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Abstract. Air quality models that generate the concentra- tory calculation using an extended version of &exosol In-
tions of semi-volatile and other condensable organic com-organics Modebf Wexler and Clegg (2002). Simplifications
pounds using an explicit reaction mechanism require esti-are identified where substantial efficiency gains can be made,
mates of the physical and thermodynamic properties of theprincipally: the omission of dissociation of the organic acid
compounds that affect gas/aerosol partitioning: vapour pressurrogates; restriction of aerosol organic compounds to one
sure (as a subcooled liquid), and activity coefficients in theof the two phases (aqueous or hydrophobic) where equilib-
aerosol phase. The model of Griffin, Kleeman and co-rium calculations suggest partitioning strongly in either di-
workers (e.g., Griffin et al., 2003; Kleeman et al., 1999) rection; a single calculation of activity coefficients of the or-
assumes that aerosol particles consist of an aqueous phaggnic compounds for simulations where they are determined
containing inorganic electrolytes and soluble organic com-by the presence of one component at high concentration in
pounds, and a hydrophobic phase containing mainly primaryeither phase (i.e., water in the aqueous phase, or a hydrocar-
hydrocarbon material. Thirty eight semi-volatile reaction bon surrogate compound P8 in the hydrophobic phase) and
products are grouped into ten surrogate species which paiare therefore almost invariant. The implications of the results
tition between the gas phase and both phases in the aerosdbr the development of aerosol models are discussed.
Activity coefficients of the organic compounds are calculated
using UNIFAC. In a companion paper (Clegg et al., 2008) we
examine the likely uncertainties in the vapour pressures of, |ntroduction

the semi-volatile compounds and their effects on partitioning

over a range of atmospheric relative humidities. In this work Atmospheric models of the inorganic components of
a simulation for the South Coast Air Basin surrounding Los aerosols, principally ammonium, sulphate, sea salt, compo-
Angeles, using lower vapour pressures of the semi-volatilenents of wind blown dust, and nitrate, are relatively well es-
surrogate compounds consistent with estimated uncertaintiegblished (e.g., Zhang et al., 2000; Jacobson, 1997; Nenes
in the boiling points on which they are based, yields a dou-et al., 1998; Wexler and Clegg, 2002). The models are
bling of the predicted 24-h average secondary organic aerosjased upon extensive laboratory data for physical and ther-
concentrations. The dependency of organic compound partimodynamic properties of the relatively small number of com-
tioning on the treatment of inorganic electrolytes in the air ponents present, equilibrium constants for the formation of
quality model, and the performance of this component of thesolids and gases, and activity coefficient models of varying
model, are determined by analysing the results of a trajectevels of complexity and accuracy which are used to calcu-

late aerosol water uptake and the activities of solute species
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needed to estimate gas/aerosol partitioning.
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) semi-volatile organic compounds are first calculated using a
GAS E voﬁzi; gas phase kinetic model (e.g., Jenkin et al., 2003; Griffin et
PHASE 1+ oounds al., 2002). The reaction products can then be grouped into
REACTONS a smaller number of surrogates in order to make gas/aerosol
and (A15) partitioning calculations efficient (e.g., Bian and Bowman,
PRIMARY 1 B15) 2005; Griffin et al., 2003). The key thermodynamic prop-
EMISSIONS | erties of these compounds or surrogates — particularly their
t primary L vapour pressures and activities in the aerosol liquid phase(s)
J‘°“‘P°”“dsﬂ'e) — can be estimated using structure-based methods. We eval-

uate the uncertainties associated with the vapour pressures
of the surrogate compounds in a second study (Clegg et al.,
2008), hereafter referred to as Paper 2. This work focuses

Fig. 1. Production and gas to aerosol partitioning of organic com- on th.e '_mp"?mt on calculated gas/aerosol partitioning of un-
pounds, based upon the scheme proposed by Pun et al. (2002). Ti¢@rtainties in some of the key elements of the thermody-
aerosol particle on the right hand side contains an upper aqueoudamic treatment of both inorganic and organic aerosol com-
portion and lower hydrophobic (organic) phase. Gas phase reacpounds, including: activity coefficients, aerosol water con-
tions and emissions on the left hand side produce solid material otent, solids formation, dissociation equilibria, and the treat-
involatile products (grouped into primary compounds P1 to P8 inment of groups of organic compounds using a reduced num-
the UCD-CACM model) which are assigned in s@pdirectly to  per of surrogate species. A current state-of-the-science air
the hydrophobic aerosol phase. Partitioning into the gas phase iauamy model (Kleeman et al., 1997; Kleeman and Cass,
possible for at least some of these compounds, @eput is not 1 g9g- Kleeman et al., 1999) is used in the analysis in order

included in the UCD-CACM model. Semi-volatile compounds pro- 1, qerstand the practical effects of errors and uncertainties
duced in the gas phase are grouped into a smaller number of sur-

rogate species (38 compounds are assigned to surrogates Al to AgT atmospheric simulations. ) . .
and B1 to B5, in the UCD-CACM model). These are allowed to The elements of a generalised scheme for including the

partition between the gas phase and both aqueous and hydroph@9anic elements of aerosols in air quality and other atmo-
bic phases in the aerosol, in stép. Equilibrium between the SpheriC models are shown in F|g 1, based on that described
two aerosol phases, stép), is calculated. Surrogates containing by Pun et al. (2002). Primary emissions of particles and con-
—COOH groups can dissociate in the aqueous phase(dteRe- densable organic vapours are represented on the lower left
actions, steffe), in the aerosol phases may sequester semi-volatilehand side of the figure, and reactions producing semi-volatile
compounds in the condensed phase. Such reactions are notincludgﬁoducts above. The large number of compounds is reduced
explicitly in the UCD-CACM model. to a smaller number of surrogates for the gas/particle parti-
tioning calculation. It is possible that multiple organic phases
The composition and properties of the organic portion of could exist in the aerosol and that each of the surrogate com-
aerosols, particularly secondary compounds formed from gapounds would be present in all of them. This would create a
phase reactions, are much less well understood (Kanakidodifficult and time consuming optimisation problem. The sim-
et al., 2005). A significant fraction of the organic aerosol plest approach is shown in Fig. 1: the aerosol has an aqueous
material remains uncharacterised, and the thermodynamiphase dominated by inorganic ions, and a hydrophobic phase
properties of the secondary compounds that have been idemontaining the primary compounds which have a mainly hy-
tified (e.g., Yu et al., 1999; Jaoui et al., 2005) have gener-drocarbon character and which are insoluble in water.
ally not been measured. Evidence suggests that oligomerisa- In steps (a) and (b) in Fig. 1 the partitioning of the pri-
tion and other aerosol phase reactions can be important, antiary and semi-volatile surrogate compounds between gas
enhance the formation of secondary organic aerosol (SOAand aerosol phases is calculated for one or more aerosol
material (Jang et al., 2003; Kalberer et al., 2006). Thesize classes. This process is driven by the (subcooled) lig-
most common atmospheric codes treat the organic compadid vapour pressures of the surrogate compounds and the
nents of aerosols, including SOA formation, using a lumpedassociated enthalpies of vaporisation, and the activities in
two component approach developed to represent the resulthe agueous and hydrophobic phases. These activities, and
of chamber experiments (Odum et al., 1996; Griffin et al., the amounts of liquid water (mainly controlled by inorganic
1999). For example, in the Community Multiscale Air Qual- ions) and hydrophobic compounds present, determine their
ity (CMAQ) model of U.S. EPA, anthropogenic and biogenic partitioning between the two liquid phases (step c). The
SOA-forming material are each represented by this two com-amounts of some compounds can be enhanced in the aque-
ponent approach and partition into the organic fraction ofous phase by step (d), dissociation, which is determined from
the aerosol which also contains primary organic material (Yuthe dissociation constants and the activities of the undissoci-
et al., 2007). There are no interactions with the inorganicated organic molecule, (TSH) and the organic anions. Con-
components of the aerosol. An alternative approach is amensed phase oligomerisation and other reactions, which are
explicit model in which the formation of condensable and represented by step (e), may form larger molecules of low
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volatility, effectively sequestering some of the semi-volatile rium properties such as activity coefficients and partial pres-
surrogates in the aerosol until wet or dry deposition removessures calculated directly using the UCD-CACM model. This
them from the atmosphere. There is evidence that highensures consistency. The results are relevant, first, to the
molecular weight hydrocarbons and other primary emissiongieneral development of atmospheric aerosol models based
are able to partition between gas and aerosol phases (Frasepon an explicit chemistry and corresponding to Fig. 1, high-
et al., 1997, 1998), step (f), which is included here for com-lighting particular areas in which a better quantitative under-
pleteness. standing of the physical chemistry is needed. Second, they
The treatment illustrated in Fig. 1 is conceptually simple, identify elements of the UCD-CACM model on which future
but still requires more information than is currently available work is likely to focus.
to quantify properties and define each step of the gas/aerosol In the section below we describe the thermodynamic mod-
partitioning process accurately. In this study and in Paper Zls used and the chemical system treated, and summarise the
we examine uncertainties in predictive methods that affectcalculation of solvent and solute activities and key uncertain-
gas/aerosol partitioning of semi-volatile compounds (the netties.
effect of steps (b), (c) and (d) in Fig. 1). This work focuses on
the calculation of activity coefficients, the effects of the inor- 2 The models
ganic thermodynamic treatment on the partitioning of semi-
volatile compounds, the selection of surrogate compoundd’he UCD-CACM source-oriented air quality trajectory
and the assignment and estimation of their properties. model is a reactive photochemical transport model that de-
In order to relate these studies to their practical effectsscribes pollutant emissions, transport, chemical transforma-
in air gquality calculations, we use the model of Griffin, tion, and deposition (Kleeman et al., 1997; Kleeman and
Kleeman and co-workers, hereafter referred to as the UCDCass, 1998; Kleeman et al., 1999). The model includes all
CACM model (where CACM stands for the Caltech Atmo- of the atmospheric operators used in the full 3-D UCD/CIT
spheric Chemistry Mechanism) as an example. The modeirshed model (Kleeman and Cass, 2001; Held et al., 2004;
conforms to the general scheme shown in the Fig. 1, but withYing et al., 2007) but the Lagrangian trajectory framework is
some simplifications. These are, first, that the primary com-more computationally efficient than the Eulerian approach.
pounds are assumed to be involatile and are assigned directRarticles emitted from different sources are tracked sepa-
to the hydrophobic aerosol phase in step (a). Second, thagately through the full atmospheric simulation to capture the
steps (e) and (f) are omitted. The 3-D Lagrangian versionheterogeneous nature of real atmospheric particulate mat-
of the UCD-CACM air quality model was used to simulate ter. The aerosol is externally mixed. Gas-phase precursors
a series of 24 air parcel trajectories ending at two locationscan also be tracked through the photochemical mechanism to
in Southern California on successive hours of the day on 9dentify source-contributions to secondary reaction products
September 1993. The main location studied was Claremont{Mysliwiec and Kleeman, 2002; Ying and Kleeman, 2007;
California, which was heavily influenced by anthropogenic Kleeman et al., 2007). The trajectory framework is not capa-
emissions from urban Los Angeles during that period. Out-ble of representing vertical wind shear or horizontal turbulent
put from the UCD-CACM model for gas/aerosol partition- diffusion.
ing, as total amounts of each species péraneach time The Caltech Atmospheric Chemistry Mechanism (CACM)
interval, was used as input to a flexible code (Clegg, 2004)s used to describe the photochemical reactions in the at-
incorporating theAlM model of Wexler and Clegg (2002), mosphere including the formation of semi-volatile products
and able to calculate the state of systems corresponding tteading to the production of secondary organic aerosol. The
the schematic in Fig. 1 (excluding the reactions in step e)modelled system consists of 139 gas-phase species patrtici-
In this work we refer to this extended model simply/fdi. pating in 349 chemical reactions, and inorganic ions, gases,
This model was developed as a benchmark code of high accuand solids (Griffin et al., 2002). For the purpose of calculat-
racy, and is therefore suitable as a reference against which theg gas/aerosol partitioning, the semi-volatile species gener-
simplified (but much faster) thermodynamic schemes used irated by chemical reaction, and capable of forming SOA, are
atmospheric models such as the UCD-CACM code can be&eombined into a set of 10 surrogate species Al-5 and B1-5
compared. We examine the results of the two models in somé€Griffin et al., 2005). There are, in addition, 8 primary or-
detail, for both inorganic and organic components, in orderganic hydrocarbons (P1-8) which are assumed to exist only
to fully understand the differences between them and theiin the aerosol phase.
effects in air quality simulations. Their basic features are Aerosol particles in the UCD-CACM model can consist of
summarised in Table 5 in Appendix B. 2 liquid phases (see Fig. 1): first, an aqueous phase contain-
Gas/aerosol partitioning in the UCD-CACM model is cal- ing water, inorganic ions, and some fraction of the SOA sur-
culated dynamically, whereasIM determines the equilib- rogates and their dissociation products; second, a hydropho-
rium state of an aerosol system. The UCD-CACM model andbic phase containing the primary hydrocarbons and the SOA
AIM results are therefore compared for situations where thesurrogates (non-dissociated molecules only) which equili-
UCD-CACM result is close to equilibrium, or with equilib- brate between the two phases. Inorganic solids are able to
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form, based upon their known deliquescence relative humidi2.1 Chemical system

ties and equilibrium constants. No organic solids form, even

at low relative humidity (RH), and the hydrophobic aerosol The inorganic ions in the aerosol system aret,H

phase is assumed always to exist as a subcooled liquid. Thi¥H;, Na“, SGj~, NO; and CF. The gases N

assumption is justified by the fact that the very large numberdiNOs and HCI are also included, as are the solids

of organic compounds likely to be present in real atmospheridNH4)2SOxs), (NH4)3H(SOs)2(s) (letovicite), NHHSOys),

aerosols will greatly depress the temperature at which solid®VH4NOg and NaCly. All these species are included

will form (e.g., Marcolli et al., 2004). in both models. Further solids 2NNO3.(NH4)2SOys),
Aerosols are represented by 15 size bins, with compo-3NHaNOz.(NH4)2SOys), and NHHSOs.NH4NOszs) are

sitions determined by the original source and the dynamdireated by thé\IM model only. The 8 primary hydrocarbons

ically driven partitioning of water, Ngl HNOs, HCl and  (P1-8) and 10 semi-volatile surrogate species (A1-5, and B1-

other trace gases, and chemical reactions occurring in botR), which are included in both models, are described in Ap-

the aerosol and gas phases (Kleeman et al., 1997; Kleemapendix A.

