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Abstract

We examine the hygroscopic properties of secondary organic aerosol particles gen-
erated through the reaction of alpha-pinene and ozone using a continuous flow reac-
tion chamber. The water activity versus composition relationship is calculated from
measurements of growth factors at relative humidities up to 99.6% and from measure-5

ments of cloud condensation nuclei activity. The observed relationships are complex,
suggesting highly non-ideal behavior for aerosol water contents at relative humidities
less than 98%. We present two models that may explain the observed water activity-
composition relationship equally well. The first model assumes that the aerosol is
a pseudo binary mixture of infinitely water soluble compounds and sparingly soluble10

compounds that gradually enter the solution as dilution increases. The second model
is used to compute the Gibbs free energy of the aerosol-water mixture and shows
that the aerosol behaves similarly to what can be expected for single compounds that
contain a certain fraction of oxygenated and non-polar functional groups.

1 Introduction15

Nucleation scavenging into water drops, followed by wet deposition, is the most im-
port pathway for removal of fine particles from the atmosphere (Pöschl, 2005), and
descriptions of nucleation scavenging require accurate knowledge of the hygroscopic
properties of the aerosol. A number of recent studies have characterized the hygro-
scopic properties, including their ability to serve as cloud condensation nuclei (CCN), of20

secondary organic aerosols (SOA) formed in the laboratory from known biogenic and
anthropogenic precursors using a variety of oxidants and reaction conditions. To date
several studies have also addressed hygroscopic water uptake by these particles under
subsaturated conditions (RH<90%) (Virkkula et al., 1999; Saathoff et al., 2003; Varut-
bangkul et al., 2006; Prenni et al., 2007; Duplissy et al., 2008) as well as their ability25

to serve as CCN under supersaturated conditions (RH>100%) (Hegg et al., 2001; Huff
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Hartz et al., 2005; VanReken et al., 2005; Asa-Awuku et al., 2007; King et al., 2007;
Prenni et al., 2007; Duplissy et al., 2008; Engelhart et al., 2008). Combined, these
studies suggest that pure SOA particles generated from different oxidants and precur-
sors in the laboratory can serve as cloud droplet nuclei in naturally occurring clouds
(i.e., at supersaturations exceeding 0.1%) if their size exceeds ∼60–120 nm. There is5

a remarkable consistency in hygroscopic behavior among the various systems studied
thus far, for either the subsaturated or the supersaturated regime, despite the broad
range of choices of precursor hydrocarbon and oxidation conditions. In contrast, there
appears to be an inconsistency between hygroscopicity determined from the sub- and
supersaturated experiments for many (Prenni et al., 2007) but not all (Duplissy et al.,10

2008) SOA types studied so far, with particles being more CCN active than anticipated
by the extrapolation from hygroscopic growth measurements. Prenni et al. (2007) pro-
posed several possible explanations for the observed “hygroscopicity gap”, but could
not distinguish among various hypothesized explanations, in part because water up-
take data for 92%<RH<100.3% could not be obtained with their instrumentation.15

In a companion manuscript (Wex et al., 2008a) we present hygroscopic growth fac-
tors measured at up to 99.6% relative humidity with the Leipzig Aerosol Cloud In-
teraction Simulator (LACIS) (Stratmann et al., 2004) and CCN activity measured with
a Droplet Measurement Technologies (DMT) continuous flow CCN instrument (Roberts
and Nenes, 2005; Lance et al., 2006; Rose et al., 2008). Measurements were made20

for SOA generated from the dark ozonolysis of α-pinene in the presence and absence
of an OH scavenger and in the presence and absence of water vapor. In Wex et
al. (2008a) we demonstrated that surface tension reduction at the point of droplet ac-
tivation cannot account fully for the observed differences between subsaturated hy-
groscopic growth and CCN activity. Here, we further analyze the same data using two25

models. The first model is based on the single hygroscopicity parameter framework, in-
cluding multiple components with varying solubilities (Petters and Kreidenweis, 2008),
while the second model is based on the classic thermodynamic description of non-ideal
solutions (Prausnitz et al., 1999).
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2 Experimental

