman Al classifications were aliphatic and olefinic,
both of which have alkane groups. Thus, it is labtbat alkane and alkene groups would represent a
significant component of the WSOC. Our group assigmts, described above, and,4lboth predict that
aromatic groups are the least prevalent. The UNIpAd&tiictions for aromatic, alkane and alkene greagesn
reasonable for all three parameter sets in Table Al

The ultrahigh resolution MS/MS analysis providesight regarding the polar functional groups assedia
with the studied precursor molecular formulas (laGét al., 2012). Carboxyl (-COOH) and hydroxyD@)
functional groups are observed as neutral loss€Dptind HO. Thus, the predicted UNIFAC functional
groups can be compared to the 720 studied CHO m@cions and their product ions. In case 1 (seditbt
column of results in Table Al), where the totalugre are minimized, relatively low percentages afrbyyl
and carboxyl functional groups are predicted, wischot supported by the MS/MS neutral loss analysi
Case 2, where the total number of groups are magiiishows a significant number of hydroxyl funatib
groups (occurring in 93% of all molecules), whisltonsistent with the MS/MS results. However, the
numbers of carboxyl groups (0.23% of all molecubeg) much lower than inferred from the MS/MS analys
as shown in Table 5. In case 3 the alkane, hydraxy carboxyl groups are given high weight ingheup
assignment calculation, and consequently are gegtlio be present in much greater numbers (sdaghe
column of results in Table Al). This is more cotesis with the results of the MS/MS analysis, altjlothe
predicted numbers of hydroxyl functional groupslare relative to the observed,@ losses in MS/MS
analysis. This may reflect the fact that the MSAvE§mentation cannot distinguish the neutral |dg9d 0
from an independent hydroxyl group (R-OH, wheresRat a carbonyl carbon) from that of a carboxga
group (R-C(0O)-OH). This means that some of th® kbsses are likely due to carboxyl functional grethat
easily loose an OH. This is supported by the olagenv that nearly every precursor (all but 59) stadws an
H,0 loss also shows a GWss. Overall, it seems clear that minimizing filwectional groups produces the
least realistic results, while maximizing the fuantl groups and weighting certain functional greup
produces results more consistent with the ultrahéglolution MS/MS analysis.



892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936

937
938
939
940
941
942
943
944
945

946
947

REFERENCES

K. Balslev and J. Abildskov (2002) UNIFAC paramstéar four new groupsnd. Eng. Chem. Res. 41, 2047-
205.

O. Boucher, D. Randall, P. Artaxo, C. BrethertonF&ingold, P. Forster, V.-M. Kerminen, Y. Konda, H
Liao, U. Lohmann, P. Rasch, S.K. Satheesh, S. SlwetvB. Stevens and X.Y. Zhang (2013) Clouds and
Aerosols. InClimate Change 2013: The Physical Science Basis. Contribution of Working Group | to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change, eds.T. F. Stocker, D. Qin, G.-K.
Plattner, M. Tignor, S.K. Allen, J. Boschung, A.lNés, Y. Xia, V. Bex and P.M. Midgley, Cambridge
University Press.

C. M. Carrico, M. D. Petters, S. M. Kreidenweisl.JCollett Jr., G. Engling, and W. C. Malm (2008rosol
hygroscopicity and cloud droplet activation of exts of filters from biomass burning experimedts.
Geophys. Res. 113, D08206, doi:10.1029/2007JD009274.

S. L. Clegg, P. Brimblecombe, and A. S. Wexler @98 thermodynamic model of the system+NH," -
SO~ NO;y - H,0 at tropospheric temperaturésPhys. Chem. A 102, 2137-2154.

S. L. Clegg and J. H. Seinfeld (2006a) Thermodycamodels of aqueous solutions containing inorganic
electrolytes and dicarboxylic acids at 298.15 KSystems including dissociation equilibrdaPhys. Chem. A
110, 5718-5734.

S. L. Clegg and J. H. Seinfeld (2006b) Thermodymamdels of aqueous solutions containing inorganic
electrolytes and dicarboxylic acids at 298.15 KrHe acids as non-dissociating componehtBhys. Chem.
A 110, 5692-5717.

S. L. Clegg, J. H. Seinfeld and P. Brimblecombed@0r hermodynamic modelling of aqueous aerosols
containing electrolytes and dissolved organic cammpis.J. Aerosol. Sci. 32, 713-738.

