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Abstract. Atmospheric aerosols often contain surface ac-determined by both size and chemical composition. Presence
tive organics. Surface activity can affect cloud droplet for- of surface active molecules (surfactants) has been demon-
mation through both surface partitioning and surface tensiorstrated in bulk samples of atmospheric cloud and fog wa-
reduction in activating droplets. However, a comprehensiveters facchini et al.1999 2000, as well as in aerosol sam-
thermodynamic account for these effects idlker model-  ples (Yassaa et 812001, Mochida et al. 2003 Cheng et al.
ing is computationally demanding and requires knowledge2004 and aqueous extracts thered@rfs and Simoneit
of both droplet composition and component molecular prop-200Q Mochida et al, 2002 Kiss et al, 2005 Dinar et al,
erties, which is generally unavailable. Here, a simple rep-2006 Asa-Awuku et al. 2008 from marine, and rural and
resentation of activation properties for surface active organurban/polluted continental environments. A number of the
ics is introduced and compared against detailed model preidentified surface active organic molecules have been ob-
dictions and laboratory measurements of CCN activity forserved in laboratory experiments to be CCN active at atmo-
mixed surfactant-salt particles from the literature. This sim-spheric conditions and surface activity can significantly af-
ple organic representation is seen to work well for aerosolfect the CCN properties of these compounBsigle et al.
organic-inorganic composition ranges typically found in the 2010 2008. Comparison to detailed model predictions from
atmosphere, and agreement with both experiments and deéhermodynamically consistent relations suggests that surface
tailed model predictions increases with surfactant strengthactivity influences cloud droplet activation via both surface
The simple representation does not require resolution of theartitioning and surface tension effects. However, the com-
organic aerosol composition and relies solely on propertiesined effect on CCN activity of these mechanisms is not
of the organic fraction that can be measured directly withreadily anticipated in each caderisle et al.201Q 2008 and
available techniques. It can thus potentially be applied toreferences therein).
CompleX and ambient Surface aCtiVe aerOSO|S. It iS not com- To improve estimates Of the aeroso| indirect C”mate ef_
putationally demanding, and therefore has high potential foffects and predictions of future climate, a correct descrip-
implementation to atmospheric models accounting for cloudtion of organic aerosol properties, such as surface activity,
microphysics. in atmospheric models accounting for cloud microphysics is
therefore essential. In previous work, the surface partitioning
equilibrium and surface tension of activating droplets were
1 Introduction determined from numerical solutions to thermodynamic re-
lations Prisle et al. 201Q and references therein). Such
The indirect climate effect of atmospheric aerosol particlescalculations are however computationally too demanding for
via cloud formation and properties still constitutes the sin-implementation into atmospheric modelsokkola et al,
gle largest uncertainty in assessing the anthropogenic cor2008. Furthermore, the use of thermodynamically consis-
tribution to global climate changeRCC, 2007). The cloud tentrelations requires knowledge of droplet composition, and

condensation nuclei (CCN) properties of aerosol particles ar€omposition-dependent properties, in terms of aqueous solu-
tion water activity and surface tension, that are generally not

available for aerosol compositions such as those found in the

Correspondence ta\. L. Prisle atmosphere. Finally, the detailed model cannot be applied
BY (nonne.prisle@nhelsinki.fi) in its current form to aerosol systems with more than three
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componentsRrisle et al.201Q 2008 Sorjamaa et al2004). The Kelvin term depends explicitly on droplet surface ten-
Recent works byfopping(2010 andRaatikainen and Laak- sion. Any reduction in surface tension by dissolved surfac-
sonen(2010 address in particular the first point and presenttants will decrease the vapor pressure enhancement at a given
approximate analytical solutions to the partitioning equilib- droplet size and corresponding surface curvature and there-
rium that do not require iterative procedures. Neverthelessfore also decrease the critical supersaturation for the droplet.
both solutions still require knowledge of particle composi-
tions and component properties. 2.2 Surface partitioning