et al., 2007). Bins 1 to 5, corresponding to particles with The semi-volatile species present in the aerosols are as-

aerodynamic diameter smaller than Qrh, are not consid- sumed to partition at equilibrium between the two liquid

ered in the comparisons here, in part because the focus dgihases at all times, according to:

this study is on effects on the total amounts of organic com-

pounds in the aerosol phase — most of which occurs for parti—x“"‘q)f"("’IGJ = Xi(org fitorg @

cles larger than 0.4m, and also because the referedd®!  \yhere subscript (ag) indicates the mole fractishgr mole
model (Clegg, 2004; Wexler and Clegg, 2002) does not in-fraction activity coefficient {) of each speciesin the aque-
clude the Kelvin effect which has an important effect on par- g5 phase, and subscript (org) the same quantities in the hy-

titioning for particles below this size. drophobic liquid phase. The activity coefficiefitis relative
TheAIM model calculates the thermodynamic equilibrium tg a pure liquid reference state (i.g;=1.0 whenx;=1.0).

state of gas/aerosol systems containing known tptal amountghe equilibrium partial pressurep;( of the semi-volatile
of material per M (Wexler and Clegg, 2002). A single bulk  organic surrogates over the liquid aerosol, which drive their

aerosol phase, which is internally mixed, is assumed. Thenass transfer between vapour and aerosol phases, are calcu-
models have recently been extended to include organic comgted according to:

pounds with user-specified properties, ammonia and water
dissociation, and a hydrophobic liquid aerosol phase (Cleggpi = xi f; p{ (2)

2004). Organic compounds are able to partition between the 0 oo
gas phase and both fractions of the aerosol or, if required\,Nherepi is the subcooled liquid vapour pressure of compo-

their occurrence and partitioning can be limited to phaseéﬁemi’ andx; is the mole fractlop of organic com.poum_lh.
chosen by the user. The model is thus able to emulate th e aqueous and/or hydrophobic phases. The dissociation of

thermodynamic treatment of gas/aerosol partitioning in at-.t € orgar:ll c ac.lds and diacidgMis governed by the follow-
mospheric codes of a range of complexity, including both N9 €quations.

the UCD-CACM model and, for example, the treatment of g\ — ;) HtimHX~y HX ™ /(mH2X yH2X) (3a)
SOA formation in CMAQ (Yu et al., 2007).
The gas/aerosol partitioning of water-soluble organic g ;, = mH+yH+mX2_yX2_/(mHX_yHX_) (3b)

semi-volatile compounds links to the thermodynamics of the
inorganic portion of the aerosol mainly via the amount of whereK,1 (molkg™1) and K 4> (molkg™1) are the first and
aerosol water, dissociation toj—cb and organic anions, and second stepwise dissociation constants, respectively, prefix
interactions between inorganic ions and uncharged organie: denotes molality, ang; is the molality based activity co-
molecules that lead to changes in the activity coefficients.efficient of the indicated species. (See Robinson and Stokes,
Variations between models will be most apparent at low rel-1965, for relationships between activity coefficients on the
ative humidity both because differences between calculatediifferent concentration scales.) The treatment of singly dis-
water activity/concentration relationships of the solutes tendsociating acid HY is analogous to that above but based on the
to be greatest at low RH, and especially because models magquationk;=mH*yHTmY ~yY ~/(mHY yHY). The disso-
not predict the same amounts of inorganic solids to formciating organic surrogate species are B1, B2, A1, A2 and A4,
causing large differences in predicted aerosol water contentand their dissociation constants are listed in Appendix A. The
The treatment of the activity coefficients of'H, and or-  calculation of the activity coefficients used in Egs. (3a, b) by
ganic anions can also differ, thus affecting the calculated deboth models is discussed in the section below.
grees of dissociation of the organic compounds. The UCD-CACM model calculates the formation of in-
The chemical components of the atmospheric system, andrganic solids by minimising the Gibbs free energy of the
the main elements of both models that affect calculated gagorganic species. Thermodynamic information for the min-
aerosol partitioning, are described below. imization calculation is taken from Wexler and Seinfeld
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(1991). In theAIM model, the equilibrium constants listed 2.2 Solvent and solute activities

in Table 2 of Clegg et al. (1998a) are used to obtain Gibbs

energies of formation of the solids and gas phase speciedl the UCD-CACM model the mean molal activity coef-
and no independent knowledge of the deliquescence relativcients of the inorganic electrolytes present are calculated
humidities of the individual solid phases is required. The using the method of Kusik and Meissner (1978) as imple-
Henry's law constants of the gases HNONH3, and HCI mented by Wexler and Seinfeld (1991). The method is based
that govern the equilibrium of these species between aquelpon the properties of the single electrolytes present, which
ous and gas phases are well established (e.g., Carslaw et a[€ correlated with single parameter equations using data
1995; Clegg et al., 1998a, b), and the effects of any differ-for 25°C. The inorganic composition of the aerosol must be

ences in the values of these constants used in the two modegpecified in terms of electrolyte molalities, rather than those
are likely to be small. of the aqueous ions, in order to calculate activity coefficients

using the Kusik and Meissner method. These are obtained by

In the UCD-CACM model each aerosol size bin exchanges,sgigning anions to cations in proportion to the cation charge
water dynamically with the surrounding gas-phase (equilib-,,. . “tor cation divided by the total charge of all cations
riumis not assumed). The effective Wa}ter activity above eaCh(Eim,-z,-), and the corresponding assignment of cations to an-
particle surface is calculated according to the method dejgns For the group of ions Na NH;, H*, CI-, NO;, and
scribed by Pruppacher and Klett (1978) to account for modi-_. —»_ . o e T
L X . . soﬁ there are 9 possible electrolytes. This approach is the
fication of the surface temperature during rapid condensation . .

: ._same as originally proposed by Reilly and Wood (1969), and

or evaporation of water vapour. Thus the larger aerosol sizé€ . : o .

: o also used by Clegg and Simonson (2001) in an activity coeffi-

bins and gas phase may not always be close to equilibrium; : ) X

. : .. _cient model in which electrolytes rather than ions are treated

with respect to water. The water content of each size bin is ; . )

) . .as the basic components. The use of a very simple correlating

also not permitted to become zero, and a residual amount is : . : .

o . . equation for the thermodynamic properties of single solute

always present. This is set according to the amounts of inor- . . : .
i o solutions in the Kusik and Meissner method, the lack of treat-

ganic species in the aerosol. .

ment of mixture or temperature effects, and the lack of ex-

In the extendedAIM model described by Clegg (2004) plicit recognition of the HSQ(aq) < H@a) +50421(;q) equilib-
the Gibbs energies of formation of the additional aqueousrium, make the method less accurate than the more complex,
species NH and OH™ are obtained, as a function of temper- but computationally intensive, approaches usedli and
ature, from the equilibrium constants for dissociation of wa- in other atmospheric codes (e.g., Zhang et al., 2000; Nenes
ter and of ammonium, and the Gibbs energies of formationet al., 1998; Jacobson, 1997).
of H20, HT, and NH, using Eg. (11) of Wexler and Clegg In the UCD-CACM model, osmotic coefficients of aque-
(2002). The molality based dissociation constants of the sureus electrolytes from Tang et al. (1997) are used to calcu-
rogate organic species, their Henry's law constants or sublate the equilibrium water activities and vapour pressures of
cooled liquid vapour pressurgg’ and associated enthalpy each aerosol size bin using the Zdanovskii-Stokes-Robinson
changes are entered as input data to the program. Vtése  (ZSR) relationship (Stokes and Robinson, 1966; Seinfeld and
used, the logarithm of the infinite dilution activity coefficient Pandis, 2006). The water associated with the organic com-
in water (f>°) and its slope with respect to temperature arepounds in the aqueous phase is calculated using UNIFAC
also entered. These quantities are used internally within th¢Fredenslund, 1975). As noted above, water exchange be-
program to calculate the Gibbs energies of formation usedween the aerosol and the gas phase is controlled dynami-
by the equilibrium solver. Activity coefficients determined cally, as itis for all volatile species, and is also subject to two
using UNIFAC for the uncharged organic molecules in bothlimits: the aerosol water content of each size bin is not al-
liquid phases are converted to a reference state of infinite ditowed to fall below a minimum value which is related to the
lution with respect to water for use in Eq. (23) of Wexler and amounts of inorganic solutes present, nor is the ionic strength
Clegg (2002). Values for the aqueous phase are adjusted, g@rmitted to rise above 100 molkg
are those of the ions and water, to take account of the alter- Inthe extendedIM model both solute and solvent activity
ation of the definition of the mole fractions in the solution coefficients are estimated for mixed inorganic/organic aque-
to include all the species present, rather than just ions + waeus solutions by the method described by Clegg et al. (2001).
ter, or organics + water. The approach taken is described’he Pitzer-Simonson-Clegg (PSC) equations (Clegg et al.,
by Clegg et al. (2001). Primary surrogate compounds arel992) are used for the inorganic component of the solu-
constrained, in most calculations, to the hydrophobic phasetion and UNIFAC for the uncharged organic species in the
The dissociation of surrogates B1, B2, A1, A2 and A4 in the aqueous phase of the aerosol, and for all components in
aqueous phase, to produce additiondlaihd organic anions, the hydrophobic phase. Both mixture effects (between in-
occurs only in the aqueous phase. The equilibrium state obrganic ions) and the variation of activity coefficients with
each test system is determined by minimization of Eq. (23)temperature are taken into account in the PSC model, which
of Wexler and Clegg (2002), with additional terms to accountyields values of single ion activity coefficients. The sul-

for the hydrophobic liquid phase. phate/bisulphate equilibrium is also treated explicitly, with
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component Na™ and CI-. We have therefore included parameters for
6 0 % 18 22 2 30 34 38 Na* interactions with S§, HSO;, NO; and CI- at 25C
1

L L L L L L L L L L L

' G from AIM Model Ill (Clegg et al., 1998b), for Cl with H
é? ] as a function of temperature from Model | (Carslaw et al.,

10F

1995), and for interactions of Clwith Na* and NI-Qr from
Model Ill. Ternary (mixture) interaction parameters were
L - also taken from Model Ill, where available. The variation
of the Henry’s law constant of HCI with temperature is taken
from Model I. Organic acid anions from the dissociation of
surrogates were incorporated into the model by assuming that
02t 4 the parameters for their interactions with cations are the same
! 2207 as those for S§T (doubly charged anions) or HGQsingly
‘ charged anions).
06F E . The UNIFAC group interaction parameters used by both
i models in this study, for the organic aerosol components,
E'V are those listed in the Supplementary Material to Hansen

4 222 -

1P o N et al. (1991), and do not include later additions. UNIFAC
[N I N I N O Y W 0 i i
group definitions for each organic surrogate molecule in the
Bt B2 B3 BuLB5AT AZAIALAS UCD-CACM model are listed in Appendix A. We note that
the structure —O—N@cannot be defined in terms of the cur-

rently available groups, and substitutions have been made for

gates B1-5, AL-5, and the 38 compounds assigned to them, in this study. Also, pa_rameters for some interactions are un-
system containing 1 mole of water and 1 mole of P8. Solid vertical nown (see Appendlx. A)' The eﬁeCtS. .Of t.hese uncertainties
lines show partitioning of the individual components. For example,have not been quantified. The partitioning of SOA surro-
about 0.95 (95%) of component 1 (upper x-axis) is present in thedate compounds Al1-5 and B1-5 between the aqueous and
hydrophobic P8 phase at equilibrium, and a fraction of 0.05 (5%)hydrophobic phases in the aerosol is driven by the activity
in the aqueous phase. The hatched boxes indicate the calculat&befficients, estimated using UNIFAC, for the two systems
partitioning of the surrogates (lower x-axis) to which the individual A1-5 and B1-5 plus water (aqueous phase) and Al1-5 and
compounds are assigned. For example, over 95% of Bl is calcuB1-5 plus P1-8 (hydrophobic organic phase). The governing
lated to occur in the aqueous phase, whereas the three componergguation is simply Eq. (1) for the mole fraction and activity
assigned to it are present mainly in the hydrophobic phase. Theoefficient of each componentn the two phases.
component assignments are given in the notes to Table 8 of Paper 2. The UNIFAC equations are based upon functional groups,
and smaller structural units, as the fundamental entities in so-