S. L. Clegg, J. H. Seinfeld, and E. O. Edney (2008rmodynamic modelling of aqueous aerosols comigi
electrolytes and dissolved organic compounds. le&tended Zdanovskii-Stokes-Robinson approach.
Aerosol. Sci. 34, 667-690.

S. L. Clegg and J. M. Simonson (2001) A BET modehe thermodynamics of aqueous multicomponent
solutions at extreme concentratidnChem. Thermodyn. 33, 1457-1472.

S. L. Clegg and A. S. Wexler (2011) Densities applaent molar volumes of atmospherically important
electrolyte solutions. 1. The soluteg3dy, HNG;, HCI, Na&SQO;, NaNG;,, NaCl, (NH,),SO,, NH;NO5, and
NH,4CI from 0 to 50°C, including extrapolations to very low temperatangl to the pure liquid state, and
NaHSQ, NaOH, and Nklat 25°C. J. Phys. Chem. A 115, 3393-3460.

A. Fredenslund, R. L. Jones, J. M. Prausnitz, (1 &tdupcontribution estimation of activity coefficients in
non-ideal liquid mixtures AIChEJ21, 1086-1099.

Freedman, M. A. (2017) Phase separation in orgagiosol.Chemical Society Reviews, 46(24), 7694-7705.

G. S. Girolami (1994) A Simple "Back of the EnvetdpMethod for Estimating the Densities and
Molecular Volumes of Liquids and Solids,Chem. Educ. 71, 962-964.

A. G. Hallar, D. H. Lowenthal, S. L. Clegg, V. Shomova, N. Taylor, L. R. Mazzoleni, B. K. Zielingka.
B. Kristensen, G. Chirokova, I. B. McCubbin, C. Bod, D. Collins (2013) Chemical and hygroscopic
properties of aerosol organics at Storm Peak Laboral. Geophys. Res.(Atmospheres) 118, 1-13,
doi:10.1002/jgrd.50373.

M. Hallquist, J. C. Wenger, U. Baltensperger, YdiRt, D. Simpson, M. Claeys, J. Dommen, N. M.
Donahue, C. George, A. H. Goldstein, J. F. HamjlténHerrmann, T. Hoffmann, Y. linuma, M. Jang, M.



948
949
950

951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002

E. Jenkin, J. L. Jimenez, A. Kiendler-Scharr, W.edlaaut, G. McFiggans, Th. F. Mentel, A. Monod, A. S
H. Prevot, J. H. Seinfeld, J. D. Surratt, R. Szeiigki, and J. Wildt (2009) The formation, propestand
impact of secondary organic aerosol: current andrgimg issuesiAtmos. Chem. Phys. 9, 5155-5236.

H. K. Hansen, P. Rasmussen, A. Fredenslund, MlI8&chkind J Gmehling (1991) Vapor-liquid equilibbg
UNIFAC group contribution. 5. Revision and extemsimd. Eng. Chem. Res. 30, 2352-2355.

Y.-F. Hu (2000) An empirical approach for estimgtihe density of multicomponent aqueous solutions
obeying the linear isopiestic relatioh,Solut. Chem. 29, 1229-1236.

Mark Z. Jacobson (199%undamentals of Atmospheric Modelling, Cambridge University Press, 656 pp.

M. Kanakidou, J. H. Seinfeld, S. N. Pandis, |. BenF. J. Dentener, M. C. Facchini, R. Van Dingetien
Ervens, A. Nenes, C. J. Nielsen, E. SwietlickR JPutaud, Y. Balkanski, S. Fuzzi, J. Horth, G. K.
Moortgat, R. Winterhalter, C. E. L. Myhre, K. Tsigdis, E. Vignati, E. G. Stephanou, and J.Wilso8(2)
Organic aerosol and global climate modelling: de®yAtmos. Phys. Chem. 5, 1053-1123.

B. P. Koch and T. Dittmar (2006) From mass to gtreez an aromaticity index for
high-resolution mass data of natural organic maRapid Communications in Mass Spectrometry 20, 926-
932. See also the erratum published in 2016 inmelB0, page 250, of the same journal.