Details about the experimental methods and data reduction methods are discussed in
our companion paper (Wex et al., 2008a). Therefore, we only give a synopsis here.
Secondary organic aerosol particles were generated inside a continuous flow reac-
tor having a residence time of ∼2 min, with separately controlled ozone and gaseous5

organic precursor input flows. The organic precursor can be mixed with butanol, an
OH scavenger, prior to injection into the reaction vessel, and in some experiments the
ozone flow was humidified before it entered the reaction vessel. No seed aerosol was
used. SOA particles thus formed via homogeneous nucleation, reaching a steady-state
size distribution and number concentration after ∼30 min. The precursor concentra-10

tions and reaction conditions are summarized in Table 1.
The steady-state aerosol in the reactor outlet stream was size-selected using a dif-

ferential mobility analyzer; the stream was split and sent to our hygroscopic growth
measurement instruments. Subsaturated hygroscopic growth factors were measured
using LACIS (Stratmann et al., 2004), which consists of a laminar flow tube and optical15

particle spectrometer that measures the size of the particles that exit the tube. We also
show a limited set of growth factors obtained from a hygroscopic tandem differential
mobility analyzer (HTDMA) system. The system and data reduction methods used are
identical to those described in Prenni et al. (2007). For data from both LACIS and the
HTDMA, the ratio of grown diameter to dry diameter defines the hygroscopic growth20

factor, gf. If the SOA particles are liquid and spherical, as assumed here, shape correc-
tions to the geometric sizes inferred from mobility and optical sizes are unnecessary,
but these assumptions may not apply to SOA formed from dark ozonolysis of α-pinene
(Bahreini et al., 2005). Nonsphericity introduces additional uncertainty in the measured
growth factors that is not accounted for here.25

We measured supersaturations required for activation to cloud particles by step-
ping through a range of dry, charge-neutralized, mobility-selected diameters at fixed
supersaturation in the CCN instrument. Scans were conducted over the range of su-
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persaturations, s=0.1 to 1%. The resulting CCN response curves were inverted using
a multiple charge correction algorithm (Petters et al., 2007) to find the activation diam-
eter at the specified supersaturation. The instrument supersaturation was calibrated
using ammonium sulfate and assuming that the relationship between critical super-
saturation and dry diameter for ammonium sulfate is described by κ=0.6 (Petters and5

Kreidenweis, 2007), which is based on water activity versus composition relationship
from the Aerosol Inorganic Model (Clegg et al., 1998). Assuming κ=0.6 for ammo-
nium sulfate leads to a relative error on the order of a few percent in calculated critical
supersaturations for Dd<40 nm when compared to the aerosol inorganic model.

3 Models for data analysis10

Single parameter hygroscopicity

The Köhler equation relates the saturation ratio, S=RH/100, to water activity and the
Kelvin term

S = aw exp

(
4σs/aMw

RTρwD

)
, (1)15

where aw is the activity of water in solution, ρw is the density of water, Mw is the molec-
ular weight of water, σs/a is the surface tension of the solution/air interface, R is the
universal gas constant, T is temperature, and D is the diameter of the droplet. We use
the single parameter representation of Petters and Kreidenweis (2007) to analyze the
effect of the solute on the solution. Several other, essentially equivalent, expressions20

have been suggested in the literature (Svenningsson et al., 1994; Rissler et al., 2006;
Wex et al., 2007) and could also be used for these analyses. Petters and Kreidenweis
defined the hygroscopicity parameter κ by

a−1
w = 1 + κ

Vs
Vw

, (2)
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where Vs is the volume of the dry particulate matter and Vw is the volume of the wa-
ter. The hygroscopicity parameter can be obtained directly from growth factor versus
saturation ratio measurements via

κ =
(
gf 3 − 1

)(
exp

(
4σs/aMw

RTρwDdgf

)
· S−1 − 1

)
, (3)

where Dd is the dry particle diameter. In the fitting of κ to growth factor data, the5

solution surface tension was here assumed to be equal to the surface tension of water,
0.072 J m−2; this assumption had minimal impact on the derived water activities from
growth factor data for the dry sizes chosen in this study (0.25–0.35 µm). Using Eq. (2),
and assuming volume additivity, Petters and Kreidenweis (2007) show that the Köhler
curve is given by10

S(D) =
D3 − D3

d

D3 − D3
d (1 − κ)

exp

(
4σs/aMw

RTρwD

)
. (4)

The critical supersaturation (sc, where sc=Sc–1 and is usually expressed as a percent-
age) for a selected dry diameter of a particle having hygroscopicity κ is computed from
the maximum of Eq. (4).