B o ) ] lution from which all molecules present are made up. Con-
HSOy5q @s a separate ionic species (Clegg and Brimble-geqyently, the assignment of individual semi-volatile com-
combe, 1995). Aerosol water content is calculated as a parﬂ)ounds to the surrogates used in the UCD-CACM or other
of the minimisation of the total Gibbs energy of the system y,qe|s — where these surrogates are based upon structural
that is used to calculate its equilibrium state at fi®é@and  gmjjarities — is likely to produce results that are consistent
RH, and can be zero (corresponding to an aerosol containingjith those that would be obtained for the individual com-
only inorganic solids). pounds. We have tested this by calculating liquid/liquid par-

The UCD-CACM inorganic aerosol model includes in- titioning for a system containing 1 mole of water, 1 mole
organic ions N&, NHZ, H*, CI=, NOj, and SG", al-  of pg (the dominant hydrophobic compound in the trajec-
though the treatment of these species is somewhat approxpry calculations discussed further below), and 0.01 moles
mate (see previous discussion). The inorganic model used igf each of the thirty eight compounds making up the ten
the AIM calculations is that for H-NH;-SG;"-NO3-H20  syrrogates A1-5 and B1-5. The results, see Fig. 2, show
(AIM Model Il on the web sitéttp://www.uea.ac.uk/e770/  proad agreement: the components of A1-5 occur mainly in
aim.htm). This has been modified for use in this study in the aqueous phase, and most of the components of B3 to
two ways. First, the equilibria y0¢)<>H 5, +OH,, @d  B5 occur in the hydrophobic phase, which is consistent with
NHj{(aq)<—>NH3(aq)+H2;q), have been added so that Oldnd the calculated partitioning of the surrogates. Agreement is
NH3 are additional aqueous phase species. No interactiopoorer for B2, and the components of B1 appear to have a
parameters for these species in the PSC model have yet beemainly hydrophobic nature whereas B1 itself is predicted to
determined. The activity coefficients are calculated usingbe water soluble. This is likely to be due to the chosen loca-
Egs. (17), (26) and (31) for OH(which includes the Debye- tions of the functional groups on the surrogate molecules,
Huckel limiting law), and Eq. (15) for Nkl from Clegg et  which contain similar groups and have similar molecular
al. (1992). The aerosols simulated in this study also contairformulae to the molecules they represent. We note that in
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Fig. 2. Calculated fractional partitioning of 0.01 moles of surro-
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aerosols at moderate to high RH the amount of liquid watermodel, described by Pun et al. (2002), is found to be equiv-
is likely to greatly exceed the amount of hydrophobic mate-alent when the definitions of mole fractions and mole frac-
rial present; consequently in the trajectory calculations dis-tion activity coefficients used in the computer code are taken
cussed further below a significant fraction of total aerosol B2into account. However, there are some differences between
can be found in the aqueous phase despite the small aqueotise two models. First, organic and inorganic activity coef-
fraction shown in Fig. 2. ficient calculations in the UCD-CACM model are not fully

Our original intent when planning this study was to focus coupled Wit_h respect to pH. Inorg_anic quuid/solid eq_uilibria
on salt/organic interactions in the agqueous phase, usually rere solved first, followed by those involving the organic com-
ferred to as “salting in” or “salting out”, which is an element Pounds: uptake of water, the dissociation of the acid surro-
of the activity coefficient modelling of the agqueous phase thatdate species and partitioning between the two aerosol phases.
affects steps (b) (c) and (d) in Fig. 1. This behaviour has beerf "€ H" ion concentration in the aqueous phase is modified
studied in measurements of deliquescence relative humidit{increased) by the dissociation of the organic acids, but this
(DRH) and solubility in mixtures of dicarboxylic acids and change is not fed back into the inorganic calculation. In most
salts (e.g., Marcolli et al., 2004; Salcedo, 2006; Clegg andsituations thg amounts of water-soluble d_lssomatlng organic
Seinfeld, 2006a, b and references therein). The effect offompounds in the aerosol are small relative to the inorganic
DRH is already predicted, at least approximately, by current‘?of‘te”t’ o) theleffect of th?s si'mplification is likely tg be neg-
methods of estimating aerosol water content (Clegg and Séligible. (A possible exception is where the aerosol is close to
infeld, 2006a), and the salt effect on the activity coefficients"eutral pH, in which case the organic compounds could be a
of organic solutes is probably smaller in magnitude than un-Significant source of H and so influence equilibria with gas
certainties related to vapour pressures, the choice of surrg?hase NH, HNOs and HCL.)
gate specie_zs_an(_j t_he choi_ce of activity c_oefficie_nt quel. Fur- Second, in the UCD-CACM model the values of the ac-
thermore, it is difficult to include such interactions in mod- ity coefficients of the organic acid molecules and anions
els in a reliable and robust way to very high (supersaturated, Eq. (3), required to calculate dissociation, are both as-
concentrations. Salt/organic interactions have therefore beegmed to be equal to the value obtained using UNIFAC for

omitted here. the undissociated molecule. This is equivalent to assuming

In the absence of activity coefficient model parametersvalues of unity, since the activity coefficients in the equations
for interactions between ions and undissociated organicancel. The value of H* is also assumed to be unity. We
molecules, noted above, the extenddifl model yields mo-  note that Pun et al. (2002) assumed unit values for only the
lality based activity coefficients for both types of species thatactivity coefficients of H and the organic anions in Eq. (3).
are unaffected by the presence of the other (see Egs. 1a arithe effect of the treatment of activity coefficients in the
b of Clegg et al., 2001). The approach in the UCD-CACM UCD-CACM model is to lower the dissociation of organic
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applications of the UCD-CACM model were obtained either

12 from measurements or using the estimation software of Ad-
vanced Chemistry Developments (ACD) which is described
10 in a manuscript by Kolovanov and Petrauskas (undated)
(B. L. Hemming, personal communication). Full details, and
- 8 a comparison with other boiling point and vapour pressure
=) prediction methods, are given in Paper 2 (Clegg et al., 2008).
g 6
= 4 2.4 Key uncertainties

Within the scheme shown in Fig. 1 — omitting both gas phase
reaction mechanisms and step (e) from consideration — the
main uncertainties affecting gas/aerosol partitioning are as-
sociated with the vapour pressures of the semi-volatile com-
pounds, the approximations inherent in the use of surrogate
2,5F 7 compounds, and calculations of aerosol water content and
(b) activities in the liquid aerosol. First, realistic predictions
of gas/aerosol partitioning of the semi-volatile organic com-
pounds require accurate estimategp6f and the associated
enthalpy of vaporisatiom\ Hy,, of the compounds or their
surrogates. The available methods for vapour pressure pre-
diction, which are based upon the structure and functional
group composition, are least accurate for compounds con-
taining polar groups, and yield widely varying results (see
Paper 2, Clegg et al., 2008).

Second, the choice of surrogate species, and their struc-
tures and functional group compositions, are also important.
Table 1 of Paper 2 lists vapour pressures for butane and
related G alcohols and carboxylic acids. The addition of

time / hr first one, and then two polar functional groups to the butane

molecule results in a lowering gf* by orders of magnitude.
Fig. 4. Inorganic composition of the air parcel in mol™ over  The positions of the groups on the molecule also make a large
the diurnal cycle on 8 September 1993 shown in Fig. 3. Amountsdifference to the vapour pressure, by more than an order of
are plotted above each other so that the vertical extent_ of each Otfnagnitude in some of the examples shown in the table. Con-
the four areas corresponds to the amount of that species preser'gequenﬂy, if the properties of the surrogate species are av-

eg. the amount of Sy at time zero in both plots is about erages of the estimated values of the compounds they repre-
0.6x10~" molm~2. The amount of chloride present in the system sent, then the range is likely to be large.

on these scales is negligible and not shown, and the areas marked __ . o . . .

NH, are total ammonia (NJif and NH). (a) Total amounts in the Third, it is known that UNIFAC, which is used in both

aerosol and gas phasdb) amounts present in the aerosol (UCD- models in this study to calculate liquid phase activities of

CACM model results for level 1, which is closest to ground). the organic compounds in the aerosol, is least accurate for
molecules containing polar functional groups. In addition,
assumptions about the activity coefficients of organic anions

acids, and this is discussed further below. The effect willin EQ. (3a, b) need to be made in order to calculate dissocia-

= — N
(=) [9a) [=)
T
1

moles / 1077

(=)
[Va]

vary with both aerosol composition and concentration. tion. Itis also worth noting that both models used here to cal-
culate activity coefficients ignore interactions that may occur
2.3 \Vapour pressures between the two inorganic and organic (uncharged) species,

partly due to a lack of data and partly because of the lack of a
In the UCD-CACM model, subcooled vapour pressures Ofsatisfactory way of representing them over very wide ranges
secondary organic surrog:sltes A1-5 and B1-5 are estimateaf concentration. We examine the effects of these uncertain-
by the method of Myrdal and Yalkowsky (1997). This uses ties below.
the boiling temperature at atmospheric pressiigg, the en-

tropy of boiling (AS,), and the heat capacity change upon  1kglovanov, E. and Petrauskas, A.: Towards the maximum ac-
boiling (AC;,gl)). The normal boiling points used in previous curacy for boiling point prediction, undated manuscript.
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Fig. 5. Total amounts (mol m3) in the gas and aerosol phases of each of the semi-volatile surrogate species during the simulated diurnal

cycle, UCD-CACM level 1 resultqa) B1-5; (b) A1-5.

3 Comparisons 304 T T . T . T390
3.1 Atmospheric simulations (base case) 300+

Here we focus mainly on a single diurnal cycle from time 296}

00:00 to 24:00 PST on 8 September 1993, for the trajec- « ;

tory shown in Fig. 3. Over this period the air parcel trav- = 292k

els from over the Pacific Ocean to central Los Angeles and s

then to Claremont. Both total (gas + aerosol) and aerosol 2881

amounts of S§, NH;, NO; and Na, from level 1 of 16

the UCD-CACM model simulation (from zero to 38 m above 284F

ground), are shown in Fig. 4. The amounts onSONan, 'y

and also NH in the aerosol (because™Hs only present in 280}, . . | Ibd . 140
a small amount, and because of the overall requirement of 0 4 8 12 1% 20 2%
electroneutrality) are essentially fixed. There is a small addi- time / hr Gl

tion of sea salt to the aerosol as the parcel reaches the coast

at 13:00 PST, and large addition of ammonia which peaks asig. _6._Atmospheri_c tenjperatL_lre (solid line, left axis) and relative
the parcel passes over the Chino dairy region at 18:00 PSTumidity (dashed line, right axis) from ground level to 38 m, for the
and reaches Claremont the next day. Figure 5 shows the tdtajectory shown in Fig. 3.

tal concentrations of the 10 semi-volatile surrogate species

over the diurnal cycle. Of the surrogates A1-5, A5 domi- cycle. At this higher RH the acid sulphate aerosol particles
nates in the early morning, A2 during the middle of the day, are fully liquid

h A2 A5 in th ing. The B i . o
and bot and A5 in the evening. The B surrogate species In the next section, the aggregate aerosol composition (the

present in the highest total concentrations are B2-4, and the .
. . sum of the contents of bins 6 to 15) and the range of com-
amounts increase over the course of the diurnal cycle as the™ . . . . .
sition across the particle size spectrum are examined and

air parcel encounters anthropogenic emissions. Surrogate =y . . )
constitutes well over 90 mol% of the involatile primary or- model results compared. The effects of differences in the in

. . : 0{ganic elements of the thermodynamic models on aerosol
ganic compounds present in the system and occurs at highe$ . L .
concentration late in the day. composition and partitioning of Ng&ji HNO3 and the semi-

o ) volatile organic compounds are also discussed.
Values of T and RH are shown in Fig. 6 for the diurnal
cycle. Relative humidity ranges from about 40%, for which 3.1.1
the acid sulphate aerosols would be expected to contain very
little water or exist as dry crystals, to 80% which is the deli- In the first set of model comparisons, the total amounts of
quescence RH of ammonium sulphate over the relatively narall species in each of the 10 aerosol size bins were fixed
row range of temperature (289 to 301 K) experienced in thisto the values calculated by the UCD-CACM model. The