T. B. Kristenseni. Wex,B. NekatJ. K. NgjgaardD. van PinxtererD). H. Lowenthall.. R. MazzoleniK.
DieckmannC. B. Koch,T. F. MentelH. HerrmannA. G. Hallar,F. Stratmanmnd M. Bilde (2012)
Hygroscopic growth and CCN activity of HULIS froniffdrent environments]. Geophys. Res. 117, D22203,
doi:10.1029/2012JD018249.

J. P. LeClair, J. L. Collett, and L. R. MazzolePd12) Fragmentation analysis of water-soluble aphesc
organic matter using ultrahigh-resolution FT-ICRs®@pectrometnES& T 46, 4312-4322.

Numerical Algorithms Group (2013he NAG Fortran Library, Mk. 24, Oxford, (http://www.nag.co.uk).
S. T. Martin (2000) Phase transitions of agueoasapheric particlesChem. Rev. 100, 3403-3453.

L. R. Mazzoleni, P. Saranjampour, M. M. Dalbec Sdmburova, A. G. Hallar, B. Zielinska, D. H. Loweal
and S. D. Kohl (2012) Identification of water-sdkilorganic carbon in non-urban aerosols usinghiljia
resolution FT-ICR mass spectrometry: organic anigngiron. Chem. 9, 285-297.

M. D. Petters and S. M. Kreidenweis (2007) A singhrameter representation of hygroscopic growth an
cloud condensation nucleus activiftmos. Chem. Phys., 7, 1961-1971.

M. D. Petters and S. M. Kreidenweis (2008) A singarameter representation of hygroscopic growth an
cloud condensation nucleus activity — Part 2: Idirlg solubility, Atmos. Chem. Phys., 8, 6273—6279.

C. A. Pope lll, and D. W. Dockery (2006) Healthesfts of fine particulate air pollution: lines tltannect,
J. Air Waste Manage., 56, 709-742.

I. Riipinen, N. Rastak, and S. N. Pandis (2015) i@aning the solubility and CCN activation of comple
organic aerosols: a theoretical study using sdlyldistributions,Atmos. Chem. Phys. 15, 6305-6322.

V. Samburova, A. G. Hallar, L. R. Mazzoleni, P.&gampour, D. H. Lowenthal, S. D. Kohl, and B.
Zielinska (2013) Composition of water-soluble origazarbon in non-urban atmospheric aerosol coltbate
the Storm Peak Laboratorgnviron. Chem. 10, 370-380.

M. Semmiler, B. P. Luo, T.Koop (2006) Densitiedigfiid H / NH," / SQ? / NO; / H,O solutions at
tropospheric temperaturestmos. Environ., 40, 467—-483.



1003
1004
1005
1006
1007
1008

1009
1010

1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053

1054

J. H. Seinfeld and S. N. Pandis (20@&nospheric Chemistry and Physics: From Air Pollution to Climate
Change, 2nd Edn. (revised), Wiley-Blackwell, 1232 pp.

M. Shiraiwa, Y. Li, A. P. Tsimpidi, V. A. Karydisl. Berkemeier, S. N. Pandis, J. Lelieveld, T. Koapg
U. Poschl (2017) Global distribution of particlegsie state in atmospheric secondary organic aerosols
Nature Communications, 8, 15002 (doi: 10.1038/ncomms15002).

J. D. Smith, V. Sio, L. Yu, Q. Zhang, and C. Anagig2014) Secondary organic aerosol productiomfro
agueous reactions of atmospheric phenols with garoe triplet excited stat&S& T 48, 1049-1057.

R. H. Stokes, and R. A. Robinson (1966) Interastimnaqueous nonelectrolyte solutions: I. Soluteet
equilibria. J. Phys. Chem. 70, 2126-2130.

S. Suda Petters, D. Pagonis, M. S. Claflin, E..LeVin, M. D. Petters, P. J. Ziemann, and S. M.
Kreidenweis (2017) Hygroscopicity of organic compds as a function of carbon chain length and
carboxyl, hydroperoxy, and carbonyl functional grewl. Phys. Chem. A 121, 5164-5174.

S. Suda Petters, S. M. Kreidenweis, A. P. GriesRo@, Ziemann, and M. D. Petters (2019) Tempegatur
and humidity-dependent phase states of secondganiar aerosolgseophys. Res. Lett.,
doi:10.1029/2018GL080563

N. F. Taylor, D. R. Collins, D. H. Lowenthal, I. BicCubbin, A. G. Hallar, V. Samburova, B. Zielinsk&
Kumar, and L. R. Mazzoleni (2017) Hygroscopic growf water soluble organic carbon isolated from
atmospheric aerosol collected at US national parksStorm Peak Laboratorftmos. Chem. Phys. 17,
2555-2571.