In this work, we adopt a different approach and introduce
a simple representation for the activation properties for surSurfactants preferentially accumulate at the air-water inter-
face active organics, based on insights to the behavior oface of aqueous solutions. In Gibbs adsorption theGitlfs
organic surfactants in cloud droplet activation gained frometal, 1928, this is described by the partitioning of surfactant
model predictions employing detailed thermodynamic rela-molecules within a solution between an isotropic bulk phase
tions. Kohler predictions using this simple representation are(Superscript B in the following), and an anisotropic surface
compared to laboratory measurements and detailed moddihase (superscript S) with a steep surfactant radial density

literature. tinct solution phases is referred to as the (bulk-)surface par-
titioning and depends on the intrinsic propensity of surfac-
tant molecules for the surface, as well as the relative dimen-
2 Theory and modeling sions of the solution bulk and surface phases, described by
the surface-area-to-bulk-volume ratkr{sle et al,.2010 and
references therein). For spherical droplets, this quantity is
rgiven by the diameter as:

2.1 Kohler theory

Cloud droplets form in the atmosphere when water vapo
condenses on the surfaces of aerosol particles. As the aquet 6

ous phase forms, particle constituents may dissolve into soluy, ~ ;- @)
tion droplets. The equilibrium growth and activation of such
an aqueous solution droplet is described by tiiél€r equa-
tion (Kohler, 1936, relating the equilibrium water vapor su-

As surfactant molecules partition to the solution surface,
their concentration in the bulk phase is simultaneously
persaturation$g over a spherical droplet to its diametg) ~ depleted.  Solution droplets involved in cloud droplet
formation typically have sub-micrometer diameters and
SS —Pw_ 1=aWeXp(4VWU> 1 (1) thusA/V>1 pn !, whereas for a macroscopic solution
(10099  pY RTd A/V—0um?t asd — oco. In small droplets, surface par-
Here, Pw is the equi"brium partia| pressure of water over titioning and the resulting bulk-phase depletion of surfactant
the solution dropletp, is the saturation vapor pressure over Mmolecules can significantly affect solution propertigeil
a flat surface of pure watety, is the droplet solution water and Hanel 1983 Bianco and Marmyr1992 Laaksonen
activity, vy is the partial molar volume of water in solutian, ~ 1993. Droplet bulk-phase depletion will result in relatively
is the droplet surface tensioR,is the universal gas constant, larger water activity (a diminished water partial pressure sup-
andT is the temperature (in Kelvins). pression) and surface tension (a diminished solution surface
The water activity describes the suppression by dissolvedension reduction) from a given total (superscript T) con-
solutes of the equi"brium partia| pressure of water over ancentration of dissolved surfactant within the droplet phase.
aqueous solution, compared to the pure water saturation vaSurface partitioning may thus be anticipated to affect cloud

por pressure, according to the genera"zed Raoult's Law: droplet activation through both water activity and Kelvin ef-
fects.

P = Yokw Py = G Py (2) Analogously toPrisle et al.(2010, surfactant strength is
Here,xy is the water mole fraction in solution ang, is the  here quantified as the surface tension reduction from that of
corresponding mole-fraction based activity coefficient of wa- pure water, attained at a given surfactant bulk phase concen-
ter. The exponential term in EdL)(is equivalently called the tration (cEFT) in solution

Kelvin term and describes the enhancement of vapor pressure

over a concave curved droplet surface, compared to a flaBurfactant strengta Ao (CSFT) =ow—0 (chT). 4)
liquid surface, by the Kelvin effect. These two opposing

effects on equilibrium water partial pressure define a max-The strength of a surfactant is this way determined by both
imum equilibrium supersaturation for growing droplet sizes, the nature of molecular interactions and the concentration
or a critical supersaturatio®&), with a corresponding criti-  gradient in the anisotropic surface, as given from an appro-
cal droplet diameterd;), that must be surpassed for droplets priate adsorption isotherm, for example the Langmuir-based
to activate and grow into full-sized cloud drops. Szyskowski equationSzyskowskj 1908. In macroscopic
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solutions, a strong surfactant can yield a large reduction insurface tension at 296.65 K. The surface tension gradient for
surface tension, compared to pure water, at a given concen: S donact | 1 1
tration by being strongly partitioned to the surface and/oraqueous NaCli dmp =161 [mNm/molkg™T] and

