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Abstract. Calculating the equilibrium composition of atmo- 1 Introduction and rationale
spheric aerosol particles, using all variations dftfer the-

ory, has largely assumed that the total solute concentrationgne process by which aerosol particles indirectly scatter ra-
define both the water activity and surface tension. Recentlyjjation via activation to cloud droplets remains one of the
however, bulk to surface phase partitioning has been posgyrgest uncertainties of climate chartgalquist et al(2009.

tulated as a process which significantly alters the predictedrne relationship between equilibrium size, chemical compo-

point of activation. In this paper, an analytical solution to cal- sjtion and ambient conditions is given by théter equa-
culate the removal of material from a bulk to a surface layertjgn.

in aerosol particles has been derived using a well established

and validated surface tension framework. The applicability

to an unlimited number of components is possible via re-ﬁ _ 2uwows
liance on data from each binary system. Whilst a:ssumptions:loo_aW

regarding behaviour at the surface layer have been made to

facilitate derivation, it is proposed that the framework pre-

sented can capture the overall impact of bulk-surface parti-""">", ! - )
activity (dimensionless),, the partial molar volume of wa-

tioning. Demonstrations of the equations for two and five Y "1 ] _ N
component mixtures are given while comparisons are mad&®" (M~ mMol™7), ows the solution surface tension (NN,

, - 1
with more detailed frameworks capable at modelling ternaryR 1S the ideal gas constant (8.314_jknol ) and rarop

systems at higher levels of complexity. Predictions made byin€ radius of the droplet (m). As discussed by Topping et
the model across a range of surface active properties shoul@l- (2007), calculating the equilibrium composition using all

be tested against measurements. Indeed, reccomendatioi@riations of kohler theory has largely assumed that the total

are given for experimental validation and to assess sensitiviSCUte concentrations define both the water activity and sur-

ties to accuracy and required level of complexity within large f2ce tension. Recently however, bulk to surface phase parti-

scale frameworks. Importantly, the computational efficiency10ning has been postulated as a process which significantly

of using the solution presented in this paper is roughly a fac-2/t€rs the predicted point of activation (eSprjamaa et a|.

tor of 20 less than a similar iterative approach, a compari-2004 Laaksonen et 311999 Kokkola et al, 2009. Briefly,

son with highly coupled approaches not available beyond a f@ccounting for this process is based on the fact that different
component system. concentrations in a bulk and surface layer impact the num-

ber of moles of a compound defining both the raoult and
kelin terms within the Khler equation. However, in Gibbs
surface thermodynamics the surface phase between the ho-
mogeneous liquid and vapour phase is taken to be infinitely

Correspondence tdD. Topping thin, allowing an exact definition of the droplet radi®(ja-
BY

(david.topping@manchester.ac.uk) maa et al.2004). Any extra material which is related to the

@
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where RH in the ambient relative humidityy is the water
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change in surface tension is described using surface exceg®ncentration above that surface. The model to replicate sur-
quantities which can be positive or negative: face tension in binary systems is given by (Li and Lu, 2001):

1
_ wo
nit = nip + nis (2 Ows=owtRTL In<1+ Kial-) )

Whereni is the total amount of componentri, andnis the Whereoys is the surface tension of the mixture (mMN&),ov

. . o'
bulk and surface phase concentrations respectively (mol). IS the surface tension of pure water (mN}l)lei Is the sat-
order to solve these quantities, a solution to the Gibbs adyrated surface excess of solit¢mmolm™=), K; the ad-
sorption equation must be found. This relates the change i§OrPtion equilibrium constant for solute(dimensionless-
surface energy to changes in thermodynamic variables anéfbulated) andy; the activity of component (dimension-

excess quantities: Iess_). The reader_ is rem_inded_that activity re_presents an ef-
fective concentration which relies on calculations of activity
Znibdui + Adropdows =0 (3) coefficients. Activity coefficients are related to the molec-
i