For most organic compounds found in the atmosphere, including many mono-, di-,15

and poly-carboxylic acids, mono- and di-sugars, fulvic and humic acids, κ derived from
growth factor measurements and κ derived from CCN measurements agree within
measurement uncertainties, suggesting that variations in κ with relative humidity are
generally small (Petters and Kreidenweis, 2007; Carrico et al., 2008; Chan et al., 2008).
In contrast to this result, the SOA data analyzed here and elsewhere (Prenni et al.,20

2007; Wex et al., 2008a) suggest that κ varies by a factor of 4–6 in the subsaturated
regime when extending the measurements to RH near 100%. One possible expla-
nation for this behavior is the gradual dissolution, with increasing RH and thus Vw , of
compounds that are only sparingly soluble in water. For species that contain i multi-
ple components, each having unique solubilities and hygroscopicities that conform to25
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Eq. (2), the following mixing rule can be used to calculate the hygroscopicity parameter
(Petters and Kreidenweis, 2008):

κ =
∑
i
εiκiH(xi )

xi = (gf 3 − 1)Ci/εi

H(xi ) =
{
xi xi < 1
1 xi ≥ 1

. (5)

In Eq. (5) εi denotes the volume fraction in the dry particle, κ i the hygroscopicity and
Ci the solubility (expressed as volume of solute per unit volume of water present in5

a saturated solution) of the i -th component. Figure 1 shows an illustrative example of
this model assuming a two-component mixture, with one infinitely soluble compound
having hygroscopicity κ1=0.05 and one compound having solubility C2=(0, 0.05, 0.5,
5, ∞) and κ2=0.2. If compound 2 is insoluble, i.e. C2=0, only compound 1 will con-
tribute to the hygroscopicity through the mixing rule and κ=ε1κ1=0.025. Similarly, if10

compound 2 is infinitely soluble the mixing rule states that κ=ε1κ1+(1−ε1)κ2=0.125.
In both cases κ i are assumed invariant over the entire range of water activity. For
choices of intermediate values of solubility, the overall hygroscopicity transitions be-
tween the lower and upper hygroscopicity limits. The value of the solubility determines
the water activity where the transition occurs. Lower solubility requires higher water15

activity to lead to dissolution and the corresponding transition to the upper hygroscop-
icity limit. We note that components 1 and 2 as defined in this model do not necessarily
need to consist of a single compound. Each can be thought of as a mixture of many
compounds that have similar solubilities. The hygroscopicity of compound 1 is then the
volume weighted hygroscopicity of all individual compounds that are infinitely soluble.20

Similarly, the hygroscopicity of compound 2 is the volume weighted hygroscopicity of
all individual compounds that are sparingly soluble. We therefore refer to this model as
the pseudo two-component hygroscopicity model.

Figure 2 shows the variation of the fitted hygroscopicity parameter with water activity
derived from LACIS and HTDMA measurements. For aw<∼0.98 the hygroscopicity25
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parameter is κ ∼0.01 for Type I and II SOA and slightly larger for Type III, and has
a value of κ ∼0.018. At larger water activities hygroscopicity increases, with values
approaching κ=0.1 for one of the samples. SOA particles that were generated without
an OH scavenger are slightly more hygroscopic at all water activities. This effect is
amplified in the presence of water vapor during the reaction, resulting in Type III aerosol5

being more hygroscopic than Types I and II.
We use Eq. (5) to fit the proposed two-component model to the LACIS-derived sub-

saturated hygroscopicity data. This model requires five input parameters: hygroscopic-
ity for components 1 and 2, solubility for components 1 and 2, and the volume fraction
of component 1 in the dry aerosol. In this study, as well as in previous studies of hy-10

groscopic growth of SOA particles (Virkkula et al., 1999; Varutbangkul et al., 2006;
Prenni et al., 2007) water uptake was observed to be continuous with no clear deli-
quescence transition, suggesting that at least one compound must be water soluble
even in concentrated solutions. We therefore assume that component 1 is infinitely
soluble. If only component 1 is dissolved, the product ε1κ1 must evaluate to ∼0.01.15