MNacl
displaying molecular interactions to enable efficient reduc-accounts for a slight increase in solution surface tension aris-

tion in the solution surface tension. Inorganic salts can influ-ing directly from the inorganic ions.
ence individual surfactant propertidsr{ et al, 2005 Tuck- Individual panels in Figl show values predicted at the
ermann 2007 Vanhanen et gl.2008 Prisle et al, 2010 point of activation for (a) droplet GF and/V, (b) surfac-
by enhancing surfactant activity in solution through both tant depletion from the droplet bulk in terms of the molar
solute-solute non-ideal interactions and common ions defraction of surfactant left in the bu”‘"ElzNa/”ElzNQ and
creasing the contribution from organic ions to the over-the molar fraction of solute remaining in the bulk that is sur-
all surfactant solubility product. Surfactant strength, asfactant ¢2,,,./[n8;,ns+78cil). (€) bulk-phase water mole
quantified in Eq. 4), is therefore affected by the mixing fraction §) and water mole fraction with respect to only
state of solutes within an aqueous solution. In microscopicNaCl solute € y.c). and (d) droplet surface tension, all
activating droplets, the surface tension reduction attainedas functions of dry particle diametebf). Figure1l illus-
from a given strong surfactant is not immediately evident.trates how the surfactant molecules are largely depleted from
From simple Kohler theory, it is predicted that spherical the droplet bulk at the point of activation, due to partitioning
dry particles with larger diameter®f) activate with critical  to the surface phas(mglzNa/ ”ElzNa”OOS)- Even with the
droplet sizes corresponding to larger diameter growth factorgather high surfactant mass fraction in the dry particles of the
(GF=d./ Dp), and thus with more dilute total solute concen- present example, the majority of solute in the droplet bulk at
trations in the droplets:{ xGF~3). However, the larger crit-  activation is NaCl 42, 5/ [n8 oyt 18] ~0.05). The ef-
ical droplets also have smaller surface-area-to-bulk-volumdects on activating droplet solution properties are seen to be
ratios (A/V «dgz ') and are thus subject to relatively less bulk- that both water activity and surface tension are significantly
depletion of surfactant from surface partitioning at a given to-less affected by the organic solute than would be anticipated
tal droplet composition. In addition to potentially influencing from its total concentration within the droplet, and are closer
surfactant molecular properties, the presence of inorganic sdo the values predicted in the absence of surfactant solute.
lutes directly affects critical droplet sizes, and thus total sur-Similar results were obtained for other surfactants and dry
factant concentrations and surface-area-to-bulk-volume raparticle component mixing ratios studig@isle et al.2009.
tios, of activating droplets. The CCN properties of a given
surfactant are therefore intricately linked to both dry parti- 2.3  Critical supersaturation
cle size and composition. As a consequence, the variation in
CCN activity with these dry particle properties is not readily In the Kohler calculations, critical supersaturatiofsy) are
anticipated, even when molecular properties of the individualdetermined, for activating droplets formed on dry particles
aerosol components are known. of given compositions and sizes, by iterating the respective
An example of these effects is shown in Fig.for dry ~ Maxima of the Kohler curves described by Ed.)( Dry par-
particles with diameters in the range 15-150 nm and comdicles are assumed to be spherical and the particle volume is
prising 80% by mass of surfactant (sodium dodecanoate9btained from the diametery) as:
C12Na) mixed with sodium chloride (NaCl). The values pre- -
sented are calculated with a detailed thermodynamic modeVp = EDS . (8)
accounting for the surface partitioning equilibrium within
activating droplets and have been adapted from the resultParticle compositions are given by the relative dry mass frac-
presented in Figs. 6 and 7 &fisle et al.(2009. Droplet  tions (Wp ;) of organic surfactant &SFT) and inorganic salt
surface tension is here evaluated as a function of surfactar(i=s), whereWp spr+Wp s=1. Assuming volume additiv-
and salt bulk molal concentrationm@,:T and mﬁaC,) from ity of the individual dry particle components, the total mo-
a ternary parametrization based on the Szyskowski equatiofar amounts ;(iT) of each solutei&SFT,s) available in the