ular forces taking place in a solution. The thermodynamics
of a solution mixture however depend on the intermolecular
Where 4 is the chemical potential of componer{t) mol1), forces that operate between molecules and are dependent on
usually re-written as jt RTIn(q;) where 4 is the energy the nature of the solvent(s) and solutes. For more information
of formation of compound in the chosen reference state the reader is referred to Topping et al. (2005) and references
(Imolt) andg; the activity of component (dimension-  therein. As stated by Li and Lu (2001), the quanitity® is
less). Adrop is the surface area of the droplet Pmand defined as the excessiah a unit surface area of the surface
ows the surface tension (NT}). The size of the droplet region over the moles which would be present in the bulk lig-
is important since as the surface to volume ratio increasesiid phase containing the same number of moles of water as
then depletion of material from the bulk becomes impor- does the section of surface region. The superscript wo indi-
tant for thermodynamic properties. There have been metheates that the dividing surface is chosen so that=0, or
ods presented to solve Eq. (3), thus Eq. (2) (and calculate, = 0. Re-expressing this in relation to the Gibbs adsorp-
ceoncentrations in the bulk and surface layer), for up to 3tion Eqg. (3) and choosing,, =0, Eq. (3) reduces to Eqg. (5):
component systems (two solutes and waSarjamaa et al. _ wo
2004). In essence, one has to derive relationships such that dows=T7"RTdIn(a:) ©®)
the system is no longer represented with a set of indetermiFor a binary system, It is then possible to solve the set of
nate equations. Sorjamaa et al. (2004) devised a numericglquations for a given dry and wet particle size (thus volume),
technique for binary organic/water systems and ternary infure component properties and surface tension parameters as
organic/organic/water systems using relationships for activ-described by Sorjamaa et al. (2004).
ity coefficients and surface tension isotherms. To increase For multi-component systems, Li and Lu (2001) proposed
the number of components would require an, as yet, undetettwo surface tension methods. These semi-empirical meth-
mined set of additional relationships or unjustified assump-0ds have been reviewed by Topping et al. (2007) and found
tions. In this study we present a methodology for such an exto reproduce experimental data more accurately than entirely
tension relying on accurate and well established surface terpredictive methods. Thus we use the empirical validation of
sion models, validated using bulk empirical data. These valithese methods against bulk data as a driving force for their
dated models enable an elegant analytical solution to Eq. (3yse. This ultimately enables us to arrive at a simple solu-
for any number of components to be derived. Using this ap-ion for bulk/surface partitioning in a mixture of any number
proach, it is possible to use data derived from binary system&f components. Firstly, Li and Lu (2001) proposed that the
to describe a complex mixture. adsorption behaviour of solutestill followed the Langmuir
gas-solid adsorption model, applied previously, in a mixed
solution. It assumes that there is no interaction, nor com-
2  Derivation peting adsorption, from the other solutes. In other words, it
assumes that the relationship defining the surface excess used
There are a number of surface tension models capable dh abinary system still holds in a mixture. The expression for
treating multi-component systems as reviewed by Toppingthe multi-component surface tension is given as Eq. (6):
et al. (2007). To calculate the surface tension in the model k 1
presented by Li and Lu (2001), the authors combined thefwszaWJrRTZF}’VOIn(—) (6)
Gibbs dividing surface, the Langmuir adsorption equation i=1 1+ Kia;
and an appropriate model for calculating activity coefficients As discussed by Fainerman et al. (2002), most authors
in mixed solutions to arrive at two different schemes. Thehave proposed procedures or models to predict the adsorp-
langmuir adsorption isotherm is a relationship which de-tion behaviour for a surfactant mixture from the known sur-
scribes the number of adsorbed molecules on a surface to thface characteristics of the single compound. This naturally
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requires detailed experimental studies of surface tensions dodis that of the bulk fraction. Since we are also relying on
individual solutions, and often, additional parameters thatbehaviour within each binary system to describe the mixture
account for the mutual influence of solutes. This imposesthen this parameter can be assumed to be implicitly included
certain restrictions on the capability of such approachesn derived surface tension parameters as discussed shortly.
(Fainerman et gl.2002. Fainerman et al. (2002) derived Firstly, converting the binary surface tension equation into a
a general but simple approximate expression for the surfacdifferential assuming that the activity is represented by the
tension of a surfactant mixture that allows estimation of thesolute mole fraction; (Eq. 4):

characteristics of a mixed solution, without any detailed anal-

ysis of the behaviour of the individual solutions and/or any 4o _ _RTTWO (L) (11)
account for specific interactions between the mixed speciesdxiB " \1+Kixig