A choice of ε1 constrains κ1, and vice versa. Once the mixture is sufficiently dilute the
second component becomes completely dissolved and overall hygroscopicity asymp-
totes to κ=ε1κ1+(1−ε1)κ2. However, our data set is not sufficient to determine ε1, κ1,
and κ2 independently since we do not have data over the entire range of water activity;
in fact, an infinite number of solution exists. Here we propose the following procedure20

to describe the observed relationship: we prescribe a constant surface tension, choose
a value for κ1=κ2 , set C1=∞ and then fit the data to find ε1 and C2. Because we limit,
for now, our fitting to subsatured data only, the choice of surface tension is not critical
here. Fits for two choices of κ i , an upper and lower estimate that will be explained be-
low, could be determined that give good agreement with the data in Fig. 2, as shown by25

the lines in the figure. Values for the prescribed and fitted parameters are summarized
in Table 2.

The models can then be used to predict the relationship between critical super-
saturation and dry diameter, observed values for which are shown in Fig. 3. These
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predicted critical supersaturations are sensitive to the assumed surface tension, much
more than is the hygroscopic growth factor (Wex et al., 2008b). We chose the upper
limit κ=κ1=κ2, i.e. κ=0.11, 0.09, and 0.11 for the three aerosol types, for the fitting of
the water activity data to bring the CCN data into agreement with the model for the
assumption of a constant surface tension equal to that of pure water. In Wex et al.5

(2008a) we show that the surface tension may be as low as σs/a∼0.060–0.065 J m−2.
This value for surface tension leads to the choice of our lower limit κ, 0.05–0.069, re-
quired to again bring the model and observations into agreement. As we demonstrated
earlier, it is the solubility of the second, lower-solubility component that determines the
water activity where the change in the overall hygroscopicity becomes pronounced.10

The observed increase at aw∼0.98 therefore constrains the choice of solubility, within
an order of magnitude, to C2∼0.1, as seen in Table 2. The two component model, in
conjunction with water activity data up to 99.6% RH, is not well enough constrained to
allow us to pinpoint accurately to what extent cloud drop activation was controlled by
a reduced surface tension and lower hygroscopicity or a larger hygroscopicity without15

a surface tension reduction.

Non-ideal model

The Gibbs free energy of a system expresses the degree of non-ideality of a mixture20

due to changes in composition. By tracing the changes in Gibbs free energy with
overall component mole fraction, information about the number of phases may also be
ascertained (e.g., Amundson et al., 2007). Normalized Gibbs free energy (g) is unitless
and is the actual Gibbs free energy divided by the thermal energy, RT. Normalized
Gibbs free energies of mixtures are readily calculated from activity coefficient versus25

mole fraction relationships (Prausnitz et al., 1999)

gideal = xw lnxw + (1 − xw ) ln(1 − xw )
gexcess = xw lnγw + (1 − xw ) lnγs
gmix = gideal + gexcess

(6)
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In Eq. (6) xw denotes the mole fraction of water in the mixture and γwand γs are the
activity coefficients of water and dry aerosol components. To convert our observed
variables (Vw , Vs, and gf ) into overall mole fractions we write

1
xw

= 1 +
∑ ns,i

nw
= 1 +

∑
εi

Mwρs,i
Ms,iρw

Vs
Vw

= 1 + f Vs
Vw

= gf 3+f−1
gf 3−1

f =
∑

εi
Mwρs,i
Ms,iρw

, (7)

where Ms,i are the molecular weights, ρs,i are the densities, and ns,i are the number5

of moles dry aerosol components. As defined earlier εi denotes the volume fraction of
the i -th component in the dry mixture. In writing water mole fractions in terms of the
growth factor and the parameter f we have assumed that volumes are additive. The
physical interpretation of f is the average ratio of the molecular volumes of the water
and dry aerosol components. For molecules of similar size compared to water f≈110

while for larger molecules f <1, approaching zero for macromolecules. For nonideal
mixtures the activity coefficient of water is defined as

γw =
aw
xw

= aw
gf 3 + f − 1

gf 3 − 1
. (8)