(Prisle et al.2009 and references therein): droplets are then:
doNacl B B T Wpi T3 Wp SFT Wp.s -1
o =ow+ | —5— | mRac—aln(l+m b), (5) n, =——-——D — 4 — . 9
w ( mﬁa(:l) NaCl C1oNd T M, 6 P\ pser O
a = 48.98—0.88w o\ (6)  Here, pser and ps are the respective mass densities of pure
b = 0.004+0.004w8 o 7) solid organic surfactant and inorganic salt, adfdis the mo-

lar mass of each component.
Here, parameters andb depend on the relative C12Na and  Complete dissolution of each dry particle component, and
NacCl solute mass-fractions in the solution bulk phase, wherevolume additivity of water and all solutes, is assumed within
wglzNa+w,E\‘,aC,:1, andoyw=722mNn 1 is the pure water the aqueous droplets formed. The increasing total molar
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(a) 80% C12Na + 20% NacCl critical droplets
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(b) 80% C12Na + 20% NacCl critical droplets
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Fig. 1. Selected properties, predicted at the point of droplet activation, for spherical dry particles comprising 80% by mass of surfactant
(sodium dodecanoate, C12Na) mixed with sodium chloride (Nd&)diameter growth factor (GF) and droplet surface-area-to-bulk-volume
ratio (A/V), (b) molar fraction of surfactant left in the droplet buu‘%lZNa/"ElZNf) and molar fraction of total solute in the droplet bulk

that is surfactantn, ./ [n2 ns1Eac/). (€) bulk-phase water mole fraction) and water mole fraction with respect to only NaCl

solute ch‘?, Nacp» (@) droplet surface tensiowr, together with the surface tension of pure watgy)( Values are presented as functions of
dry particie diameteri9p) and have been adapted frdtrisle et al(2009.

amount of waters((,) in a growing droplet is then calculated mixing properties in solution (unit water activity coefficient,
as a function of the diametedY according to: ¥B=1), and the droplet surface tension is evaluated from
5 5 concentration-dependent parametrizations for ternary aque-
(d°=Dy).
p

ous solutions analogous to the one given in K. (This
information is generally not available for complex aerosol

Both water activity and surface tension are determinedmixtures, let alone for particles of unresolved composition,
from the droplet solution bulk-phase composition, such thatjust as the method of solving the partitioning equilibrium nu-
aw=a§(n?,nd) ando=0Bn8,nk). merically cannot be applied in its current form to droplets

In the detailed model accounting for the surfactant par-with more than a total of three components. The detailed
titioning equilibrium @risle et al. 2010 and references model is therefore currently not applicable to more realistic
therein), droplet bulk-phase molar compositimﬁ’,(n\';”\,) is particle systems, such as smog-chamber generated secondary
determined for each droplet size and corresponding totabrganic aerosol (SOA) or ambient aerosol, with unresolved
composition ZT nl) by solving the partitioning equilibrium  organic composition and/or molecular properties in solution.
numerically. The droplet bulk-phase water activity is subse-
quently set equal to the corresponding water mole-fraction
concentrationo(\?v:xv%), equivalent to assuming ideal water

T_ Pw T

=— 1
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2.4 Simple organic representation (16) are exactly the outcome of the detailed model predic-
tions. Notably, the expected consequences for surface active
Motivated by knowledge of the behavior of organic surfac- organic CCN properties have been demonstrated experimen-
tants in activating solution droplets, gained from the detailedially for a number of compound#(isle et al. 2008 201Q
thermodynamic model (as illustrated in F@, we here in- Sorjamaa et a’|20049 For the present purposes of a sim-
troduce a very simple representation to account for the clougpjified description, the modest effects of the organic solute
droplet activation properties of such surface active organicon either surface tension or water activity of the activating
aerosols. This simple representation (abbreviated “repl” indroplets, as seen in Fig, are thus neglected altogether.
the following) just assumes all surface active organics are The complete surface partitioning of surfactant molecules
partitioned to the droplet Surface, and thUS haVe no net effqu a Consequence of the |arge Surface_area_to_bu|k_V0|ume ra-
on either water aCtiVity or surface tension of the droplet SOlU'tios (A/V) of microscopic activating drop'etsy Compared to
tion, at the point of activation. Specifically, the molar amount macroscopic solutions, as explained in more detaiPkigle
of surfactant in the droplet bulk-phase is set to et al.(2010. The equilibrium concentration gradient in the
(11) anisotropic surface leaves essentially no surfactant solute in
the isotropic droplet bulk. However, the surfactant density in
It is implied that the division of the bulk and surface phasesthe surface phase is still insufficient to enable molecular in-
is such that neither the inorganic, nor water, partition to theteractions that significantly reduce solution surface tension,
droplet surface, whence compared to pure water, even when the majority of surfactant
molecules are partitioned to the droplet surface. The solu-

B __
ngpr=0.