C. H. Tong, S. L. Clegg and J. H. Seinfeld (2008parison of activity coefficient models for
atmospheric aerosols containing mixtures of eléygties, organics, and watektmospheric Environment 42,
5459-5482.

T. V. Vu, J. M. Delgado-Saborit, and R. M. Harrig@915) A review of hygroscopic growth factors of
submicron aerosols from different sources andngdication for calculation of lung deposition eféacy of
ambient aerosolir Qual. Atmos. Health 8, 429-440.

J. Wang, M. J. Cubison, A. C. Aiken, J. L. Jimersz] D. R. Collins (2010) The importance of aerosol
mixing state and size-resolved composition on COGhcentration and the variation of the importanctwi
atmospheric aging of aerosofg¢mos. Chem. Phys. 10, 7267-7283.

A. S. Wexler and S. L. Clegg (2002) Atmosphericoaet models for systems including the ion's NH,",
Na', SO%, NOs, CI, Br, and HO. J. Geophys. Res.-Atmos. 107, D14, Art. No. 4207, (see
http://www.aim.env.uea.ac.uk/aim/aim.php).

R. Wittig, J. Lohmann, and J. Gmehling (2003) Vabiguuid Equilibria by UNIFAC Group Contribution. 6.
Revision and Extensiohnd. Eng. Chem. Res. 42, 183-188.

M. Zark, J. Christophers, and T. Dittmar (2017) Btallar properties of deep-sea dissolved organitemat
are predictable by the central limit theorem: Ewickefrom tandem FT-ICR-M$Jar. Chem. 191, 9-15.

R. A. Zaveri, R. C. Easter, J. D. Fast, and L. &telps (2008) Model for Simulating Aerosol Interaos
and Chemistry (MOSAIC)J. Geophys. Res. 113, D13204, doi:10.1029/2007JD008782.

A. Zuend, C. Marcolli, B. P. Luo, and T. Peter (8D8 thermodynamic model of mixed organic-inorganic
aerosols to predict activity coefficienfgmos. Chem. Phys. 8, 4559-4593.



TABLES (main text)

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

Unit S1 S2 S3 A S5 S6

Totalions | ng m* 797.3 561.3 730.4 368.0 181.8 395.8
(asabove) | nmolm® | 14.07 10.52 12.03 9.27 3.66 7.10
CI nmol m® | 0.125 0.121 0.0719 0.157 0.0674 0.0124
NOs nmol ni® | 1.340 1.345 2.213 2.032 0.436 0.808
S0~ nmol m® | 5.662 3.435 4.709 0.805 1.008 2.518
NH," nmol ni® | 4.690 3.210 2.279 3.643 1.164 1.838
Na* nmol m® | 0.281 0.381 0.478 0.389 0.152 0.277
K* nmol ni® | 1.063 1.167 1.374 1.132 0.362 0.742
Ca® nmol m® | 0.707 0.665 0.661 0.829 0.348 0.812
Mg®* nmol ni® | 0.203 0.191 0.245 0.287 0.124 0.0922
Charge % -47.8 -25.2 -65.3 64.3 4.02 -22.6
balance?

b % 4.85 13.8 8.1 84.7 26.9 16.6

¢ % -14 -1.3 -26.3 74.1 14.7 0.85

Note: the concentrations are given as amounts pef atmosphere sampled. The analytical uncertaintie
for inorganic ions were: 3-10 % (§11-23 % (NQ), 2-16 % (SG), 3-12 % (NH"), 0.2-1 % (N&), 1-4 %
(K", 1-5 % (C&"), 4-14 % (Mg".

& Charge balance is calculated & nC; zC; - Z; nA; |zA;|) wheren and z are the number of moles and the

charge, respectively, of each cation C and aniofdcalculate the percentages listed in the tdbée,
amounts given by the expression above are divigatid quantity 0.5( nC; zC; + X; nA; [ZAi]).