Thus if we assume a value for f , γw can be obtained from the growth factor versus
water activity measurements. To obtain γs we use the Gibbs-Duhem equations which15

states that

xwd lnγw + (1 − xw )d lnγs = 0, (9)

must hold. In Eq. (9) 1−xw=xs and is the mixture mole fraction of the dry aerosol
components. Since SOA is comprised of hundreds of components, each having indi-
vidual activity coefficients, γs is here treated as the overall average activity coefficient,20

that can, in principle, be constructed from the activity coefficients and mole fractions
of the individual components. The average activity coefficient can be obtained from
numerical integration of Eq. (9) using the inferred water activity versus composition
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data as a starting point. However, the data do not span the entire composition range.
To extrapolate to more concentrated and to more dilute concentrations, water activity-
composition data can also be fit to the empirical activity coefficient model suggested
by Margules (Prausnitz et al., 1999):

lnγw = ln(aw/xw ) =
∑
j

αj (1 − xw )βj (10)5

where αj and βj are empirical constants determined from the fitting. In accordance
with the Gibbs-Duhem equation, the activity coefficient of the solute can then be calcu-
lated from

lnγs =
∑
j

αj (1 − xw )βj −
∑
j

αj

βj − 1

(
βj [1 − xw ]βj−1 − 1

)
(11)

It is thus possible to compute gmix and gexcess from Eqs. (6)–(11). Figure 4 shows water10

activity versus composition relationships for the three SOA types (left panels), derived
activity coefficients for water and aerosol components (middle panels) and gmix and
gexcess (right panels). The value of f , i.e. the average ratio of molecular volume of dry
aerosol components to water, is unknown and we assumed that a reasonable choice is
f=0.1 and that 0.05<f<0.2 provide realistic bounds, based on the properties of domi-15

nant compounds that have been identified in aerosols generated from α-pinene oxida-
tion, as shown in Table 3. However, values of f may be smaller than 0.05 if oligomer-
ization (Kalberer et al., 2004; Baltensperger et al., 2005) occurred in the condensed
phase. We used a non-linear least squares curve fitting method to fit the derived γw
values (middle panels) to Eq. (10). The fitted parameters are summarized in Table 2.20

We calculated the uncertainty in water mole fraction based on the 0.05<f<0.2 interval
and this uncertainty is indicated by the horizontal error bars in the left panels. We note
that uncertainties in the mole fraction shown in the left panel cannot be plotted in the
same way in the middle panel because at constant water activity γw and xw are not
independent (aw=γwxw ), i.e. a larger xw implies a smaller γw . We therefore represent25
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the uncertainty in f by modifying the slope of the xw versus γw relationship by manu-
ally adjusting α1 to find bounds that approximately envelope the error bars on the the
aw versus xw data points. This envelope is shown by the gray shaded region in all
panels. Because xw is plotted versus lnγw in the middle panel, the gray shaded region
appears smaller in the middle panels than in the left panels. We plot the xw versus5

γs relationships from the numerical integration (points) and the fitted parameters using
Eq. (11) (lines) to illustrate both the expected functional relationship of xw versus γs
and the range where data are available for fitting. Finally, using Eq. (12) we plot the
gexcess and gmix in the right panels. Uncertainties propagated from the assumed range
in f are indicated by the gray shaded areas.10

Results from the preceding analysis suggest that the SOA solutions are highly non-
ideal (values of gexcess>0) and that they lower the vapor pressure of water over the
solution less than predicted by Raoult’s law (aw=xw ), as seen by the derived γw>1.
Deviations from ideal behavior occur at aw<∼0.995 and the magnitude of the deviation
depends on the reaction conditions. This can be seen best by comparing the ideal15

solution theory lines with the actual water activity versus mole fraction relationships
for Type I, II, III aerosols plotted in the leftmost panels in Fig. 4. When the oxidation
proceeds without an OH scavenger, and in the presence of water vapor (Type III), the
solutions behave less non-ideally than in the case where oxidation proceeds with an
OH scavenger and in the absence of water vapor (Type I), particularly for concentrated20