”E :”l’ (12) tion surface tension is fundamentally determined by molec-
”\?v=”\7v~ (13) ular interactions within the surface phase, but is typically
parametrized as a function of the bulk phase composition,
The bulk-phase water mole fraction is then as must be valid at equilibrium between the two phases.
B B T Using the simple organic representation presented here,
B U —_"w __"w T . (14) the droplet bulk-phase composition and properties are ob-
Y B 4nBn nB4+nB nl4nl WS tained directly from the total composition, according to

Egs. (1)—(16) above, without iterations of a humerical so-
lution to the surface partitioning equilibrium. This makes
the Kohler calculations computationally much less demand-
ing, which is essential for considering these effects in large
awzaw(x\;’s) ZX\I/,S (15) scale atmospheric models. Furthermore, using the simple
representation only requires knowledge of the total organic
Substituting the vanishing bulk concentration of surfactantaergsol mass fraction, as well as the average density of this
resulting from Eq. 11) into an appropriate concentration- fraction (for use in Eq.9) wheni=s). Both of these quan-
dependent surface tension parametrization, analogous to thgfies can be measured directly with available techniques.
given in Eq. £), and neglecting any direct influence on | particular, the simple representation does not require the

surface tension from the inorganic sglt‘®ecl —0), the  identity and properties of the organic molecular components

where xy s is the water mole fraction with respect to only
inorganic solute. The corresponding droplet water activity is
then

L dmyaci to be known (since these are assumed to not affect the prop-
droplet surface tension is simply that of pure water at thegies of the activating droplets), making this representation
given activation temperature potentially applicable to surface active organic aerosol of un-
o =0y (16) resolveq composition or composition-dependent molecular

properties.

The assumption of complete organic surface partitioning is

essentially just the simplest conceivable parametrization of a

solution to the partitioning equilibrium at the point of droplet 3 Results and discussion

activation. The implications for &hler calculations are anal-

ogous to treating the entire organic particle fraction as anThe CCN activity of particles comprising one of the sur-
insoluble, fully wettable core within the activating droplet; factants sodium octanoate (G¢€H2)sCOONa; C8Na),
however, the view of complete partitioning to the droplet sur- sodium decanoate (GKICH2)sCOONa; C10Na), sodium
face is clearly thermodynamically more consistent in the casalodecanoate (C4HCH»)10COONa; C12Na), or sodium do-
of a surface active organic displaying some finite water sol-decyl sulfate (CH(CH2)11:0SQsNa; SDS), mixed with
ubility. Although it may seem contradictory that a soluble NaCl, was studied in laboratory experiments and modeled
and surface active solute in effect has no influence on neithefrom Kohler theory accounting for the surface partitioning
water activity nor surface tension of the droplets, activationequilibrium by Prisle et al.(2010. For comparison with
properties approaching those following from Egk5)(and these results, &hler calculations using the simple organic
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(a) Mixed C8Na + NaCl particles (b) Mixed C8Na + NaCl particles
15
= Ao - 15 ® experimental
> > - -
= 1 = g.p
[9)] 0 repl
n n
c c
K] RS 1
T 05 @
2 2
© ©
& &
[ ]
£y S o5
= e 80% C8Na = 1
RS ® 50% C8Na S
= 20% C8Na =
© ® (0% C8Na © 0.1
0.1
20 50 100 150 0 0.2 0.4 0.6 0.8 1
Dry particle diameter, Dp [nm] C8Na dry mass fraction, Wp ceNa

Fig. 2. Critical supersaturation$S& [%]) for particles comprising sodium octanoate (C8Na) mixed with sodium chloride (NacCl), as func-
tions of (a) dry particle diameter®p [nm]), and(b) dry particle surfactant mass fractioW§ csna)- Results are shown for particles with
selected dry surfactant mass fractions in panel (a), and for dry particle sizgs-¢f0 nm (upper curves and data points) @hg=100 nm

(lower curves and data points) in panel (b). In both figures, points are experimental values, dashed lines are calculated with the detailed ther-
modynamic modeld, p), both adapted frorRrisle et al(2010, and solid lines are calculated with the simple organic representation (repl).