® The charge balance is calculated on the assumiptaar5Q” is partially neutralised, and present in the
aerosol as HSQ

° The charge balance is calculated on the assumitaar8Q” is partially neutralised, and present in the
aerosol as kSO,



Table 2. The measured inorganic composition of the aenwedérial in extracts SX1-SX6.

SX1 SX2 SX3 SX4 SX5 SX6
Total ions ng m* 10.15 12.02 13.55 8.84 15.00 16.86
(as above) nmol m? 0.259 0.248 0.335 0.203 0.307 0.438
Cl nmol m? 0 0 0 0 0.124 0.0451
NOs nmol m? 0.0247 0.0432 0.0384 0.0376 0 0.0450
S0,% nmol m?* 0.0194 0.0462 0.0301 0.0187 0.0886 0.0251
NH," nmol ni® 0.0327 0.0371 0.0388 0.0305 0.0477 0.0471
Na"* nmol ni® 0.0526 0.0270 0.0733 0.0204 0.0368 0.0890
K* nmol m?* 0.0566 0.0442 0.0732 0.0367 0.0100 0.115
ca* nmol ni® 0.0609 0.0421 0.0671 0.0514 0 0.0582
Mg* nmol m® 0.0124 0.0079 0.0139 0.0079 0 0.0139
charge % 127.9 42.2 111.6 93.3 -104.5 95.2
balance ®

Note: the concentrations are given as amounts pef atmosphere sampled.

% See note (a) in Table 1.

Table 3. Summary of the measured polar organic composdfdhe aerosol material (all samples).

Unit S1 2 3 ! S5 6

All compounds ng m* 312.0 239.4 | 2121 213.6 | 94.3 122.0
(as above) ng C m® 122.2 93.5 79.5 81.3 335 42.7
(as above) nmol ni® 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|  59.39 67.1Q
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* 32.7 31.6 47.9 47.0 3.0 26.1
(as above) ng C m® 14.7 13.4 21.2 19.6 1.38 10.6
(as above) nmol mi® 0.316 0.307 | 0.470 0.500 | 0.023| 0.261
6 low MW acids mass% 38.04 39.87 | 3859 48.54|  12.00 47.02
24 high MW acids mass% 53.44 40.75 | 53.85 41.74|  32.69 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 pef atmosphere sampled. The analytical uncertaintie
for organic species were: 3-20 % (6 low MW aci@s29 % (24 high MW acids), 5-32 % (7 sugar
alcohols), 5-19 % (11 sugars).



Table 4. Summary of the organic composition of the WSOWselr material determined by FT-ICR MS (all

samples).

Unit S1 S2 S3 A4 S5 S6
Total WSOC? ng C me 5245 1932.3 600.9 595.7 303.0 489.9
WSOCb ng C m’ 402.3 1838.7 521.4 514.4 269.5 447.2
WSOC*® nmol mi® 1.92 8.87 2.68 2.44 1.32 2.26

SX1 SX2 SX3 SX4 SX5 SX6
Total WSOC® ng C m’ 289.6 1682.6 4845 547.0 282.2 256.6
WSOC*® ng C m° 275.0 1669.1 463.2 527.4 280.77 246.1
WSOC* nmol m? 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 cm®mol? | 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 WSOCtenal was ~ 10%.

@ Total water soluble organic carbon in the aerdstérmined using the Shimadzu total organic carbon

analyser (see section 2).

® Concentrations of the WSOC material analysed by@R MS (Mazzoleni et al. 2012), obtained by
subtracting from the total (the line above) theamirations of the individual polar organic molexsil
determined by IC and GC MS (Samburova et al., 2013)

¢ Same as (b) but in molar units.

4 Total water-soluble organic carbon in the resitrated composite samples aerosol determined tising
Shimadzu total organic carbon analyser

¢ Concentrations of the WSOC material analysed by@R MS, obtained by subtracting from the totalk(th
line above) the concentrations of the individudbpa@rganic molecules determined in the resin-exéa
samples by IC and GC MS.



Table 5. Summary of the numbers of precursor formulas shgwertain types of losses.