It has been shown that it is possible to predict the surface gypstituting back into Eq. (10):
tension of a mixed solution of two (or even™) surfactants

of different natures from the surface tensions for the indi-  dIn(x;gy;g) +i <—RTFW°( K; )) ~0 (12)
vidual solutions using this scheme. Fainerman et al. (20015’"5 dx;g RT " \1+Kixg)/)

state this validity is ascribed to the fact that many particular

features of adsorption process in mixed components (surfacklow re-expressing the derivative of(ingy:g):

layer non-ideality, capability to reorient at the surface layer

etc) are accounted for automatically because the surface ten_dln(xiB)/iB) din(xigyie) d(xivis)

sions of the individual solutions are used. This is the same ax = dGosyie)  dx (13)
ethos used in this study. Solving the Gibbs adsorption equa- B (xigyis iB

tion for each binary system relies on the same assumptioﬁ“n(xiBV"B) = 1 |:J/iB+xiny—iB:| (14)
employed by Li et al. (1998) who defined the dividing surface ~ dxiB XiBYiB dxig

as the equimolar surface with respect to water. Whilst this is din(xigyi) [i n idy"B] (15)
different to the approach used by Laaksonen et al. (1999), dxig | xig  yiBdxiB

it is unlikely that there will be any recognisable differences

at droplet sizes larger than 10 niBdrjamaa et al.2004). In line with the assumption that the activity is repre-

When Eq. (4) is used to describe the surface tension of bisented by the solute mole fractiop it is possible to neglect
nary systems in the Fainerman et al. (2002) mixing rule therthe derivative of activity coefficients since the use of empir-
predictions for multicomponent organic aqueous systems arécal surface tension parameters enables this variation to be
identical to the full Li and Lu (2001) thermodynamic model included implicitly within the derived values af/*® andK;.
shown in Eq. (6) (Topping et al., 2007). The Gibbs adsorp-From t/his poir)t onward we therefore refer to these variables
tion isotherm can now be used to describe the behaviour ofST;"® andK;. Using this approach, the equation now re-
each component in a mixture as it would pertain in a binaryduces to:

system. With an expression for the multicomponent surfacegin (x;gy;g) 1

tension we can now proceed to derive a general expressionW = B (16)

for altered mole fractions in the solution due to partitioning.

Re-expressing the logarithm in Eq. (6) we get the following: We can now substitute this into Eq. (12) to arrive at the ex-

pression:
k
owszaW—RTZriW°|n(1+K,-a,) 7) nisizAFWO’ K an
i=1 XiB " \1+KiyxB

To derive the generalised expression, we now need to comwe can easily derive an expression fgg in terms ofx;g
vert the Gibbs adsorption isotherm into a complete differen-py relying on the fact that we are working with each binary
tial (Eq. 5). Assuming chemical equilibrium between bulk system to describe the mixture as manifest in the expression

and surface layer: for ows.
Nis =T — ;B (18)
nisd (RTIn(x;gyiB)) + Adows=0 8 . . . .
isd( (xi87:8)) dV(V: ® Assuming that the surface excess of water is zero in the bi-
nisdIn(x;gyiB) +AR—_|_ =0 (9) nary mixture, we can then write:
din(x;syis) A do XiB
g——————+———=0 10 is=n;T— 19
is dxip RT dxig ( ) Nis =n;T 1_xianT ( )

Note that we assume the surface excess of water to be zero
and the activity of componentis written to be the same
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Substituting this expression into Eq. (17):