representation (repl) were here made assuming ideal watdor particles comprising C10Na, C12Na and SDS even up to
mixing properties in the droplet solutions (unit water activity at least 80% surfactant.

coefficient,,#=1), such that Surfactant strength, as quantified in E4). §bove, for the

T C8Na—C12Na fatty acid salts and SDS increases in the order
aw=x) s= T—W —. (17)  ofincreasing molar masa/csna <Mc1oNa<Mci12na<Msps
' ny +8NaCInNac|

(Prisle et al.201Q 2008 and references therein). The agree-
NaCl was assumed to be fully dissociated by using a conment of predictions using repl with both experiments and
stant dissociation factodnaci=2 in Eq. (L7). The par- the detailed model increases with the surfactant strength, as
tial molar volume of water (y) was approximated with €xpected; the stronger surfactants are relatively more parti-
the molar volume of pure water, given by the wa- tioned to the droplet surface, yet the effect on droplet ac-
ter molar mass and mass density 8%=My/pw, ac- tivation of the surface tension reduction attained evidently
cording to the assumption of ideal mixing volume for cannotovercome that of increased water activity due to bulk-
water within the droplets. Mass densities used fordepletion of surfactant soluté(isle et al. 2010. As the
the organics werecsna=pciona=pciona=1.2gcnT3 and  Strength of these surfactants increases, the effect is described
psps=1.176 gcnt3, and for the salipnaci=2.165 g cnt3. still better by Eq. {1), yet still poorer by Eq.16); however,
The temperature waE=296.65 K. the combined effects of surface activity on CCN properties
Results are shown in Flgg,_ 3’ 4, and5, for partic'es com- are dominated by the first mechanism, rather than the lat-
prising C8Na, C10Na, C12Na, and SDS, respectively, mixeder. For particles comprising the stronger surfactants C12Na
with NaCl. In each figure, panel (a) shows critical super-and SDS, the agreement of repl with experiments and the
saturations $$) as functions of dry particle diameteby), detalle_zd_ mode_l is very gopd over the full range of surfactant—
for particles with dry surfactant mass fractions of 0% (blue), Salt mixing ratios shown in Figga and>a.
20% (green), 50% (red), and 80% (purple), and in panel (b), With the weaker surfactant C8Na, using the simple repre-
critical supersaturations are shown as functions of dry parti-sentation overpredicts critical supersaturations for particles
cle surfactant mass fractioiV, srr) for particle diameters  with 80% surfactant. Likely, C8Na is not sufficiently sur-
of 40 and 100 nm. Calculations with rep1 are shown as solidface active for the majority of these molecules to be effec-
lines, and the results @risle et al(2010 from experiments tively partitioned to the droplet surface, at the concentra-
and calculations using the detailed partitioning modepj tions attained for activating droplets formed on particles with
are shown as points and dashed lines, respectively. Overalthis high dry surfactant mass fraction. In general, the sim-
very good agreement between critical supersaturations calple organic representation mot expected to work for weak
culated using the simple organic representation and both exsurfactants; these organics will only be partially partitioned
perimental values and detailed model predictions is seen foto the solution surface and some effect of the resulting fi-
particles with up to at least 50% by mass of surfactant, anchite organic bulk concentrations on droplet water activity
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(a) Mixed C10Na + NaCl particles (b) Mixed C10Na + NacCl particles
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Fig. 3. Critical supersaturation$S& [%]) for particles comprising sodium decanoate (C10Na) mixed with sodium chloride (NacCl), as func-
tions of (a) dry particle diameterp [nm]), and(b) dry particle surfactant mass fractioW§ ciong- Results are shown for particles with
selected dry surfactant mass fractions in pgagland for dry particle sizes abp=40 nm (upper curves and data points) @ng=100 nm

(lower curves and data points) in paiie). In both figures, points are experimental values, dashed lines are calculated with the detailed ther-
modynamic modeld, p), both adapted frorRrisle et al(2010, and solid lines are calculated with the simple organic representation (repl).