solutions. The non-ideality, expressed by the positive gexcess, is skewed towards di-
lute solutions for all types, leading to an asymmetric shape of the gmix. Interestingly,
the values and shape of the gmix versus composition relationship are similar to those
predicted by the UHAERO model (Amundson et al., 2007) for the major α-pinene oxi-
dation products adipic acid, pinic acid, and pinonic acid (cf. their Fig. 1). UHAERO uses25

functional group interaction parameters that are obtained by fitting the UNIFAQ model
(see also Ming and Russell, 2002; Topping et al., 2005) to measured data to determine
the water activity versus solute mole fraction relationships, the normalized Gibbs free
energies, and the phase equilibria. Amundson et al. point out that: 1) it is the number
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and quality (CH2, OH, CO, CHO, or COOH) of functional groups that determines gmix,
and hence the extent to which the system deviates from ideal behavior, even for binary
solutions; 2) as the non-ideality increases, the probability increases that multiple stable
phases are involved for at least some mole fractions of water in the mixture. From the
shape of our gmix curves we see no clear indication that our aerosol underwent phase5

separation, but our data are too uncertain, and do not cover the entire composition
space to show definitely whether phase separation occurred.

The non-ideal solution model can be extrapolated to dilute conditions to predict the
CCN activity of the particles. In the extrapolation, the derived xs versus γw relationship
is applied at dilute concentrations outside the range of the initial data set and a solution10

surface tension must be assumed. The corresponding Köhler equation is:

S(D) = γwxw exp
(

4σs/aMw

RTρwD

)
= exp

(∑
j
αj (1 − xw )βj

)[
D3−D3

d

D3−D3
d (1−f )

]
exp
(

4σs/aMw

RTρwD

) . (12)

In Eq. (12) γw corresponds to the form of Eq. (10) and xw to a rearranged form of
Eq. (7) where D3

d=6Vs/π was substituted for the solute volume, D3−D3
d=6Vw/π was

substituted for the water volume and volume additivity was assumed. One advantage15

of Eq. (12) over the pseudo two-component hygroscopicity model is that it obviates
the need to assume an upper limit for the hygroscopicity parameter. In the limit of
an infinitely dilute solution the activity coefficient model ensures that γw=1. Thus it is
possible to use the assumed model to extrapolate from the most dilute water activity
observation to infinite dilution without further assumptions. Again we prescribe surface20

tension values that bring predictions using the extrapolated water activity model into
agreement with the observed CCN data, as shown in Fig. 5. The surface tension that
was assumed (∼0.060–0.065 J m−2) is reduced by 10–15% from that of pure water.
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4 Discussion and conclusions

Based on the hygroscopicity model, SOA solutions may be interpreted as a pseudo
binary mixture of a set of infinitely water soluble compounds and a set of sparingly sol-
uble compounds. As the haze droplet dilutes, gradual dissolution adds to the number of
moles of solute that are in solution, resulting in an increase in the observed hygroscop-5

icity. Data from only HTDMA and CCN measurements are not suitable to map out the
transition between weakly hygroscopic (low κ) for subsaturated conditions and appar-
ently more hygroscopic states for more dilute solutions relevant to cloud droplet activa-
tion. As we demonstrate here, data obtained from LACIS can fill this gap. Although the
pseudo two-component hygroscopicity model is poorly constrained, i.e. multiple sets10

of hygroscopicity parameters, solubilities, and volume fractions can be fit to the data,
it can well represent the water activity versus composition data by reasonable choices
of parameters. The solubility of the sparingly soluble compounds suggested by the fit
to the data is larger than measured solubilities of pinonic acid and smaller than those
for pinic acid (Table 3). Both of these compounds are likely to be found in the organic15

aerosol formed in this study.
Upon extrapolation to dilute solutions, the predicted CCN activity can be brought into

agreement with the data assuming no or modest surface tension reduction, depend-
ing on the upper limit of the prescribed overall hygroscopicity parameter. The larger
upper-limit hygroscopicity parameter requires higher surface tensions and does not re-20

produce the data well (i.e. red lines in Fig. 3). If the prescribed upper limit hygroscop-
icity parameter is reduced, and a reduced surface tension is assumed, the model and
observations are in better agreement (i.e. blue curves in Fig. 3). The deduced surface
tensions are reasonable; for example, Tuckerman and Cammenga (2004) report that
pinonic acid reduces the surface tension of bulk aqueous solutions minimally for solute25

mole fractions of 10−2–10−3 , close to the solution concentrations expected at CCN
activation. We note that we did not vary solution surface tension as a function of water
content, as usually observed for aqueous solutions of carbonaceous compounds (e.g.,
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Facchini et al., 1999; Ziese et al., 2008), because the data are too scant to permit us
to constrain the concentration dependence in a meaningful way. Our reported surface
tensions are therefore subject to uncertainty and are only indicative of the existence,
and not the exact magnitude, of a surface tension effect.