; 1 , K.
[”iT_ i an]—ZAF}No — (20)
l-—xig XiB 1+K,xiB
XiB wo' K;
niT— nwT | =x;gAT; _ 21
|: ! 1—-xip Wi| l ! (1+Kixi|3> (21)
~ x;gATWO K
T it B (22)
l-xg 1+Kxi
Now deriving an expression fafg:
xf (AT K] = nurK; —niTK; )
+xiB(niTK£—niT—an—AF}NO/K;)—l-niTzo (23)

Thus we have a quadratic expressionifgy. A solution to a
basic quadratic equation written as:

xiZBa +x;gb+c=0 (24)
Is simply given as:

—b++/b2—4ac
XiB= T (25)

10 nm dry radius aerosol at a wet size of 100nm. We can
prescribe the following parametersy; =200 g mot?;

pi =1500kgmot? such that we get the following
values: v; =1.331—4mPmol~1; #n;71=3.1416102"mol;

nwt = 2.3248101%mol; A=1.256610"1°m2. Then we can
calculate values for the original bulk mole fractiofy, and

that after accounting for bulk to surface partitioning. Only
50% of material remains in the bulk phase after partitioning.
If we change the wet size to 50, 200 and 500nm the
ammount of material remaining in the bulk changes to:
35, 65 and 82 perent. Thus, as the surface to volume ratio
decreases, the ammount of material partitioned to a surface
layer, relative to the original bulk value, decreases. Thisis to
be expected. Similarly, the effect is expected to reduce with
increasing dry size. If we increase the dry size to 100 nm and
use the same wet/dry ratios as the latter example, the per-
centage of material remaining in the bulk after partitioning
is predicted to be: 86, 95 and 98 accordingly. These values
are greater than the 10 nm example, suggesting bulk/surface
partitioning reduces.

Unfortunately, a extensive database of empirically deter-
mined values ofK; andI'; does not exist. However, we
can initially prescribe values according to observed surface
tension isotherms, such as those presented by Topping et
al. (2007) and Booth et al. (2009). In Fig. 1a, a collection
of isotherms informed from pendant drop measurements, as
reported by Topping et al. (2007) and Booth et al. (2009)

Where the negative root must be used to obtain mole fracare given. Figure 1b plots the ratio of bulk concentrations
tions between 0 and 1. To solve the above we need to calcuafter consideration of partitioning to those without, for a

late concentrations;T andnyT. The total wet volume (ﬁ‘)
is given as:

Varop= Vw + Vi =nwrtvw +n;Tv; (26)
Where:
vw = 1.8x10°m®*mol! (27)
M4
V] = il (28)
Pi
Vdry/Oi
L 29
niT M, ( )
and therefore:
Vdrop— niTV;
T = ( drop iT 1) (30)
Vw
3 Application

3.1 Binary mixtures

broad range of surface tension parameters. In this example
the dry and wet sizes were arbitrarily chosen to be 10 nm
and 200 nm. Placed on the same graph are points highlight-
ing the same compounds presented in Fig. 1a. For exam-
ple, the removal of material from the bulk to surface layer is
much more pronounced for cis-pinonic acid relative to mal-
onic acid. One would expect this by simple analysis of the
isotherm presented in Fig. 1a. It must be noted that the same
valuesM; =200 g mot®; p; = 1500 kg mot ! as stated in the
previous example have been used for purely illustrative pur-
poses.

3.2 Ternary and higher order mixtures

The equations presented in the previous section can be ap-
plied to mixtures of any number of components as dictated
by the surface tension model on which they are based. It is
important to remember that doing so assumes the partition-
ing behaviour within a binary aqueous solution pertains in
the mixture, with the influence of dilution accounted for by
using the total concentration of water in Eqg. (23). A brief
discussion of the impact of neglecting the effect of common

It is useful to perform an example of a binary systemions in inorganic/organic mixtures, where the presence of

using the above formulation.

arbitrarily to be 400 and 0.005, respectively.