Inorganic component behaviour
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Fig. 8. Total moles of water{H,O) in the aerosol phase, per?’mf
0 L 8 1'2 1"5 2'0 214 atmosphere, for each of size bins 6 to 15, at 08:00 a.m. Solid line —
UCD-CACM model; dashed line and open circlé\iM model for
the total moles of solutes in each bin predicted by the UCD-CACM

model.
Fig. 7. (a) Total moles of water{H,0O) in the aerosol phase, per ode

m? of atmosphere, for size bins 6 to 15. Solid liné&# model;

dashed line and open circle — UCD-CACM model, based upon the ) ]
total moles of solutes in each bin predicted by the UCD-CACM 01:00 a.m. to 08:00 a.m., for which the predicted total water

model. (b) Moles of inorganic solids calculated BiM for each ~ amounts of the two models agree closely, the only solid that
aerosol size bin, summed. Dots — (AWHSOys); open circles —  occurs is (NH)2S0Oy). The smaller amounts of water pre-
(NH4)2S0y(g) plus letovicite; plus — (Nl)2SOys) and the dou-  dicted byAIM at midnight, and the drying out of the aerosol
ble salt (d.s.) 2NENO3.(NH4)2SOy(5). At time 0:00 there are  petween 09:00 a.m. and 01:00 p.m., are associated with the
about 1.%10~8 moles of (NH;),SOys) and 1.9<1078 moles of  formation of letovicite. After 02:00 p.nAIM again predicts
letovicite. less aerosol water than does the UCD-CACM model. This

difference is associated both with the lower limit of aerosol

water being reached in the UCD-CACM model, and with the
equilibrium properties of the aerosol in each size bin, in-formation of double salt 2NINO3z.(NH4) 2SOy s in addition
cluding partitioning between the aqueous and hydrophobido (NH4)2SOxs being predicted byAIM. The double salt is
phases and the formation of solids, were then recalculatedot included in the UCD-CACM model.

usingAIM. We further compared the inorganic thermodynamic ele-
The total amounts of aerosol water, the sum of the valuesnents of the two models by examining the calculated equi-
in bins 6 to 15 (0.1 to 1@m size range), calculated by both librium properties of the aerosol across all the size bins at
models over the diurnal cycle are shown in Fig. 7a. For RH08:00 a.m. 1=289.6 K, RH=0.8098), for which both models
above about 60% (from midnight to 8 or 9a.m.) the totals predict all particle size bins to be fully liquid. The aerosol
agree closely. For the whole of the cycle the amounts of or-water contents predicted by both models are shown in Fig. 8
ganic surrogate compounds in the aerosol are small, as is nfor all size bins and agree well. Over 80% of the total wa-
trate, and the small differences in total water for high RH re-ter mass resides in bins 6 to 10. The inorganic composition
flect differences in the representation of the thermodynamimf the aerosol, Fig. 9, varies from approximately M$O,
properties of acid ammonium sulphate by the two models andi.e., 1:1 (NH;)2SO4:H2SOy) for bins 6 and 7 to slightly
the fact that partitioning of water is calculated dynamically in acidified ammonium sulphate at the largest sizes. The small
the UCD-CACM model and equilibrium is not assumed. Af- amount of NQ present peaks in bins 8 to 12, but is present
ter 09:00 a.m., as RH falls, tdM reference model predicts in greatest proportion in the higher numbered bins. We note
consistently less water in the aerosol which dries out (all sizethat 3.3< 10~2 mol m3 of the non-volatile primary organics,
bins) between about 09:00 a.m. and 01:00 p.m. During thisnainly P8, are present in the hydrophobic phase, and a total
period the water contents of all the aerosol bins in the UCD-of 2.0x101* moles of SOA surrogates A1-5 and B1-5 are
CACM model reach their lower permitted limits. The solids distributed between the two liquid phases. These amounts are
predicted by theAIM model are shown in Fig. 7b. From very small compared to the inorganic content of the aerosol.

(=)
T

time / hr
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How do the models vary in their prediction of equilib- i __4—+ HNG;
rium partial pressures of HN§and NH; across the size bins, - +/+
and how do these compare with the actual amounts of NH oooe—~
and HNQ in the gas phase (which will be different if the 6 7 8 9 101 12 13 % B

two phases are not at thermodynamic equilibrium)? Fig- size bin

ure 10 shows the relafuve Compos't!9n§ of the ,S'Ze bins, a‘:ig. 10. (a)The equilibrium partial pressures of NHind HNG;
08:00 a.m., and the ratios of the equilibrium partial pressureg,yer each aerosol size bin calculated A, divided by the ac-

of HNO3 and NH calculated byAIM to both the UCD-  tyal partial pressures in the gas phase from the UCD-CACM model
CACM model results and the calculated equilibrium par- and the equilibrium values calculated by the UCD-CACM model
tial pressures of HN@and NH; used by the UCD-CACM  for the same aerosol compositions (08:00 a.m.). A value of unity
model to drive inter-phase transport. In the UCD-CACM for the ratio indicates agreement between the two models. Dot and
simulation all size bins are at equilibrium with HN@  solid line — NH, for the UCD-CACM calculated equilibrium par-
(2.33x10~2atm) as indicated by the overlap of the HNO tial pressure; open circle and dotted line — §ifor the actual gas
curves in Fig. 10. However, none of the aerosol bins, eX_phase amount in the UCD-CACM model result; plus and solid line

g : o — HNOg3, for the UCD-CACM calculated equilibrium partial pres-
cept 10, are at equilibrium with Nig;), which is present at a ) -
pressure of only 5 5410-12 atm. sure; open square and solid line — H§Gor the actual gas phase

. . amount in the UCD-CACM model result(b) Aerosol composi-
The partial pressures calculated using the two modelsjon expressed as the fractional contributions (on a molar basis) of
agree most closely for bin 6 which has a composition NH,),S0O,, H,SO, and HNG;.

(NH4)0.76H1.24SOy plus trace HNQ@. Here pHNQ (AIM)

is about 1/2 of the value predicted by the UCD-CACM ther-

modynamic code, and pNHAIM) is about 1.5x the UCD- L )

CACM value. In the larger size bins, as composition tends/imitations of the approach — notably the use of single param-
more towards (Nk)>SOs, the differences between the equi- eter equations to correlate th_e activity coefficients of aqueous
librium partial pressures predicted by the two models in-€l€ctrolytes (Wexler and Seinfeld, 1991) and especially the
crease: pHN@ (AIM) is lower by almost a factor of 10 and |nab|I|t.y to treat inorganic aC|d—base.eqU|I|br|a— suggest that
pNHs (AIM) greater by a factor of 20. The reasons for this thesg inaccuracies persist over a wide range of aerosol com-
are investigated in Appendix B, by comparing predictions of Position.

both models to data yielding the reciproc;al\{Hj{/y HT) in Having identified these differences between the thermody-
agueous ammonium sulphate solutions. Results suggest thaamic models, it is also important to understand their practi-
yHT, and the activitymH™ xyH™, are not predicted well cal impact, if any, in atmospheric simulations. In general, the
by the Kusik and Meissner (1978) method used for inorganiceffect of the inaccuracies on calculated N&hd HNG; par-
thermodynamic properties in the UCD-CACM model. The titioning will be greatest in situations where their distribution
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Fig. 11. Calculated aerosol water content, pet of atmosphere,  Fig. 12. Moles of inorganic solids calculated BM over the diur-
over the diurnal cycle. Open circle and dashed lines — results fronmal cycle. Note that, for the aggregated aerosol composition mod-
the UCD-CACM model, as shown in Fig. 7; dot and solid line — elled for this case, the double salt seen in Fig. 7 does not occur.
the result fromAIM for a gas/aerosol equilibrium partitioning cal- Dots — (NH;)2SOy(s); open circles - (NH)2S0Oyg) plus letovicite.
culation including all species and an aggregate composition equalhe dashed line shows the amounts of @80y predicted if

to the total amounts of each species in the gas phase and in sidetovicite is prevented from forming.

bins 6—15; small dot and dash-dot line — result frativ but where

(NHg)2S0Oy s is the only solid allowed to form.

each species in the gas phase plus the aggregates of bins 6—

15. As noted earlier, this simplification is necessary because
between the aerosol and gas phases is relatively evenly baIM is not currently capable of representing multiple size
anced. For example, consider a case in which 99% of EINO fractions with different chemical compositions. The effect of
in an air parcel is present in the gas phase, and the aerosbllking the particulate phase for tdM calculations may
and gas phases are approximately at equilibrium. Even ordesomewhat moderate the effects of differences noted above
of magnitude changes in the calculated equilibrium pHNO for HNO3 and NH;, because most of the aerosol mass re-
above the aerosol would only result in either a reduction ofsides in the bins containing the smaller aerosols, whereas the
gas phase HN@by a few percent of the total, or an increase differences in predicted partial pressures are greatest for the
to a value greater than 99%. The effects of the thermody{ess acid aerosols in the larger size range.
namic differences in the atmospheric simulation carried out Total particulate water is shown in Fig. 11, and the total

here are Sma”, as will be shown in Comparisons of CalCUlateChmountS of solids predicted WM in F|g 12. Calculations
HNOg3 and NH; partitioning further below. with AIM were carried out for two cases: (i) all potential
Next we compare the results of full gas/aerosol partition-solids were allowed to form and, (ii) only (NHbSOys) was
ing calculations usinAIM with the output of the UCD- able to form. The results, in the first case, are similar to
CACM maodel for the complete diurnal cycle. Note that the those obtained for the calculation using the contents of the
AIM model was only used to recalculate the equilibrium stateindividual size bins, and shown earlier in Fig. 7. However, in
of the system predicted by the UCD-CACM model (i.e., the this calculation for the aggregate composition the double salt
total gas plus aerosol phase inorganic and organic speciedoes not form. The results for case (ii) more closely match
amounts per rmof atmosphere). The purpose of this, for the water-limited prediction of the UCD-CACM model (for
the inorganic components, is to examine both the effects ofvhich the aerosol does not dry out), and this case is used in
differences between the models on solids formation and, irsome other comparisons below.

particular, on gas/aerosol partitioning of Hy@nd NH;. Amounts of gas phase HNGand NH; predicted by the

In the AIM calculations the system is assumed to consistmodels are compared in Fig. 13. There are two separate fac-
of a gas phase and a single bulk aerosol with the aqueous artdrs that can lead to differences: the two activity coefficient
hydrophobic portions in equilibrium with each other, with models yielding different predictions of pHNGind pNH
any solids formed, and with the gas phase. The system corn(in part due to the lack of dissociation equilibrium as de-
tains the same total amounts of each species peatraach  scribed above), and disequilibrium between the two phases
time point as in the UCD-CACM model, i.e. the amounts of in the UCD-CACM model calculations caused by dynamic
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factors. The results shown in Fig. 10 for 08:00 a.m. indicate 107F T T T Y T T
equilibrium for HNG; (which has the higher vapour pres-
sure), but that the amount of NHn the vapour phase dif- [
fers from the equilibrium value by up to a factor of about 108
3. These are typical of much of the diurnal cycle. Predicted F
equilibrium pNH; from the UCD-CACM model are shown
in Fig. 13 (as vertical bars) to assess this effect.

Despite the activity coefficient model differences, the
amounts of gas phase HN@redicted by the two models
agree well over the whole cycle, and those for Nidr the
period after 09:00 a.m. and during the afternoon when pNH
is greater than aboutx110-8atm. It is only for the more E
acidic system in the early part of the cycle, for which pNH F
is below 10-19atm, that there are significant differences be- I
tween the models. There are two reasons for this: first, in the 0 L 8 7 % 2'0 2
morning period, before the large increase in total ammonia in ey (midnight)
the system, the aerosol is acidic aildM calculations show

that about 30% to 65% of total dissolved $Un the aerosol Fig. 13. Calculated partial pressures of HY@nd N in the
exists as HSQ. The equilibrium HSQ(aq)eH(*aqﬁSOfl@q), gas phase, over the diurnal cycle. Open circle and dashed line —
which is not treated in the UCD-CACM model, is there- amounts of HN@ from the UCD-CACM model result; dot and
fore a major influence on H, concentration and activity ~solid line —amounts of HN@from the AIM gas/aerosol equilib-

in this part of the diurnal cycle. The second reason is thefium calculation. Open square and dashed line — amounts gf NH
relative amounts of total gas and aqueous phase ammoni&°m the UCD-CACM model result; solid square and line —amounts
at 08:00 a.m. the moles of NHn the gas phase are just of NH3 _from th_eA_IM gas/aerosol equilibrium calculation. The
1% of the total ammonia (N&ﬂau)"'NHj{(aq)) in the aerosol. dot_ted line (a) indicates tha&IM result for pNH; v_vhere .only the
Consequently differences in the equilibrium phédlculated solid (NHa)2SOus) can form. (Except for the period 08:00 a.m. to

L . . . 01:00 p.m. this differs negligibly from the main result shown). The
by the activity coefficient models will be reflected in the e picq) lines from midnight to 01:00 p.m. show the range of equi-

amounts of NH present in the gas phase. However, theseiiprium partial pressures over size bins 8-16 (UCD-CACM model)

amounts are so small before 02:00 p.m. in the diurnal cycleo indicate the degree of disequilibrium between the gas phase and

— below about 10%atm predicted bypothmodels —that the  larger aerosol size bins. After 01:00 p.m., and for HNa& all

differences are not significant. times, the range is small and close to the actual partial pressure and
In contrast, during the late afternoon the total ammonia inS N0t shown.