M olecular CO, Loss H,O L oss Aldehyde M ethoxy
Group (-COOH) (-OH) L oss L oss N, SLoss
Al (8162_204/0) (9113.8& ) | s40ws3w) | 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%) @B32%)
CHOS 243 (70.4%)| 293 (84.9% 171 (49.6% 173 (50.1%) @™19%)
CHNOS 19 (42.2%) | 22 (48.9%) 1 (2.2%) 3 (6.7%) 37 (82.2%)

Notes: the first value is the number of precursomiulas in each category, and the numbers in paesas
are their percentages of the total formulas in e@aotecular group. The molecular group (leftmostucah)
is defined as the set of WSOC molecules or comp®gndtaining only the elements listed.



Table A1l. Summary of the assignment of UNIFAC functionalgys to WSOC molecules in sample SX1,

TABLES (appendix)

shown as percentages of the total number of groups.

Per centage Contributions of Each Type of Functional Group
Functional Group ? Minimisetotal number | Maximisetotal number | Increased weight given
of groups® of groups® to alkane, alcohol, and
acid groups”
aromatic 0.08 (0.16) 0.04 (0.16) 0.06.16)
alkane 36.7 (74.9) 48.7 (99.1) 579 (96.8)
alkene 11.2 (55.3) 8.31 (63.4) 7.37 (42.2)
alcohol 1.54 (8.10) 249 (93.3) 8.38 (42.5)
ketone 5.12 (28.81) 0 1.45 (25.7)
aldehyde 0.18 (1.15) 145 (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 @.9
amide 4.63 (45.1) 2.63 (45.2) 3.33 5.
thiol 0.07 (0.92) 0.45 (10.2) 0.58 @)p.
sulphide 0.38 (4.84) 0.38 (7.44) 0.47.4)
sulphone 0.93 (11.9 0 0
acetate 209 (87.3) 0 0
ether 148 (71.1) 0 0

Notes: the columns list the numbers of groups cheadicated type (for all 3056 molecules in thepée),
expressed as a percentage of the total numbesigingsl groups of all types. All values greater tB&mare
in boldface type. The values in parentheses arauh#ers of molecules containing one or more of the
indicated functional groups (also expressed asepeages).

% These types correspond to the following "mairugss listed in the supplementary information to kkam
et al. (1991) except as indicated: aromatic - 3K&Glkane - 1 (ChH); alkene - 2 (C=C); alcohol - 5 (OH);
ketone - 9 (CHCO); aldehyde - 10 (CH); acid - 20 (COOH); oxid&3-(see Balslev and Abildskov, 2002);
nitro - 26 (CNQ); amide - 46 (CON); thiol - 29 (C§$H); sulphide - 48 (CE); sulphone - 55 (see Wittig
et al., 2003); acetate - 11 (CCOQ); ether - 13QHEach of the named groups may involve more than
one structure, for example alkane means C (bormléalit other atoms), CH (bonded to three other ajom
—CH,—, and —CH.

® First column of results — the assignment was edroiut so as to describe the molecules using the
minimum number of groups, with all groups given @&queight; second column — similar to the first
column, but the total number of groups was maxidiseird column — the total number of groups was
minimised, but a high weight was given to alkareolaol, and acid functional groups.



Table A2. Examples of group assignments to moleculgl¢sOg (with 3 DBE)

Numbers of Each Type of Functional Group

Functional Group Minimise total Maximisetotal | Increased weight
number of number of given to alkane,
groups groups alcohol, and acid

groups

alkane 5 8 8

aldehyde - 3 -

alcohol - 3 -

acid - - 3

acetate 2 - -

Notes: the columns list the number of groups ohdadicated type that were assigned to the molecule



Table A3. Average assigned group compositions, per molefoildhe total SX1-6 WSOC material.

UNIFAC Group | Average per molecule | AS1 AS2 AS3 ASA ASH AS6
alkane 4.137982 0.5765 0.3748] -0.4686 -0.1224 -0.1489 1112
acetate 2.585348 0.1058 0.0868 -0.0594 -0.0246 -0.0788 29%0
ether 1.814833 0.0828 0.2086] -0.1271 -0.1051 -0.0918 2®O3
alkene 1.567942 -0.1320 -0.2113 -0.0165 0.2740 0.1651 74980
ketone 0.589472 0.0681 0.0278| -0.0427 0.0408 -0.0386 5105
amide 0.532353 0.0630 0.2041 -0.1039 0.0364 -0.05380 1%14
oxide 0.344804 -0.0597 -0.102%5 0.0487 0.0122 0.0318 ®06P
acid 0.225060 -0.0710 -0.0404 0.040(¢ 0.0535 0.0668 8004
alcohol 0.186433 0.0111 0.0630 -0.0087 -0.0392 -0.0009 2880
sulphone 0.141088 -0.0222 -0.0384 0.0193 0.0035 0.0104 @O2F
sulphide 0.067178 -0.0188 -0.0294 0.0102 0.0073 0.01380 ®.01f7
aldehyde 0.055608 -0.0322 -0.0289 0.0174 0.0018 0.0587 4BO1
aromatic 0.031884 -0.0220 -0.0157 0.0048 0.0164 0.0191 A¥.0(
thiol 0.013206 -0.0040 -0.0048 -0.00593 0.0052 0.0062 2B0O0O
nitro 0.006489 0.0034 0.0043 -0.0033 0.0005 -0.0013 3®BO(