Geosci. Model Dev., 3, 63542 2010

Take a hypothetical com-sodium chloride can lower the surface tension of a mixed
pound for which the parametess; andT"}' were chosen
Take aered by comparison with output from a more detailed ternary

sodium chloride-sodium dodecylsuplhate particle, is consid-
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Table 1. Compounds and properties used within a multicomponent example. Data derived from Topping et al. (2007) and Booth et al. (2009).

Compound F}"’O/ (mmol/m2) K; M; (kg) o; (kg/m3) N;
Malic 0.0058 22.80  134.00103 1609 1
cis-Pinonic 0.0026 2.6210° 184.23<10°3 786 1
Malonic 0.0033 57.65 104.0610~3 1630 1
Glutaric 0.0005 1045.94  132.%10°3 1316 1
SR Fulvic acid 0.0025 35942.03 732:6903 1400 1

Table 2. Critical supersaturations fordhler curves calculated with different mass fractions of SDS and NaCl. Approach 1 shows predictions
using equations presented in this study. Approach 2 are the results of Sorjamaa et al. (2004). Approaches 1 and 2 consider combined effect
on the Raoult and Kelvin terms. Approach 3 are the results of Li et al. (1998) who only considers the impact on surface tensions

SDS mass fraction  Approach 1 Sc(%) Approach 2 Sc(%) Approach 3 Sc(%)

0 0.103 0.103 0.103
0.2 0.123 0.123 0.121
0.5 0.177 0.167 0.157
0.8 0.292 0.256 0.214
1.0 0.305 0.304 0.247

model. Before this, the following examples illustrate how the “traditional” use of Kohler theory in which the total con-
the equations are applied to a multi-component mixture ofcentrations of each compound define the Raoult and Kelvin
any number of compounds. For example, take an aerosdlerms,awnopartitioningw Spartitioning refer to bulk/surface par-
comprised of 5 compounds presented in Table 1. titioning considerations only affecting the surface tension
Given the relative molar abundance of each compavind term within the kelvin equation (e.g. Li et al., 1998),
and individual densitieg;, thus molar volumes, it is possi- awpartitioning?Partitioning'€fer to bulk/surface partitioning con-
ble to calculate the total number of molasy, of each com-  siderations affecting both the surface tension term within the
pound for a give dry size. For example, if we have eachkelvin equation and the Raoult term (e.g. Sorjamaa 2004 and
compound in an equimolar mixture (such that the relativethis study),awnopartitioningw refers to the “traditional” use
molar abundance of each compound = 1), using ideal mixingof Kohler theory in which the total concentrations of each
we know that the volume of the dry particle is a sum of the compound define the Raoult terms and the surface tension is
individual molar volumes of the contributing compounds:  assumed to be that of pure water. The figure shows that a
“complete” consideration of bulk/surface partitioning in this

Vary = ZVi = ZniTvi (31) case results in predicted critical saturation ratios close to and
slighty above the traditional approach in which the surface

This can be written similarly as: tension of water is used. Conversely, the traditional approach
of using total concentrations to define both the Raoult and

Vay=) Vi=(Q_Nitv)) x B (32)  Kelvin terms in the Kohler equation produces significantly

lower critical points. It should be noted here that ideality

Where g is a conversion factor to obtaint from N; such was assumed when constructing thihier curve.

thatn;T = N; x 8. On obtaining values fot;T one can pro-
ceed via Egs. (23—-30) to obtain values fgg. Keeping As stated previously, the approach presented here neglects
the same compounds listed in Table 1, Fig. 2a plots calcusome phenomena postulated to occur at a bulk/surface inter-
lated bulk/surface concentration ratios as a function of wetface. For example, the surface tension framework described
droplet size for a 50 nm dry radius particle. It is interest- in the previous section can be modified to account for com-
ing to note that this ratio is particular low for cis-pinonic peting adsorptionl{( and Lu, 200J). This will form the fo-