the aerosol liquid phase (calculated usiigJ) is only 1/6

of the amount of gas phase NHand a significant amount

of ammonia is also present as (MWSOy). The aerosolis  as those of the undissociated molecule in the UCD-CACM

also much less acidic, with the amount of H3Q negligi-  model whereas i\IM they are assigned interaction param-

ble compared to S§J,,. Under these conditions the differ- €ters with cations that are the same as those for Hgar
ences between the equilibrium partial pressures of b¢r  singly charged anions) or 30 (for doubly charged anions);
the aerosol calculated by the two models are much smalleriii) the differences in the total amounts of aerosol water that
and have only a minor effect on the amount of gaseous.NH the models predict — which can be large for situations where
different solids are present — affect the species amounts in
3.1.2 Organic component behaviour the agueous fraction. The calculations in this section were
carried out to establish the significance of these differences,

Using AIM, we have recalculated the liquid/liquid equilib- 2nd to verify the UCD-CACM model.

rium of the ten SOA surrogate species and their equilibrium We first consider how the surrogate species distribute be-
partial pressures for the aerosol compositions in each size bitween the two liquid phases. Figure 14 shows the calculated
(the sums of the amounts of all species in the aqueous anftactions of total particulate A1-5 and B1-5 present in the
hydrophobic phases) generated by the UCD-CACM model.aqueous phase. Results from the UCD-CACM model show
The relevant differences between the two models for thes¢hat particulate A1-5 exist almost entirely in the aqueous
compounds are: (i) in the UCD-CACM model the dissocia- phase, except for A5 (approx. 96% aqueous) in the later part
tion of the organic acid species contributes to total dissolvedf the cycle. Calculations usingIM, Fig. 14b, show similar
H*, but this change does not affect the calculation of thepartitioning except at the beginning and middle of the cycle
inorganic equilibria (Pun et al., 2002); (ii) the activity coeffi- whereAIM predicts smaller amounts of aerosol water than
cients of the organic acid anions are assumed to be the sambe UCD-CACM model which reaches its lower limit. At
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Fig. 14. The fraction of total particulate A1-5 and B1-5 present in the aqueous phase of the aerosol, over the diurr(a) ¢yce-CACM
model result: open circle and solid line — A5; dot and dashed line — AbY4AIM result: dot and solid line — A1; diamond and solid line —
A2 and A4; plus and dashed line — A3; open circle and dashed line {cABCD-CACM model result: dot and solid line — B1; open square
and dashed line — B2; plus and dashed line — B3 and B4; open circle and solid li¢e) B&M result: lines and symbols same as in (c).

low RH where the aerosol dries out, most of the total amountdrophobic phase. For this case the results of the two models
of A1-5 in the air parcel would be expected to be in the gasare essentially the same for partitioning of A1-5 between the
phase. Partitioning results for surrogates B1-5 show that partwo aerosol phases.
ticulate B1 resides almost entirely in the aqueous phase, B3 Some differences are found for compounds B1-5. The to-
and B4 in the hydrophobic phase, and particulate B2 and BSal amounts of B1-5 in the aqueous phase calculated by the
are present in significant amounts in both phases. Againtwo models are compared as ratios in Fig. 15 at 08:00 a.m. for
the differences between the agqueous fractions predicted byl size bins. The small differences from unity3%) for
both models and shown in Figs. 14c, d reflect the differentB3-5 reflect differences in the total amounts of aerosol water
amounts of aerosol water, which are shown in Fig. 7. predicted by the two models at this RH and can be neglected.
Next, results for a single time point at which both mod- For B2, for whichAIM predicts up to 19.5% dissociation in
els predict similar amounts of liquid water, and no solids, bin 15 (see Table 1), the difference in the ratio is up to 9%.
were examined. Table 1 shows the total amounts, and delt is greatest in the least acidic size bins for which the degree
grees of dissociation in the aqueous phase, for all size binef dissociationg in Table 1, is highest. In neutral or alka-
at 08:00 a.m. The reason that surrogates A1-5 reside almosine systems we would expect the deviations from unity to be
entirely in the aqueous phase is partly because their activityarger still. They are primarily due to the different assump-
coefficients in the hydrophobic phase are of the order of 50dions made regarding the organic anion activity coefficients.
to 5000 (not shown in the table), and partly because the total Surrogates Al, A2, A4, B1 and B2 dissociate in aque-
amounts of water solvent in each of the aerosol size bins areus solution. At 08:00 a.m. the undissociated fractions ex-
about two orders of magnitude greater than the sum of theeeed 99% of the totals in the aqueous phase in the UCD-
primary hydrocarbons P1-8 that act as the solvent in the hy CACM model, except for A1 which is 92%AIM predicts
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Table 1. Total Amounts gmol m~3) of Anthropogenic and Biogenic Surrogates in the Aerosol at 08:00 a.m., and their Degrees of Dissoca-
tion («) in the Aqueous Phase Calculated Uskiiyl.

Bin H20 Bl(aq> o BZ(aq) o B3(aa) B4(aq) BS(aq)

6 8.81E-02 2.12E-07 0.0002 4.49E-09 0.0008 3.09E-12 1.02E-10 3.69E-12
7 8.98E-02 2.17E-07 0.0007 4.53E-09 0.0028 3.02E-12 9.99E-11 3.63E-12
8 1.44E-01 3.43E-07 0.0038 7.32E-09 0.0162 4.88E-12 1.61E-10 5.89E-12
9 1.30E-01 3.00E-07 0.0062 6.60E-09 0.0262 4.41E-12 1.46E-10 5.34E-12
10 9.12E-02 1.98E-07 0.0088 4.63E-09 0.0368 3.10E-12 1.03E-10 3.74E-12
11 4.89E-02 9.45E-08 0.0265 2.53E-09 0.1050 1.69E-12 5.61E-11 2.03E-12
12 279E-02 4.29E-08 0.0420 1.43E-09 0.1590 9.67E-13 3.20E-11 1.16E-12
13 1.74E-02 2.36E-08 0.0428 9.20E-10 0.1618 6.01E-13 1.97E-11 7.20E-13
14 1.04E-02 1.16E-08 0.0472 5.70E-10 0.1760 3.61E-13 1.11E-11 4.33E-13
15 457E-03 2.97E-09 0.0531 252E-10 0.1946 1.58E-13 4.19E-12 1.89E-13

Bin Al (ag) o Az(aq) o As(aq) A4(aq) o A5(aq)

6 1.02E-08 0.0061 3.82E-06 0.0000 8.17E-09 2.64E-08 0.0001 6.11E-08
7 1.04E-08 0.0200 3.29E-06 0.0000 8.35E-09 2.69E-08 0.0003 6.24E-08
8 1.68E-08 0.1072 3.59E-06 0.0001 1.35E-08 4.22E-08 0.0015 1.01E-07
9 1.51E-08 0.1648 2.42E-06 0.0001 1.21E-08 3.69E-08 0.0024 9.05E-08
10 1.06E-08 0.2195 1.18E-06 0.0002 8.50E-09 2.48E-08 0.0034 6.35E-08
11  5.68E-09 0.4709 3.95E-07 0.0006 4.57E-09 1.17E-08 0.0103 3.41E-08
12 3.30E-09 0.5952 1.22E-07 0.0010 2.60E-09 5.23E-09 0.0165 1.94E-08
13 2.06E-09 0.6005 ©5.76E-08 0.0010 1.61E-09 2.65E-09 0.0169 1.21E-08
14 1.24E-09 0.6261 2.37E-08 0.0011 9.56E-10 1.13E-09 0.0186 7.26E-09
15 5.03E-10 0.6567 4.86E-09 0.0012 3.96E-10 2.63E-10 0.0210 3.05E-09

Bin TP18 Bleg B20rg B3org Bhorg  BSorg

6 1.11E-3 1.71E-10 2.38E-09 2.19E-08 1.08E-06 3.21E-11
7 6.54E-4 9.95E-11 1.40E-09 1.25E-08 5.99E-07 1.79E-11
8 3.63E-4 4.59E-11 7.12E-10 6.45E-09 2.84E-07 8.55E-12

9 1.81E-4 1.88E-11 3.25E-10 3.00E-09 1.21E-07 3.66E-12
10 2.30E-4 2.64E-11 4.40E-10 4.10E-09 1.81E-07 5.43E-12
11 2.68E-4 2091E-11 4.99E-10 4.99E-09 2.32E-07 6.91E-12
12 5.30E-5 299E-12 7.61E-11 8.24E-10 3.08E-08 9.21E-13
13 1.74E-4 8.70E-12 2.58E-10 2.71E-09 1.00E-07 3.03E-12
14  2.09E-4 8.47E-12 3.14E-10 3.25E-09 1.13E-07 3.64E-12
15 9.17E-5 2.15E-12 1.36E-10 1.42E-09 4.27E-08 1.59E-12

Bin  Alorg  A20rg  A30rg  Adrg  Adorg

6 3.41E-13 5.82E-10 4.09E-12 8.42E-12 3.78E-10
7 2.02E-13 2.89E-10 2.37E-12 4.84E-12 2.18E-10
8 9.49E-14 9.69E-11 1.11E-12 2.17E-12 1.01E-10
9 4.13E-14 3.23E-11 4.71E-13 8.83E-13 4.25E-11
10 5.23E-14 3.17E-11 7.04E-13 1.28E-12 6.41E-11
11  4.21E-14 2.42E-11 8.91E-13 1.43E-12 8.17E-11
12 5.50E-15 1.97E-12 1.16E-13 1.40E-13 1.04E-11
13 1.79E-14 4.94E-12 3.81E-13 3.76E-13 3.44E-11
14 2.01E-14 4.05E-12 4.52E-13 3.20E-13 4.12E-11
15 7.50E-12 8.32E-13 1.87E-13 7.42E-14 1.73E-11
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Fig. 15. The ratios of the amounts of surrogate species B1-5 in < E TS .

the aqueous phase at 08:00 a.m., calculated using the UCD-CACM Q s

model andAIM (for total aerosol amounts of all species except [ A\\+:

water fixed to values from the UCD-CACM model). The ratio is

equal toAIM/UCD-CACM. Dot and solid line — B1; open circle 0o, . . .,

and dashed line — B2; cross and dash-dot line — B3 and B4, square 6 7 8 9 10 11 22 13 % 15
and dashed line — B5. size bin

Fig. 17. Ratios of the equilibrium partial pressures of organic sur-

10 "&-—iql\ R TR et b8 rogate species for each size bin at 08:00 a.m. to the actual amounts
X Tt present in the gas phase in the UCD-CACM model result. (The
091 ‘\\ 1 equilibrium partial pressures were also calculated using the UCD-
e \XNX\X CACM model.) Values of less than unity correspond to concentra-
08f \\Q e tions of the surrogates in the aerosol phase less than those required
_ | for equilibrium with the gas phase. Upper plot: surrogates B1-5,
£ 07+ \‘ . as indicated, with the actual vapour pressures of all the surrogates
& \ shown in the inset. Lower plot: surrogates A1-5.
> \
O‘: 0'6_ ‘\\ T
\ | |
05 7] of HSQ, leading to a free Fi molality of 0.168 compared
to a total (including HS®) of 0.629; second, a value of
04 e ] yH* of 0.29 compared to an assumed value of 1.0 in the
o3k M UCD-CACM model. Consequently the activity of'Hn the
g 8 N Y Y Y S I S T dissociation calculation (i&IM) is much lower than in the
6 7 8 9 10 1M 12 13 1% 15

UCD-CACM model. However, compared to other model un-
certainties, not least the values of the dissociation constants
themselves, the effect on SOA yield is minor. It should also
water soluble surrogate species A1-5 and B1-2 calculatedityto be remembered that,_ in Fhe model, partitioning.is controlled
be in the undissociated form{) at 08:00 a.m. A value of®/niotal by mass transfer which is calculated at each time step, and
of unity corresponds to zero dissociation. Solid circle and dashec®€rosols — particularly the bins representing the larger sizes —
line — A1; plus and solid line — A2; open circle and dashed line — can be out of equilibrium with the gas phase. Ratios of equi-
A4; dot and dash-dot line — B1; cross and solid line — B2. librium partial pressures to actual values in the gas phase,
from the UCD-CACM model for 08:00 a.m., are compared
in Fig. 17. The aerosol contains much less of B1, A2, and
much greater degrees of dissociation for most of these comA4 (by a factor of x50 for A2) than required for equilib-
pounds especially in the less acidic size bins, as can be seeium with the gas phase. The air parcel is still over the
in Fig. 16. The greater degree of dissociation predicted byocean at 08:00 a.m., and so the gas phase is interacting with
AIM for Al in size bin 15 is due to, first, the formation the marine background aerosol. The amount of surface area

size bin

Fig. 16. The fractions of the total aqgueous amountgyf) of the
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Fig. 18. Calculated total amounts (moITr?I) of aerosol phase surrogate organic compounds over the diurnal cycle. Open squares and open
circles with dashed lines — UCD-CACM model; solid symbols and solid linAf-calculations. Values for primary compounds P1-8 are

the same for both modelga) All solids are allowed to form in th&IM calculation, resulting in the amounts of particulate A1-5 going to
negligible values for periods for which the aerosol is predicted to be dry (contain no wie@nly (NHz)2SOys) is allowed to form in

the AIM calculation, and the aerosol contains liquid water throughout the dlParticulate fractions of total A1-5, and B1-5. In tA&M
calculation all solids are allowed to form, corresponding to the result in plot (a).