Notes: these results are for the "base case" gassignments, in which molecules were describedjubia

minimum number of functional groups, without weiglgt The second column shows the average group
composition per molecule across all samples, aagithcolumnaAS1,AS2, etc. indicate the deviations of
each of the six samples from that mean.
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Figure 1. Relative compositions of the total wateluble aerosol material (samples S1-6), and water
soluble organic matter extracts (SX1-6), in botlss® (a and b) and mole % (c and d). Key: diagonal
lines — inorganic ions; solid grey — individualgr organic compounds; black — high molecular \weig
water soluble organic carbon (WSOC). The dataimlot are from Tables 3 and 4.
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Figure 3. Characteristics of the WSOC fractionample SX1, with molecules ranked according to
hygroscopicity index and then divided into five gps containing equal numbers of moles of each
compound. This is the "base case" in which thetfanal group assignments are carried out so as to
minimise the total number of groups per moleculackon 1 is predicted to be the most soluble, and
fraction 5 the least soluble. The ranges of vabfdeg;y(HI) for each fraction are as follows: 1 — less than
-1.75; 2 — from -1.75 to 0.0; 3 — from 0.0 to 140+ from 1.0 to 2.25; 5 — greater than 2.25. (egrage
formulae of each fraction. (b) Average UNIFAC grazgimposition of fractions 1, 3, an 5. (c) Average
UNIFAC group composition of fraction 1 (the saméadas shown in b).
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Figure 4. Predicted average UNIFAC group functiawhposition of the WSOC fraction in sample SX1,
with molecules ranked according to hygroscopiaiiyexH| and then divided into five groups containing
equal numbers of moles of each compound. Fractisrpiedicted to be the most soluble, and fraciidhe
least soluble. (a) For the case in which the nunolbéunctional groups per molecule was maximisé&jl. (
For the case in which the number of functional goper molecule was minimised, but high weight was
given to alkane, alcohol, and acid groups.
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Figure 5. Calculated growth factoiGK) of three ammonium sulphate salts, and polar acgaompounds,
and measured growth factors of WSOC material SX¥itgd against relative humiditirRd). Symbols
(WSOC material): dots — deliquescence (IR to highRH); open circles — efflorescence (higHl to low
RH). Lines: (a) (NH),SOy; (b) (NH,)3:H(SOy)2; () NHHSGO;; (d) polar organic compounds assuming a
fully liquid mixture at allRH and referenced to the predicted liquid volume.2RH. The values for the
salts were calculated usiigAIM Model Il of Clegg and Wexler (1998) for a temperatof 25°C, and for
the polar organic compounds using UNIFAC, liquidlanovolumes estimated using Girolami (1994), and
equation (7) of this work.



Figure 6. Schematic diagram of possible phase®ptés WSOC material that has taken up water. (1) A
single liquid phase in which all WSOC molecules miscible with water. (2) A solid core of insoluble
material (which may vary in size with the ambieattidity), surrounded by a single liquid phase
containing water and that fraction of the WSOC matehat is soluble at that relative humidity. B)o
liquid phases, one containing those moleculesatamost soluble in water and a second phase oingai
largely hydrophobic molecules that are misciblenwaihe another but take up very little water. (4) A
combination of cases 2 and 3: an insoluble comepanded by hydrophobic and liquid phases in
equilibrium with one another.
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Figure 7. Growth factor€gF) of WSOC material in sample SX1, plotted agaimsbint relative humidity
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(RH), expressed as a fraction. Symbols: dots — dedicerece (lowRH to highRH); open circles —
efflorescence (higRRH to low RH); lines - calculated values assuming differeng¢dixnole fractions of
aerosol material are soluble (ranging from 0.08.85, marked on the plots). (a) Calcula€f€ are for