acid and SR Fulvic acid, which is to be expected basedcus of another publication. However, comparison with bulk
on their ability to lower surface tensions in aqueous solu-data by Topping et al. (2007) and more recently, Booth et
tions. In Fig. 2b the predicted critical saturation ratio is al. (2009), could not conclusively determine whether this in-
shown for different permutations of bulk/surface partition- creased level of complexity is necessary. Another neglected
ing within Kdhler theory for the same 5 component mix- effect is the impact of inorganic components on the critical
ture. In the legendawnopartitioning”w SNopartitioning Fefers to miscelle concentration. Under specific conditions it may be
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Fig. 1. (a)Surface tension isotherméb) Ratio of bulk concentra-  Fig. 2. (a)Ratio of bulk and total concentrations as a function of wet

tions after partitioning to those without. droplet size for a dry 50 nm aeros@h) Critical saturation ratio as a
function of dry size for different model permutations. See Sect. 3.2
in main text for a more detailed discussion.

appropriate to consider the partitioning into miscelles, us-

ing boundary conditions similar to the inclusion of solubility

(e.g. Shulman et al., 1996). In the detailed frameworks pre- The first column presents the results of Sorjamaa et
sented by Sorjamaa et al. (2004) and Raatikainen and Laalal. (2004) who explicitly combined the effects of non-ideality
sonen (2010), the effect of common ions are analysed. Fom the partitioning framework and a surface tension parame-
example, whilst added sodium chloride increases surface terterisation based on measurements of each mixture, on the
sion of pure water, it decreases surface tension of aqueouRaoult and kelvin term in the éhler equation. The second
sodium dodecyl sulphate (SDS) solution (e.g. Li et al., 1998).column presents the results of Li et al. (1998) who consid-
Since the “pivot” assumption used to arrive at the analyticalered only the effect of partitioning on the surface tension
expressions presented in this paper is that the partitioning beaf the solution, using the same parameterisation of Sorja-
haviour within a binary aqueous solution pertains in the mix-maa et al. (2004). The third column presents results from
ture, with the influence of dilution accounted for by using the the equations presented in this publication, assuming the sur-
total concentration of water, it is possible and useful to com-face tension of the mixture can be described using the model
pare predictions between both approaches. Table 2 showsf Li and Lu (2001). In all cases, the osmotic coefficients
predicted critical saturation ratios for mixtures of SDS-NaCl and dissociation factors for both NaCl and SDS are the same
at varying mass fractions. as those presented by Sorjamaa et al. (2004). For a binary
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SDS/water system the approach presented here can repl8.3 Computational performance
cate the predicted critical point as presented by Sorjamaa et
al. (2004) within 0.001%. With an 80% mass ratio of SDS It is useful to briefly compare the computational cost of using
within the multicomponent system, this study gives a critical the analytical expression with regards to an iterative method.
saturation ratio which is higher by 0.036, compared to a dif-For any given set of surface tension parameters only 23 float-
ference 0f—0.042 compared with the Li et al. (1998) model. ing point operations, or FLOPS, are required. The number
At a 50% mass ratio, the difference reduces to 0.01, the twmf corresponding FLOPS required in the iterative method de-
models equal to within 3 decimal places at a 20% mass ratiopends on the efficiency of root finding scheme. For exam-
Thus, there is evidently a difference in approaches when thele, applying a newton-raphson search with root bracketing
common ion effect is present. This is to be expected given then the cis-pinonic acid example presented in Fig. 1 requires
differing levels of complexity in both appraoches and can be498 FLOPS. Similarly, the malonic acid example requires
partly expalined by the different surface tension model em-423 FLOPS. These values represent binary systems using the
ployed. Specifically, as already stated, the Li and Lu (2001)same assumptions employed in the analytical method. Us-
model assumes the binary surface tensions can be employendg the coupled method presented by Sorjamaa et al. (2004),
to describe the behaviour of the mixture. In this system,accounting for activity coefficient variation with 5th order
it is know that NaCl decreases surface tension of aqueoupolynomials (including the derivative), requires 933 FLOPS.
sodium dodecyl sulphate (SDS) solution. Thus the use ofThese values were simply derived by assuming a root finding