available to facilitate gas-to-particle conversion is relatively these species are defined as existing entirely in the particle
small, and temperatures low. Wexler and Seinfeld (1991)phase. Totals for surrogates A1-5 and B1-5 differ most be-
showed that these conditions promote non-equilibrium be-tween about 08:00 a.m. and 02:00 p.m. wh&hg! predicts
havior in a system involving condensation of inorganic acidsthe total drying out of the aqueous aerosol phase. The second
and bases. The present case involves condensation of orgarnpot in the figure show#IM predictions for a set of simula-
molecules with even smaller diffusion coefficients. It is rea- tions in which only (NH)2S0Oys is able to form, and con-
sonable that equilibrium predictions for gas-to-particle con-firm the requirement for aerosol water for organic surrogate
version differ from the results of the more realistic dynamic species Al1-5 to occur in the aerosol. The fractions of to-
exchange calculation used in the UCD-CACM model. tal A1-5 and B1-5 present in the aerosol phase are shown in
Fig. 18c. From 08:00 a.m. onwards, 20% or more of total

Next, we compareAlM calculations of full gas/aerosol 1.5 geeurs in the aerosol phase (mostly A2, because of its
equilibrium with the results of the UCD-CACM model over |, vapour pressure), but less than 1% of total B1-5.

the complete diurnal cycle, to assess the practical effect of

the model differences discussed above. Total moles of par- Several conclusions can be drawn from the comparisons
ticulate primary and secondary organic material are showrhere: first, differences between the amounts of liquid phase
in Fig. 18. Primaries P1-8 are the same for both models asvater predicted by the models at low RH, related to the
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3.2.1 Partitioning of primary organic compounds

Gas/aerosol equilibrium calculations for the diurnal cycle
have been repeated, allowing primary surrogate compounds
P1-7 to partition into the gas phase based upon the vapour
pressures and enthalpies of vaporisation listed for the model
of Nannoolal (2007) in Table 5 of Paper 2. This model ap-
pears to be one of the most accurate of those tested. Although
the predicted vapour pressure for P8 is quite high, it has been
confined to the aerosol phase as it represents the broad class
of mainly hydrocarbon, involatile, material that is found in
most aerosols. The results are plotted in Fig. 19 as the frac-
tion of the total amount of each surrogate compound present
in the aerosol phase. There is significant variation over the

part. fraction

K=
N

01t . . . . ' - course of the day. The decrease in the particulate fractions
0 L 8 2 16 20 2, around the middle of the day is partly a response to increased
time / hr (midnight) temperature, but mainly to the amounts of P8 available as a

solvent. (Fig. 18 shows that these increase by about an or-
Fig. 19. Calculated fractions of each primary surrogate compoundder of magnitude from 02:00 p.m. to 05:00 p.m. due to an-
present in the aerosol phase for gas/aerosol equilibrium calculationthropogenic emissions.) Less than 1% of the surrogates P2
in which the vapour pressures listed in the first line of Table 5 of (primary organic di-acids) and P6 (aromatics) are predicted
Paper 2 are assigned. More than 99% of P2 and P6 are predictegh be in the aerosol phase at all times. For P2 this does not
to occur in the vapour phase (not shown), P8 is assigned entirely Qeem reasonable, both because di-acids with a larger number
the aerosol phase, as noted in the text, and there is no P5 presentéﬂ carbon atoms than succinic acid (which is the selected sur-
the system. rogate) will have lower vapour pressures, and because the di-

acids are water soluble. These results — that the primary or-

formation of solids (and the positive lower bound on aerosol9aNic compounds will partition between the gas and aerosol
water in the UCD-CACM model), strongly influence the phases—are at least qualitatively consistent Wl.th the work pf
aerosol yield of those surrogates that are water soluble anffoPinson etal. (2007), who argue that most primary organic
do not significantly partition into the hydrophobic phase. particulate emissions are semi-volatile.

Second, the simplifications introduced into the UCD-CACM
model treatment of the dissociation of the organic solutes d
not have a major effect on overall gas/aerosol partitioning in

the example studied here, although this might not be the casg‘ Sect. |3§| of Paper 2 dthe Va”ft'on. of tr;ehpa_\rnnobnmg IOf q
for neutral or alkaline aerosol systems. Third, dissociation'Vater soluble compounds as a function of their sub-coole

is unlikely to be estimated satisfactorily without an explicit vapour pressures was examined. It was assumed that activ-

treatment of the sulphate/bisulphate equilibrium, and calcu—ity coefficients in the liquid phase were unity. In the UCD-

lated (rather than assumed) activity coefficients nd CACM model UNIFAC is used to obtain estimates of activity
organic anions. In the current UCD-CACM model. organic coefficients for water plus surrogates A1-5 and _Bl-5 in the
acid dissociation could probably be omitted. Finally, it has aqueous phase, and for the surrogates plus primary organ-

been shown earlier, in Fig. 2, that many of the surrogate semii-CS in the hydrophobic phase. These determine the organic
volatile compounds partition almost entirely into one aerosol

contribution to the total water content of the aerosol which is
phase. This offers opportunities for simplifying and increas—sma”’ the partitioning of the surrogates between aqueous and
ing the efficiency of gas/aerosol partitioning calculations, by

hydrophobic phases, and also influence partitioning between
eliminating the liquid/liquid equilibrium calculation for such 2€rosol and gas phases.

322 The influence of non-ideality in the liquid phase

compounds. What are typical values of the activity coefficients, and to
what degree do they control partitioning? Table 2 lists mean,
3.2 Further atmospheric simulations minimum and maximum values of the activity coefficients of

each surrogate species, in all size bins, over the full diurnal
In this section gas/aerosol partitioning of the primary surro-cycle. For most of these compounds the range of values is
gate organic compounds, the influence of the UNIFAC ac-not large. For those surrogates occurring mainly in the aque-
tivity coefficients on gas/aerosol partitioning of the semi- ous phase this can be explained by the fact that, unless inor-
volatile species, and the effects of variationspfhof these  ganic solids form, water will be the major component of the
compounds, are briefly examined. Bo#iM and UCD-  phase. Consequently it is the “interaction” with water that
CACM model simulations are used. will mainly determine the UNIFAC activity coefficient, and
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Table 2. Ranges of Activity Coefficients of Surrogate Species A1-5, 107 ' ' ' ' .
B1-5, in All Size Bins. i
-6
Species Mearf; Range Principal Phase 10 E
Al 1.16 1.14-1.18  aqueous i e
A2 13.2 11.3-14.2  aqueous 107k BISR) BT .
A3 49.9 41.2-54.8  aqueous o F 59000 s M-S ]
A4 38.9 32.5-42.1  aqueous > Bi o Cood U
A5 187 153-204 agueous 210% & AISR) 3
B1 131 105-152 agueous E EME}SDDDDDDDDDDU Bl15 1
B2 2485 1906-2792 aqueous of
B3 16.7 13.9-19.2  hydrophobic 10°F E
B4 29.2 20.3-37.2 hydrophobic i E
B5 57.1 39.7-73.4 hydrophobic ol ]
10 ", ) 1 1 1 1 ]
Notes: values of the mole fraction activity coefficierfisof each 0 IA 8 12 20( il
surrogate are for all size bins and for all times over the diurnal time / hr midnig

cycle. The geometric mean is listed.

Fig. 20. Total particulate masses of each group of surrogate organic

compounds, from thé\IM calculation of gas/aerosol equilibrium
not interactions with other organic species that are present gver the diurnal cycle. Solid symbols and line — A and B surrogate
includes interactions between ions and organic solutes. open symbols and dashed lines — calculation in which the ten sur-

The mean values of the activity coefficients listed in Ta- '°92t€ species A1-5 and B1-5 are assumed to obey Raoult's law

ble 2 range from about 1.2 to almost 2500. The magnitudes(R) '
of these activity coefficients, combined with the fact that they he deviati ¢ Its | lculated for th
are surrogates for real molecules whose actual composition | "€ deviations from Raoult's law calculated for the or-

and structure are only approximately known, suggest that th@anlcblsu;rogfatelcc;}mpounds |_rf1. both'phases, ar;]d surl‘nmlarlsded
activity coefficients may be a major source of uncertaintyIn Table 2, clearly have a significant impact on the calculate

in partitioning simulations. To roughly assess this we haveSOA Yields as well as controlling the partitioning between
carried out calculations usingIM in which Raoult's law ~ 2dueous and hydrophobic phases. The assignment of surro-
(£=1.0) is assumed for the partitioning surrogate species, buat€ compounds in the UCD-CACM model is generally suc-
at the same time each species is constrained to exist only if€SSul in terms of calculated liquid/liquid phase partitioning
the liquid phase (aqueous, or hydrophobic) in which the full _ determined by the relative values fifag and fiorg in
model calculations have suggested that it will occur. Thus,Ed- (1) and the amounts of the solvents water and P1-8 — as
A1-5 and B1-2 partition only between the gas and aqueou£d/1€r shownin Fig. 2. However, we have not compared ab-
aerosol phases, while B3-5 partition between the gas an&olu_te ya_lues of the activity coefficients of the surrogates _and
hydrophobic aerosol phases. Primary compounds P1-8 arf€ individual compounds they represent. These, combined
constrained to the hydrophobic phase, as before. Figure ZW'th,l_’U (lecussed at the end of Sect. 3.1.2) drive gas/aerosol
shows the results of a recalculation of SOA formation, as-Partitioning.

suming Raoult’'s law as noted above. A comparison of the
yields shown in the figure confirms the very large influence
of the activity coefficients: in the Raoult's law case the total 1. astimates of vapour pressures of the surrogate com-

. . _3

yield is enhanced by a factor of5 or more to 0.5,gm pounds presented in Tables 5 to 7 of Paper 2 do not, by
near the end of the cycle when total organic amounts presen o qelves, establish the uncertainties associated with these
(9as plus aerosol) are highest. The increase for the B surrqz, ., pressures but do at least suggest minimum ranges.
gates is greatest, mainly because of tg;hlgh ValugBR  gased upon the estimated error in the ACD boiling points
in the standard model result (about 21", see Table 2). alone, and neglecting the further uncertainty introduced by

These results are in contrast to those of Chen et al. (2006}, |;se of the Myrdal and Yalkowsky (1997) equation, the

who compared SOA predictions with and without full activ- 5,5, hressures of the ten semi-volatile surrogate species

ity coefficient calculations in the eastern United States using, sve ranges of uncertainty of abowl0 to x175 (highest

the model of Griffin and co-workers. In that study, the activ- ;6 givided by the lowest). However, this neglects the fact

ity coeﬁ|0|§nts exerteq only.a smal! mflueryce, probably duey s e surrogates each represent groups of compounds that

to the dominance of biogenic SOA in the simulated aerosol. appear to have very wide ranges of vapour pressure, as shown
in Table 8 of Paper 2.

3.2.3 \Variations of subcooled vapour pressyrés

www.atmos-chem-phys.net/8/1057/2008/ Atmos. Chem. Phys., 8, 10832008



1076 S. L. Clegg et al.: Treatment of inorganic electrolytes and organic compounds

3.5

3830 § 337

1 3.03

_ N2
E B 2.57
— 3780} 2.33
£ i ?'5137
‘g }Zga

Z : !

: i 1.17
s 9730 i

= 0.7
0.47
A 0.23

3680 TR T .. N T S N S T SR ST S Tl SN ST ST TN S ST SN S P S S S T 00

210 260 310 360 410 460 510
(a) UTM Easting (km)

35
3830 [ 357
= 3.03

- B
& g 2.57
< 3780 5o
= AT 1.87
5 P £

Z - .

i 1,17
s 9730 : :__: IR

0 [ : = 0.7
| 3 - T 0.47
I 0.23

3680 XS L e g o TN g i g 0.0

210 260 310 360 410 460 510
(b) UTM Easting (km)

Fig. 21. Predicted 24 h average concentration of SOA on 9 September 1898Ising vapour pressures calculated using boiling points

listed in Table 3 of Paper 2 for the 10 semi-volatile organic species (UCD-CACM mettimdie increase in SOA concentration obtained

when using the same boiling points increased by the uncertainties determined by the ACD boiling point prediction software and listed on the
bottom row of Table 3 of Paper 2.