(a) Mixed C12Na + NaCl particles (b) Mixed C12Na + NaCl particles
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Fig. 4. Critical supersaturationsS& [%)]) for particles comprising sodium dodecanoate (C12Na) mixed with sodium chloride (NaCl), as
functions of(a) dry particle diameter pp [nm]), and(b) dry particle surfactant mass fractioW§ c1ong- Results are shown for parti-
cles with selected dry surfactant mass fractions in pgagland for dry particle sizes abp=40nm (upper curves and data points) and
Dp=100nm (lower curves and data points) in pa®l In both figures, points are experimental values, dashed lines are calculated with
the detailed thermodynamic model, p), both adapted fronPrisle et al.(2010, and solid lines are calculated with the simple organic
representation (repl).

(xv|\3/<vav,s)’ in combination with a possible slight surface ten- under atmospherically relevant conditioRsigle et al.2008
sion reduction¢ <oy ), may therefore be anticipated in acti- Sorjamaa et al2004). As dry particle surfactant mass frac-
vating droplets containing these molecules. tions increase, critical supersaturations generally increase,

For increasing surfactant mass fractions in the dry parti-and activating droplets bec_qme smaller af‘?' more concen-

. . : trated. Eventually, the position of the partitioning equilib-

cles, the simple organic representation eventually overpre-. :

. o . . . rium does leave some surfactant solute in the bulk at droplet
dicts critical supersaturations, as is clearly seen in F2bs. L o L

. : activation, thus resulting in some reduction in droplet surface

30, 4b, andSb. A number of surface active organics have tension and/or water activity. In the limit of aerosol consist-
been demonstrated in previous experimental and theoreticz?ﬁ urely of water solubleyéurfactant some of this solute
works to act as efficient CCN in single-component particles 9 purely '

www.atmos-chem-phys.net/11/4073/2011/ Atmos. Chem. Phys., 11, 40332011
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(b) Mixed SDS + NaCl particles
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Fig. 5. Critical supersaturationsS& [%]) for particles comprising sodium dodecyl sulfate (SDS) mixed with sodium chloride (NaCl), as
functions of(a) dry particle diameter®p [nm]), and(b) dry particle surfactant mass fractioWf spg). Results are shown for particles with
selected dry surfactant mass fractions in pgagland for dry particle sizes dbp=40 nm (upper curves and data points) @pg=100 nm

(lower curves and data points) in paiie). In both figures, points are experimental values, dashed lines are calculated with the detailed ther-
modynamic modeld, p), both adapted frorRrisle et al(2010, and solid lines are calculated with the simple organic representation (repl).

may likewise be expected to remain dissolved in the dropletcounting for the partitioning equilibrium. The detailed model
bulk. These situations are innately not captured by the simplgyenerally describes experimental observations better than the
representation, effectively treating the organic as an insolusimple representation, as expected. Nevertheless, predictions
ble, but wettable, core/surface; the simple organic represensf the latter are comparable to those of the detailed model,
tation is therefore not expected to be applicable to pure orfor all but the weakest of the four surfactants (C8Na), and
ganic patrticles of water soluble surfactants. In the context ofdry particles with the very highest organic mass fractions
atmospheric modeling, however, such particle compositiong80%) shown. The simple two-component aerosols shown
are unlikely to be representative of ambient aerosol, whichhere can be regarded as model systems for marine aerosol
are generally found to be mixtures of both organic and in-(O’Dowd et al, 2004. The range of applicability for the

organic speciesMurphy et al, 2006 O’'Dowd et al, 2004).

simple representation to surfactants with different strength

The surfactant-salt particles that are seen here to be well deand molecular properties, and to particles with different mix-
scribed by the simple organic representation cover the rangang states, in terms of both nature of the inorganic salt and
of organic-inorganic mixing ratios typically seen in the at- organic mass fraction needs to be investigated in more de-

mosphereZhang et al.2007).

The errors in predicted critical supersaturatioB8), rel-
ative to the experimental valueS$'*) measured byrisle
et al.(2010,

S$—Sg°
sg®

are shown in Fig6. Individual panels show results as func-
tions of dry particle diameterZ¥) for particles comprising

S¢S relative error= (18)

tail in future work. Currently, the availability of both lab-
oratory data and detailed model predictions of CCN activ-
ity for mixed surfactant-salt particle systems is however still
limited.