the Li and Lu (2001) model tends to over-predict the final tolerance 0f<0.1% change in the bulk concentration. For
surface tension even after partitioning has been taken intanulti-component systems the cost of the analytical expres-
account, resulting in an additional forcing which increasession can be extrapolated linearly. For example, for a 10 com-
the final critical saturation ratio. It is possible to include a ponent testcase, the analytical solution requires 230 FLOPS,
seperate empirically derived surface tension fit to calculatewhereas the iterative search employing the same assump-
the equilibrium saturation ratio within the Kohler equation tions may take 4230-4980 FLOPS for similar compounds.
for a specific mixture within the framework presented here.The coupled approach would require a considerable amount
However, for illustrative purposes the same model used tanore, though itis difficult to quantify since it is presently not
define the bulk/surface partitioning equations are used in thgossible to account for more than 3 compounds.
results presented in Table 2 for consistency.
It is difficult to extrapolate the deviations found here to
other mixtures of atmospherically relevant compounds or4 Conclusions and future work
multicomponent mixtures of higher order. Given that purely
theoretical models of surface tension perform poorly whenAn analytical solution to calculate the removal of material
compared with experimental data (Topping et al., 2007), it isfrom a bulk to a surface layer has been derived using a well
evident that laboratory data is essential for deriving empiri-established and validated surface tension model. The poten-
cal surface tension fits for mixtures, or for input into mixing tial applicability to multi-component mixtures requires only
rules. Indeed, it must be stressed that the level of accuracgurface tension parameters from binary systems. Whilst as-
required to capture this phenomena for a broad range of orsumptions regarding behaviour at the surface layer have been
ganic functionality and complexity must be answered usingmade to facilitate derivation, we feel the framework pre-
empirical data on the CCN behaviour of real world aerosolsented can capture the overall impact of bulk-surface parti-
and sensitivity studies within large scale prognostic models.tioning. This requires validating against measured CCN data
The equations presented in the recent publication ofof known composition from laboratory studies. However, it
Raatikainen and Laaksonen (2010) are specifically designet also important to apply the framework to ensemble mix-
to diagnose specific phenomena occurring at bulk/surface intures from smog chamber and ambient studies where possi-
terfaces in, upto, ternary mixtures. As such they are impor-ble. The computational cost of using the solution presented
tant predictive and diagnostic frameworks. We believe thein this paper is roughly a factor of 20 less than a similar iter-
overall effect of partitioning in mixtures of any number of ative approach.
components can be captured by the framework presented in We will revisit the derivation using surface tension models
this report such that the altered critical saturation ratio shouldhat account for competing adsorption at the surface layer
be measurable by conventional CCN instruments. How-as described by Topping et al. (2007). Perhaps more im-
ever, this, of course, requires testing with appropriate meaportantly, we also intend to derive a generalised predictive
surements as stated previously. Perhaps more importantlftamework in which the surface tension paramet€ysand
the impact of the bulk/surface partitioning effect on cloud I'; can be linked to broad functional groups and characteris-
properties should be assessed within a large scale modellintics of the individual organic compounds. This requires com-
framework, giving insight into the level of detail required.  pilation of an extensive database of binary systems. This will
form the focus of a future publication and will allow sensitiv-
ity studies to be carried out along the lines of those presented
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by McFiggans et al. (2010). It must be stressed that the leveKokkola, H., Sorjamaa, R., Peraniemi, A., Raatikainen, T.,
of accuracy required to capture this phenomena for a broad and Laaksonen, A.. Cloud formation of particles contain-
range of organic functionality and complexity must be an- ing humic-like substances, Geophys. Res. Lett., 33, L10816,
swered using empirical data on the CCN behaviour of real d0i:10.1029/2006GL026107, 2006.

world aerosol and sensitivity studies within large scale prog--aaksonen, A, McGraw, R., and Vehkamaki, H.: Liquid-drop for-
nostic models malism and free-energy surfaces in binary homogeneous nucle-

ation theory, J. Chem. Phys., 111, 2019-2027, 1999.
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