Together, the results suggest that a comprehensive agrom those used in previous studies (Kleeman et al., 2007;
sessment of the effects of vapour pressure uncertainties o¥iing et al., 2007), because of the correction of errors, but
SOA yields should involve two types of analysis: first, at- have only a small effect on predicted SOA concentrations. In
mospheric simulations carried out using ranges of probabld-ig. 21b we show the predicted increase in SOA concentra-
vapour pressures of the surrogate compounds, based upon @&ns that results when lower estimates of the vapour pres-
timates such as those tabulated in Paper 2. Second, processires of the semi-volatile surrogate species are used in the
ing the results of atmospheric simulations in a similar way calculation. These were obtained by increasing the estimated
to the diurnal cycle but calculating gas/aerosol equilibrium boiling point of each surrogate compound by the uncertainty
for all the individual compounds represented by the surro-given by the ACD prediction software and listed on the bot-
gate species. This is possible with models sucAlds, but  tom row of Table 3 of Paper 2. As shown in Fig. 21b, pre-
the work is outside the scope of this study. Here we addresslicted SOA concentrations come close to doubling in some
the first question, and in Fig. 21a show the predicted 24-hareas when the lower vapour pressure estimates are used.
average concentration of SOA in the South Coast Air BasinThe greatest increases in predicted SOA concentrations oc-
surrounding Los Angeles on 9 September 1993 using thecur in the northern and southern portions of the air basin
3D Eulerian version of the UCD-CACM air quality model where biogenic SOA is dominant (Kleeman et al., 2007).
(Ying et al., 2007; Kleeman et al., 2007). Base case vapoufurther analysis shows that approximately 2/3 of the increase
pressures for the surrogate compounds Al-5 and B1-5 are predicted SOA concentrations in the southeast corner of
as listed in Tables 6 and 7 of Paper 2. They differ slightly the model domain is associated with surrogate species A5
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(2-hydroxy-3-isopropyl-6-keto-heptanal), the components ofmole fraction). The comparisons presented in Sect. 3.2 of
which are produced from biogenic precursors. The increase®aper 2 show that the estimated vapour pressures of the 38
SOA concentrations predicted in the vicinity of Claremont compounds assigned to the 10 semi-volatile surrogates vary
are associated with surrogate species Bl (3,5-dimethyl-2widely, and are not always consistent with the value calcu-
nitro-4-hydroxy-benzoic acid), B4 (8-hydroxy-11-nitrooxy- lated for the surrogate itself, even using only a single esti-
hexadecane), Al (ethanedioic acid), and A2 (2-methyl-5-mation method. This difficulty seems likely to occur for any
formyl-2,4-hexadiendioic acid). These comprise compoundsmodel, given the sensitivity of vapour pressure to molecu-
that derive from anthropogenic PAHSs, alkanes, and aromatidar structure and the functional groups present (illustrated in
hydrocarbons. Table 1 of Paper 2 for somes@&ompounds). One way to
address this problem would be to separate the choice of sur-
rogate compounds, and assignment of physical properties for
4 Discussion estimatingp® and for the calculation of activity coefficients,
and to base the properties of the surrogates more closely on
The organic fraction of the aerosol in the UCD-CACM model those of the compounds they represent.
consists of two broad groups of compounds: (i) those of ahy- For example, values op® and AH,, for the surro-
drophobic character and made up of long carbon chains witlgates could be based upon averages of measured or pre-
few polar groups, (ii) a set of smaller oxidation products con-dicted vapour pressures for the individual compounds as-
taining one or more polar groups such as —OH and —COOHSsigned to them. They could be grouped, for surrogates used
The definition of the aerosol as containing two liquid phasesin gas/aerosol partitioning calculations, according to their
follows directly from this view. The inorganic and organic vapour pressures (rather than by structure). If the calculated
components of the aerosol affect each other mainly througlvapour pressures listed in Table 8 of Paper 2 are divided into
the liquid water content, which controls the partitioning of 10 ranges — one for each surrogate — then each would in-
the water soluble semi-volatile compounds, and to a lesseclude compounds with vapour pressures ranging over a fac-
extent through the pH of the aqueous portion. Further effectdor of about 5.7 (an increment of 0.65 lggunits). This ap-
can be expected from ion-organic interactions (salting-in orpears reasonable given that the uncertainties in the estimated
salting-out, which affects activity coefficients), and from re- vapour pressures of the compounds, and their current surro-
actions in either liquid phase. The latter are not yet treatedjates in the UCD-CACM model, are greater than this.
explicitly in the UCD-CACM model, and the effects of ion- In an analogous way, the assignment of individual com-
inorganic interactions seem likely to be smaller than currentpounds to surrogates in the aqueous phase could be based
uncertainties in the vapour pressures of the semi-volatile orupon similarities of the UNIFAC-calculated activity coeffi-
ganic compounds. Below, we summarise the results of thisients for systems of representative composition. In this case,
work, and some of the general implications for the develop-because of the formulation of UNIFAC, groupings more di-

ment of air quality models. rectly based upon molecular structure are likely. In the UCD-
CACM model the existing assignment of surrogates quite
4.1 Organic components successfully duplicates the liquid/liquid phase partitioning

calculated for the individual constituent compounds. We

Major factors affecting the calculated partitioning of organic have not, however, compared absolute values of the activity
compounds, excluding the effects of chemical reactions anoefficients for that calculation. They might still vary con-
the dynamics of gas/particle exchange, are: (i) the estimatiosiderably within the groups assigned to each surrogate.
of subcooled liquid vapour pressurg$ which is discussed There are likely to be difficulties with using more than one
in Paper 2, (ii) the choice of surrogate compounds and, (iii)assignment of surrogate compounds, as this implies changes
their activity coefficients in both aerosol phases. The simula-to the sets of variables used in the phase partitioning calcu-
tion shown in Fig. 21, for decreased vapour pressures of théation and in the activity coefficients used in the gas/aerosol,
semi-volatile surrogates consistent with uncertainties in theirand liquid/liquid, elements of the calculation. The approach
predicted boiling points, confirms that these can significantlycould not be used iAIM, for example, but might be possible
affect the calculated SOA concentrations (by a factor of twoin the UCD-CACM model because the gas/aerosol partition-
in the example shown). ing and internal aerosol equilibrium calculations are sepa-

Semi-volatile compounds were assigned to surrogatesate. ForAIM and similar models it may be necessary to as-
in the UCD-CACM model according to structure, source, sign individual compounds to a single set of surrogates, but
volatility, and ability to dissociate (for those compounds sol- chosen for similarities in botlp? and activity coefficients.
uble in water) (Griffin et al., 2005). The driving force for In this case the significant quantity would lie p°, and the
gas/aerosol partitioning of each organic compound is thevalue of f would be the value for the component dissolved
product f; p?, whereas liquid/liquid partitioning within the in either water (for those occurring mainly in the aqueous
aerosol is influenced only by; (in addition to the quan- phase), or compound P8 (for those occurring mainly in the
tities of material present in both phases which determinesydrophobic phase).
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The dissociation of organic acids (here surrogates Al, A24.2 Inorganic components
A4, B1 and B2) in the aerosol aqueous phase can poten-
tially affect both the total amounts of the compounds presentAs noted above, the influence of the inorganic electrolyte
in the aerosol phase, and also aerosol pH. The magnitudeontent of the aerosol partitioning of the semi-volatile SOA
of this influence depends upon (i) the dissociation constantsompounds is exerted mainly via aerosol water content: the
of the organic surrogate compounds; (i) the activity coef- relationship between water activity (RH) and concentration
ficients calculated for, or assigned to, the undissociated orat moderate to high RH, and the formation of solids at low
ganic acid molecule and organic acid anions, and (iii) the de-RH leading to the eventual efflorescence (drying out) of the
gree to which pH is controlled by the inorganic electrolytes aerosol.
present. For fogs and cloud water, where solute concentra- There are significant differences between most of the in-
tions are low, an expression for the activity coefficients of theorganic thermodynamic modules in current use, and we have
organic acid anions that includes the Debyigekkl limiting compared the differences between the UCD-CACM model
law is desirable. For example, ifIM the activity coeffi-  and AIM in some detail. The UCD-CACM model has dy-
cients of the organic acid anions are determined by analogyamically controlled partitioning between the gas phase and
with 564(;@ and qu(aq). In the absence of further infor- 15 aerosol size bins (of which only the largest 10 have been
mation this seems reasonable especially as the dissociaticgtpnsidered here), and with lower limits to the amount of
constants of the surrogate compounds (except for simple diaerosol water set for each bin. In contradiyl is a bulk equi-
carboxylic acids), and the compounds they represent, are ndibrium thermodynamic model with a more complex treat-
well established. ment of agueous mixtures, no lower limit to the aerosol wa-
In the simulations presented in this study RH does not exter amount, and a larger set of possible solids. However,
ceed 80% and most aerosol acidity comes from inorganidt is clear from the comparisons shown in Sect. 3.1.1 that
components of the aerosol. Although the degrees of dissothe effects of these differences on the calculated amounts of
ciation of B2, and particularly A1, calculated by the UCD- aerosol, and the partitioning of both organic compounds and
CACM andAIM models are very different, the effect on the the key volatile inorganic compounds Nidnd HNG;, is of-
calculated aerosol burden of SOA is minor as they are preserien small.
in only small amounts compared to A2. The treatment of dis- The effects of the differences between the models are
sociation will be most important in two situations: where or- greatest under conditions where the aerosol is predicted by
ganic acids are the main sources of acidity in the aerosol, andIM to contain little or no liquid water. This occurs in the
in neutral to alkaline cases where dissociation will be great-afternoon of the diurnal cycle (when the RH is lowest) and
est. An explicit treatment of bisulphate dissociation is alsovirtually all the water soluble SOA material is returned to the
necessary. However, compared to the effects of uncertaingas phase in thalM simulation. In the UCD-CACM model
ties in vapour pressures of the SOA forming compounds, andhe aerosol water does not fall below an assigned lower limit
the approximations inherent in using lumped surrogates fo(see Figs. 7 and 11), resulting in the retention of the water
partitioning calculations, the impact of errors and approxi- soluble organic compounds. This retention is also seen in the
mations in the treatment of organic acid dissociation on SOAatmosphere — probably for other reasons — and the use of a
yield appears to be small. lower limit to aerosol water is an artificial constraint within
This study has identified three elements of the gas/aerosdhe model. It would be preferable to directly model either
partitioning calculation where simplifications in the UCD- metastable aqueous aerosols, which are supersaturated with
CACM model, and therefore gains in efficiency, are possi-respect to the solids that might form, or the equilibrium state
ble. First, the calculation of organic acid dissociation canof the aerosol which is allowed to dry out completely at low
be neglected. Second, it is not necessary to calculate thBH.
liquid/liquid partitioning of those organic compounds which  The differences between the inorganic models, in terms of
exist almost entirely in a single liquid phase. Third, the ac- HNOs and NH; partitioning, are less in the simulated diurnal
tivity coefficients of the organic compound in the aerosol lig- cycle than might be expected from the analysis in Sect. 3.1.1.
uid phases are determined, in both UCD-CACM axiii This is because the aerosol is largely acidic until the early af-
models, by interactions with the dominant solvents whichternoon, and pNklnegligibly low, but an injection of Nkl
are water and P8. It seems likely that in many simulationsas the parcel passes over a region of intensive farming results
the values of the activity coefficients will therefore vary lit- in the air parcel being dominated by this species, which is
tle, and in such cases could be determined just once at thmostly in the gas phase. Consequently, in the latter part of the
beginning of the simulation rather than multiple times during day even large changes in the total ammonia present in the
every gas/aerosol and liquid/liquid partitioning calculation. aerosol have only a small influence on the amount in the gas
phase. Under atmospheric conditions where the partitioning
of both HNGQ; and NH; is more evenly balanced between
both phases, differences between the inorganic thermody-
namic models would be more apparent. It is worth noting
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Fig. 22. The revised structure of surrogate compound B5. (l) 1| é § 2,. 'i:, 6

that neitherAIM nor cher current m_odels incl_uqle the influ- Fig. 23. The reciprocalyNH /yH* in pure aqueous (Nij2SOy
ences of dissolved ions on the activity coefficient of aque-of molality m at 298.15 K. Dots — derived from the measurements
ous NHs, which directly affects the calculated partial pres- of Maeda and Iwata (1997); dotted line — calculated using the mo-
sure. This is in spite of the fact that data for at least soméality based model of Pitzer (1992); solid lineAtM; dashed line —
of the main aerosol components, including (NFSO4 and method of Kusik and Meissner (1978) as used in the UCD-CACM
NaCl, have been available for some time (Clegg and Brim-model.
blecombe, 1989). For example, the valueydfH3 in aque-
0, 0,

gﬁz (ZNGFQ)S?%?EQ: S;L%n;alc'tlt?\;ltt tS)hSeg)eRaF(i’t'tqtligge?ft'gg rf,’[sthe treatments of inorganic and uncharged organic compo-

' o T VI Ict nents of the aerosol. While dissolved salts undoubtedly influ-

are greater than unity means that the amounts of MHhe ﬁnce the activities of dissolved organic compounds (and vice
gi‘/ersa), uncertainties in the vapour pressures of the organic
compounds appear to be large compared to the probable ef-
fects on activity coefficients. Except where salt-organic in-
teractions induce a qualitative change in behaviour, promot-
) ] ) ] _ing achemical reaction or inducing a phase separation for ex-
The physical properties of polar multifunctional organic gmpje, the current relatively simple treatment of the thermo-
compounds, such as those that make up SOA, are among th§ namics of the aqueous aerosol phase for inorganic/organic
most difficult to predict. This is reflected in the results in ¢ res seems justified. We note that the observed lowering
Paper 2, where the wide variations in estimgeéddd a sig- ot the deliquescence RH of mixtures of inorganic and organic
nificant uncertainty to the c_alculated gas/aerosol partltlon!n_gsmuteS is reasonably approximated by the influence of both
at moderate to low RH. While models based upon an explicitys|tes on the water activity of the mixture (see references in
chemistry must remain consistent with the known propertles;c|egg and Seinfeld, 2006a, b), and that this effect is repro-
of the compounds, these uncertainties are large enough — ang,ceq by both the ZSR relationship (used in the UCD-CACM

unlikely to decrease much in the near future — that field data; 4 other models) and iIM using the approach described
and the results of laboratory studies of SOA formation arépy Clegg et al. (2001).

still needed to optimize the models. To some extent this is " ture studies with the UCD-CACM model will include
already done: the treatment of SOA formation in CMAQ (yisions to the assignments of compounds to surrogate

is based directly upon chamber studies of SOA formationgpecies and the vapour pressures of the surrogates. Clearly
(Yu et al., 2007) and in the UCD-CACM model the vapour 4 explicit representation of oligomer formation is also desir-

pressures of the ten SOA surrogates have been adjusted {hje a5 data describing the parent compounds and rate limit-
be consistent with chamber measurements of aerosol formamg steps in the formation process become available.

tion from aromatic and monoterpene oxidation (Griffin et al.,
2005).