Contrary to the detailed thermodynamic model, the sim-
ple organic representation proposed here does not require
composition and molecular properties of the organic parti-
cle fraction to be known; specifically, only the magnitude
and mass density of this organic fraction is required, both

(a) C8Na, (b) C10Na, (c) C12Na, and (d) SDS. Open sym-of which can be measured directly with available techniques.
bols correspond to predictions made with the detailed ther-The simple representation therefore has potential for applica-

modynamic modeld, p) and filled symbols are for predic-

tion to complex and realistic surface active organic aerosols,

tions with the simple organic representation (repl). Dry par-such as the before-mentioned smog-chamber generated SOA,

ticle surfactant mass fractions are indicated by the symboblnd ambient aerosol.

Notably, this representatioonky

colors as 0% (blue), 20% (green), 50% (red), and 80% (puraimed at describing the resulting CCN potential of surface

ple).
Figure 6 emphasizes the results in Fidg. 3, 4, and5,

active organics, and in particular it is not assumed to rep-
resent the general properties of the organic aerosol system.

in terms of the performance of the simple organic represenit is furthermore not intended to replace analytical solutions
tation, compared to the detailed thermodynamic model acto the partitioning equilibrium derived from thermodynamic

Atmos. Chem. Phys., 11, 4078383 2011
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(a) Mixed C8Na + NaCl particles

(b) Mixed C10Na + NaCl particles
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Fig. 6. Relative errors in predicted critical supersaturatioﬁs—S§Xp)/S§Xp [%/%]) with the detailed thermodynamic modeit, p,

open symbols) and the simple organic representation (repl, filled symbols), as functions of dry particle diagften]), for particles
comprising(a) sodium octanoate (C8Ng}) sodium decanoate (C10N&¢) sodium dodecanoate (C12Na), gddl sodium dodecy! sulfate

(SDS). Dry particle surfactant mass fractions are indicated by the color of symbols as 0% (blue), 20% (green), 50% (red), and 80% (purple).
Results correspond to those shown in FRS3, 4, and>b.

relations. This simple representation rather presents an altesratory measurements, as well as model predictions based
native to such approaches with potential application to com-on detailed thermodynamic relations, of the CCN activity
plex aerosol systems, for which the properties required forfor corresponding mixed aerosols from the literature. The
analytical solutions are not yet available. Moreover, calcu-simple organic representation is seen to work well for par-
lations using the simple representation are computationallfticle organic-inorganic composition ranges corresponding to
much less demanding than the detailed partitioning modethose typically found in the atmosphere. As expected, the
and should therefore be as applicable to large scale cloudgreement with both experiments and detailed model pre-
modeling as the analytical solutions presentedTbpping  dictions increases with surfactant strength. For all but the
(2010 andRaatikainen and Laakson€2010. weakest surfactant and highest organic aerosol fractions, the
simple representation closely follows the performance of the
detailed thermodynamic model in capturing observed droplet
activation for the studied particle mixtures. Contrary to
the detailed model, the proposed simple organic represen-
A simple representation for the cloud droplet activation prop-t@tion does not require knowledge of either composition or
erties of surface active organics is introduced and applied iffoMPosition-dependent molecular properties for the organic
Kohler predictions for mixed organic-inorganic aerosol parti- 26r0sol fraction and consequently has potential for applica-
cles. Results of these calculations are compared against latio" to complex and realistic surface active organic aerosols.

4 Conclusions

www.atmos-chem-phys.net/11/4073/2011/ Atmos. Chem. Phys., 11,40832011
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The simple representation is not computationally demandingMochida, M., Kitamori, Y., Kawamura, K., Nojiri, Y., and

and therefore also has high potential for implementation to Suzuki, K.. Fatty acids in the marine atmosphere: fac-

atmospheric models accounting for cloud microphysics. tors governing their concentrations and evaluation of organic
films on sea-salt particles, J. Geophys. Res., 107, D17S4325,
doi:10.1029/2001JD001278002.

Mochida, M., Kawamura, K., Umemoto, N., Kobayashi, M., Mat-
sunaga, S., Lim, H.-J., Turpin, B., Bates, T., and Simoneit, B.:
Spatial distributions of oxygenated organic compounds (dicar-
boxylic acids, fatty acids, and levoglucosan) in marine aerosols
over the Western Pacific and off the coast of East Asia: continen-
tal outflow of organic aerosols during the ACE-Asia campaign,
J. Geophys. Res., 108, D23S8688j:10.1029/2002JD003249
2003.
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