UNIFAC group assignments that minimise the numi§dunctional groups per molecule (the base case);
(b) for UNIFAC group assignments that maximiseinenber of functional groups per molecule; (c) for

UNIFAC group assignments that give high weightli@ae, —OH, and —COOH functional groups; (d)

assuming Raoult's law behaviour of all WSOC molesulhe calculate@F are relative to completely dry

material at a relative humidity of 20%, and inclutle influence of the trace amounts of ions andupol
molecules shown in Figure 1(b,d).
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Figure 8. Measured and predicted growth fact@fs)(as a function of relative humidityrRd). Symbols:
dots — deliquescence measurement (scan fronRiewo highRH); open circles — efflorescence



measurement (scan from highl to low RH); lines — growth factors calculated as descrilvethé text. The
upper and lower solid plotted lines are for theesas which, (i) the ion amounts have been charge
balanced to match the higher of the two totals {he total ion charge for the cations, or theltfiathe
anions); (ii) they have been charge balanced taimidte lower of the two totals. The latter resuita

smaller total amount of ionic solutes and henaanael GF. The fine dotted line (plot (c) only) is for the
case where the ions have been charged balancettinygaH . Inset: the three contributions to the total
calculatedGF. Dots — measured values for the SX extractspddthe — the SX extracts plus the calculated
contribution of the individual polar organic compais); solid line — the previous two contributionss

that calculated for the inorganic ions (in thiseés mean of the two cases shown in the main plot)
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Figure 9. Growth factorsgF) for all samples except S5, at three relative fitneis, plotted against the mol
% of inorganic solutes present in the samplesM@gsured values; (b) calculated (the same as ur&ig).
Symbols: open squares — 60®¥d, open circles — 80%H; dots — 85%RH. Lines: calculated values, for
80% RH, for a mixture of (NH),SO, and a "Raoult's law" organic compound having #raes average
molar volume as the WSOC material in samples SX6;3¥d the same assumed solid density (1.39).cm
CalculatedGF for the upper line assume that 100% of the orgeniissolved in the aqueous phase, and
40% dissolved for the lower line. The bars assediatith each value represent the following: hortabs
the range from the minimum mol % of inorganic setufin which ion amounts are adjusted to achieve
charge balance to the lower of the cation and aci@rge amounts), to the maximum (where the
adjustment is to the higher of the two total chaag®unts); vertical — the change in measured growth
factor corresponding to an uncertainty of +2 ¥%Rih
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Figure 10. Calculated growth factokSK) as a function of relative humidityrRA) for an aerosol consisting
of 1 mole of a soluble organic compound (with watptake conforming to Raoult's law), and 1 mole of
(NH,)1.sHo5SO, (letovicite). Lines: solid — the mixture is modalas a single solution, containing both
solutes; dotted — the mixture is modelled accordingq (5), as the sum of the volumes of one smhuti
containing only the organic compound and water,asdcond solution containing the letovicite andewa
(including solid salts that form at loRH).
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Figure 11. Soluble fractions of the WSOC matemalvhich calculated growth factors agree with the
measured values, plotted against relative humi@by). Symbols: dots — values for the assumption of
Raoult's law mixing in the aqueous phase (Figue Gjgen circles — values from the UNIFAC calculatio
of equilibriumRH in which the functional group assignments gavd higight to alkane, —OH, and —
COOH functional groups (Figure 7c). Lines: solifitted line for the Raoult's law case, given by4{RH —
0.1); dashed — fitted line for the UNIFAC case,agiby 0.50RH — 0.1). Note: soluble fractions in the
figure are mole-based, and can be converted to masuiltiplying by 0.907. The bars associated vei#ich
point represent the soluble fractions associatel tlie upper and lower measured growth factors,dand
not represent experimental error.



A hygroscopicity index is developed for secondaigamic aerosol material

The estimated molecular group compositions conféimge numbers of —-OH and —-COOH
Dissolution of water-extractable organic materiaties linearly withRH

Results suggest simple methods of modelling wagtake of atmospheric organics
Measured and predicted growth factors of the ®aalble aerosol agree well
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