It also seems likely that further advances in explicit models
will come more from laboratory and field measurements than
from improved predictive techniques for either vapour pres-
sures, or from activity coefficient models that better integrate

or alkaline by models that assumélHsz=1.

4.3 Future developments
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Table 3. UNIFAC Groups and Examples of Their Use.

Group No. Name Example

11 CH3 ethane: 2CH3

12 CH2 n-butane: 2CH3, 2CH2

13 CH isobutane: 3CH3,1CH

14 C neopentane: 4CH3, 1C

24 CH=C 2-methyl-2-butene: 2CH3, 1CH=C

25 c=C 2,3-dimethylbutene: 4CH3, 1C=C

31 ACH napthalene: 8ACH, 2AC

32 AC styrene: 1CH2 = CH, 5ACH, 1AC

41 ACCH3 toluene: 5ACH, 1ACCH3

42 ACCH2 ethylbenzene: 5ACH, 1ACCH2, 1CH3
50 OH propanol-2: 2CH3, 1CH, 10H

70 H20 water: 1H20

80 ACOH phenol: 5ACH, 1ACOH

91 CH3CO butanone: 1CH3, 1CH2, 1CH3CO

92 CH2CO pentanone-3: 2CH3, 1CH2, 1CH2CO
100 CHO propionaldehyde: 1CH3, 1CH2, 1CHO
201 COOH acetic acid: 1CH3, 1COOH

262 CH2NO2 propane-1-nitro: 1CH3, 1CH2, 1CH2NO2
270 ACNO2 benzene-nitro: 5ACH, 1ACNO2

Table 4. UNIFAC Group Definitions of Surrogate Compounds.

Compound Group # Group # Group # Group # Group # Group #

water 70 1

P1 11 2 12 27

P2 12 2 201 2

P3 32 4 31 6 201 2

P4 32 10 31 12

P5 11 8 12 11 13 6 14 5

P6 31 4 32 2 201 2

P7 11 1 12 16 201 1

P8 11 12 12 6 13 6 14 4

B1 (S6) 31 1 32 1 80 1 201 1 41 2 270 1
B2 (S7) 201 1 100 1 32 2 31 2 41 2

B3 (S8) 31 6 32 2 4 1 42 1 262 1

B4 (S9) 50 1 11 2 12 12 13 2 262 1

B5(S10) 11 3 12 3 13 3 50 1 14 1 262 1
Al (S1) 201 2

A2 (S2) 201 2 100 1 24 2 11 1

A3 (S3) 11 2 100 2 50 1 24 1 25 1

A4 (S4) 50 1 201 1 91 1 11 2 13 2 24 1
A5 (S5) 91 1 12 2 13 3 11 2 50 1 100 1

Notes: the structures are as given by Griffin et al. (2003), with the exception of the correction shown in Fig. 22 for B5. The substitution of
—CHy—NOs, for -O-NG, is noted in the text. Column “#” gives the number of occurrences of the group in each molecule.
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Table 5. The UCD-CACM and ExtendedIM Models.

feature UCD-CACM ExtendedIM

calculation of inorganic ac- Kusik and Meissner (1978) Pitzer-Simonson-Clegg (Clegg et al.,

tivities 1992)

organic activities UNIFAC UNIFAC (for this study), other models
can also be used

gas/aerosol partitioning dynamic equilibrium

size distribution 10 size bins bulk (single bin)

inorganic composition M, NH,, Nat, CI~, NO3, 80‘21_ HF, NHS, (Na*, CI7), Br-, NOj,

Sofl_ (in different combinations, see
Wexler and Clegg, 2002)

HSQ, dissociation not included treated explicitly

liquid phases aqueous, hydrophobic aqueous, hydrophobic

gases HN@, NHz, HCI and semi-volatile or- HNO3, NH3, HCI, H,SO, and semi-
ganic compounds volatile organic compounds

solids NaCl, NaN@, NapSOy, NH4Cl, NaCl, NaNG;, NapSOy, NH4Cl,
NH4NO3, (NH4)2SO4, (NH4)2H(SOy)2,  NH4NO3, (NH4)2SO4, (NH4)2H(SOs) 2,
NH4HSOy, NaHSQ NH4HSO4, NaHSQ, 2NH;NO3-

(NH4)2S0y4, 3NH4NO3: (NH4)2S0y,
NH4HSOy- NH4NO3, NapSOy-

10H,0, NagH(SOy)2, NaHSQ- Ho0,
NaHz(SOy)2- H20, (NH4)2SOy-
NapSOy- 4H,0, NapSOs- NaNOs- H,0,
2NaNQO;- NH4NO3 + low temperature
HNOg3, H,SO4 and HCI hydrates

minimum aerosol water yes (to prevent the ionic strength goinp, and can also calculate the properties
outside the range of the activity coeffi- of metastable aerosols that do not dry out
cient model) at low relative humidity.
Appendix A 217.3g (B5, corrected); £Heo, 630-03-5, 408.8g (P1);
C4H604, 110-15-6, 118.1g (P2); gHgO4, 1141-38-4,
The surrogate compounds 216.2g (P3); GoHip, 191-24-2, 276.3g (P4); 4gHs2,

471-62-5, 412.7g (P5); 4E104, 88-99-3, 166.1g (P6);
The molecular structures of the eighteen surrogate comC18H3602, 57-11-4, 284.5g (P7); 4Hs4, 538367-70-3,
pounds in the UCD-CACM model are as given by Giriffin et 390.79 (P8).
al. (2003), except that compound B5 (S10 in Fig. 1 of Grif-
fin et al., 2003) has been corrected as descr.ibed by Grifﬁrbissociation constants
et al. (2005). The hopane, compound P5, differs from the
structure for CAS Registry number 471-62-5 only in the po-
sition of one —CH group and the latter is assumed here. TheDissociation of the semi-volatile organic surrogates contain-
structure of B5 is shown in Fig. 22. Formulae, CAS Reg- ing —COOH groups(s) is calculated using dissociation con-
istry numbers and molar masses are as followsH£Dy4, stantsK,1 and K42 defined in Egs. (3a) and (3b). The fol-
144-62-7,90.3 g (Al); €HgOs, 538367-55-4, 184.2g (A2); lowing values are given in units of molkg, and the equi-
CgH1003, 538367-56-5, 154.2g (A3); dEl1404, 538367-  librium constants are assumed not to vary with tempera-
57-6, 186.2 g (A4); GH1g03, 538367-58-7, 186.3g (A5); ture: 1.70<10°3 (K1 for B1), 7.33«<10°° (K 1 for B2),
CgHgNOs, 538367-59-8, 211.2 g (B1);16H1003, 538367-  5.4x10°2 (K41 for A1), 5.2x10° (K42 for Al), 3.7x107°
60-1, 178.2g (B2); ©H1iNOs, 538367-61-2, 217.2g (K41 for A2), 3.9x1076 (K o for A2), 6.52<10~* (K41 for
(B3); C16H33NO4, 538367-62-3, 303.4 g (B4);16H19N Oy, Ad).
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UNIFAC group definitions of the surrogate compounds is the molality based Henry's law constant of HjO
(2.63x10 5 mol kg 2atm ! at 298.15K, Carslaw et al.,
For UNIFAC calculations of the activity coefficients in lig- 1995), andkK ;;(NHg) (1.066x 10 1atm 1 at 298.15K) is
uid mixtures the organic components are defined in termsan equilibrium constant equivalent to the Henry’s law con-
of the structural groups of which they are composed (andstant of NH; divided by the acid dissociation constant of

without regard to position). The UNIFAC groups that oc- NHI(aq)' The mean activity coefficient of HN y HNOg, is
cur in compounds P1-8, A1-5 and B1-5 are listed in Table 3.

; , equal to the square root of the produgH" yNO3). Note
;23;%}: gg gNI\'/:v'zcgzglg':lh%rgfgép;;zhmaes dofﬁeur;)';;zr;;iothat in the acidic solutions in this example the dissociation of
-5. + i

—CH—NO;, for activity coefficient calculations. The UNI- RIH“(.a@ 10 NH3aq Is small and can be neglected.

o . . ; It is clear from the above equations that the differences
FAC definitions of all of the surrogate species are given in Ta-prween the predictions of the two models will be mainly
ble 4. Parameters for interactions between seven pairs of th@aused by differences inH*: a lower value predicted by
following main UNFAC groups are unknown and therefore '

. ) AIM results in both a smaller equilibrium pHNCGand a
not included in the model: C=C, CNODACNO,, CHO and . . . .
ACOH. We note also the existence of an alternative “Dort- higher pNH according to the equations above. Figure 9 of

mund” UNIFAC parameter set which is optimised for lig Wexler and Seinfeld (1991) shows that stoichiometric activ-
S o o ..~ 17ty coefficients of eo are not well reproduced
uid/liquid equilibrium, rather than vapour/liquid equilibrium Y icients of aqueous 250, are not well reprodu

lculati Jakob et al.. 2006). We h it tdthbythat model. However, the main reason for the differences
caicuiations (e.g., Jako etal, 2t )- ve have notteste %predicted vapour pressures is likely to be the fact that the
use of this parameter set in our simulations.

HSG, g < H?;q) + sofl(jw) equilibrium is not recognized in
the Kusik and Meissner equations used to predict inorganic
activities in the UCD-CACM model. This is verified, below,
by comparing both models to laboratory data.

The vapour pressures of the surrogate compounds estimated Maeda and Iwata (1997) have measured the acid dissoci-
using the Myrdal and Yalkowsky (1997) equation, and listedation constant of N, in aqueous (N&)>SOs, on a to-

in Tables 5-7 of Paper 2, require boiling points at atmo-tal hydrogen ion basis, at 26. These measurements can be
spheric pressure, a structural parametgrand a hydro- used as a test of the models’ ability to represent activities of
gen bonding number HBN. In earlier versions of the UCD- H@q) in solutions containing mainly (Nij2SO4 such as the
CACM model there were some errors in these parametersaerosols in the larger size bins in Fig. 10. The experimental
The correct values are listed in Table 9 of Paper 2. molal dissociation constants in Table 1 of Maeda and Iwata,

K. m, are equivalent to:

Estimation of vapour pressures of the surrogate com-
pounds

Appendix B Kam = (mHT + mHSO, )mNHz/mNH; (B3)

The main features of the UCD-CACM and extend&id Introducing the thermodynamic dissociation constant of
thermodynamic models are listed in Table &IM treats HSOZ(aq), KJ(HSOy), Eq. (6) can be rewritten:

many more solids, but the only ones not included in the

UCD-CACM model and relevant to this study are the double K4, = (mH*mNH3/mNH})

salts 2NHNO3-(NH4)2S0Oys) and 3NH;NO3-(NH4)2SOyg) . 0 + - -

Some of the largest diffe(r)ences between the UCD-(C)ZACM [+ (m/Ka (HSQ (Y H ySOﬁ V/YHSO,] (B4)
and extended\IM inorganic thermodynamic treatments oc- where m is the molality of (NH;)>SO; and K2(HSOy)
cur in the calculated equilibrium partial pressures of the inor-has a value of 0.0105molkg at 23C (Clegg et al.,
ganic gases HN@and NH; shown in Fig. 10, and are anal- 1994). The stoichiometric dissociation constant on a free
ysed here. The gas/liquid equilibrium of H§@nd NH; are  H* jon basis (the first term in parentheses in Eq. 4) is

described, on the molality scale, by: equivalent tok ¢, xyNH; /(yHTyNH3) whereK , is the
K 11 (HNOz)=aH*aNO; /pHNO; (Bla) _thermodynamig:o value _olf the dissociation constant _vvhich
is 5.6885¢<10“"molkg " at 25C (Bates and Pinching,

= mH+mNO§yH+y NO3 /pHNO; (B1b) 1949). Substituting into Eq. (4) we obtain an expression for
5 the reciprocai/NHI/y H* in the solution in terms only of:

= mH+mNO§yHN03/pHNO3 (Blc) and the activity coefficients of the other species present:

K};(NH3)=aNH} /(aHpNH,) (B2a)  (yNH}/yH")=(Kum/K,)yNHg/

= mNH (yNH /yH™)/(mH*pNHy) (B2b) [1+ (m/KS(HSOw) (yHTy SOy ) /yHSO, ] (B5)

where prefixa denotes activity,m molality, and y; is Maeda and Iwata (1997) have shown that their experimental
the activity coefficient of ioni. Symbol Kz (HNO3) K. .m can be satisfactorily reproduced using a molality-based
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