We point out that the conceptual model that treats the system as one where grad-5

ual dissolution drives changes in hygroscopicy is not the only possible explanation.
Our observed water uptake is similar to that of binary aqueous solutions of molecules
known to be present in SOA (Amundson et al., 2007). The strong repulsive forces that
CH2 groups exert on the solvating water are known as hydrophobic hydration and are
expressed in the large positive gexcess. The main contribution to the excess free energy10

is thought to come from a structuring effect of the hydrophobic surface on the solvat-
ing water. Near the surface, hydrogen bonds between the water and the CH2 groups
cannot form and water organizes in an ice-like structure (Frank and Evans, 1945). The
molecular interpretation of the structuring effect is that the available entropy of mixing is
reduced relative to that of an ideal mixture, thereby explaining the observed excess free15

energies. With the addition of more polar functional groups (OH, CO, CHO, COOH) the
non-ideality of the solution diminishes. The hygroscopicity gap between concentrated
and dilute mixtures can thus be understood to be caused by the relatively small num-
ber of oxygenated functional groups that form aerosol from the first generation terpene
oxidation products. Duplissy et al. (2008) found that the discrepancy between sub-20

and super-saturated hygroscopicity disappears when reducing the amount of precur-
sor used in the experiment. At low mass loadings, ∼10 ppb α-pinene, the growth factor
observed at 95% RH was much larger than when using 183 ppb α-pinene. In the low
mass loading case, the hygroscopicity parameter derived at 95% RH agreed with that
inferred from CCN measurements, assuming the surface tension of pure water. Their25

aerosol mass spectra suggest that in the low mass loading case the aerosol was more
oxygenated. Based on the Frank and Evans (1945) interpretation of the observed so-
lution behavior, the degree of oxygenation is linked to the magnitude of gexcess. As the
reaction products become more polar, the repulsive forces that exert the structuring
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influence on the water decrease and thus gexcess is expected to decrease. This results
in more ideal behavior at lower water activities, and thus the apparent discrepancy be-
tween sub- and super-saturated water uptake diminishes. In Fig. 4 it is apparent that
the reaction conditions do indeed affect the deviation from the ideal solution behavior.
In the presence of an OH scavenger (Type I) the solution behaves less ideally at lower5

water activity than in the absence of the OH scavenger (Type II and III) and we pre-
sume that this difference is caused by differences in the number of functional groups
associated with the carbon chain.

From a practical perspective the non-ideal solution model is well suited to fit the ob-
served water activity versus composition data. The choice of activity coefficient model10

(here Eqs. 10 and 11) is not particularly important; others, e.g. the van Laar model or
a Redlich-Kistner expansion (Prausnitz et al., 1999), could be chosen instead, depend-
ing on what fits the data best. The advantage of these models lies in their capability
to extrapolate from the most dilute water activity observation to infinite dilution without
further approximation, because the Gibbs-Duhem equation ensures that the equations15

are thermodynamically consistent in the dilute limit. A disadvantage is the fact that
an average molecular volume (i.e. f ) must be assumed first, and this parameter is not
well-known for complex multi-component aerosol types such as SOA. The assumption
introduces significant uncertainty in the retrieved water mole fractions, particularly at
low water contents. Despite this problem, the non-ideal solution model reproduces the20

CCN data. Uncertainty stemming from the assumption of f has only a small effect
on the prediction. Furthermore, the prescribed surface tensions are similar to those
needed to fit data to the two-component hygroscopicity model, providing additional ev-
idence that a small surface tension reduction in SOA solutions is likely present.

The CCN activities of SOA reported by various groups have been remarkably similar,25

despite variations in precursors, oxidation conditions, and mass loadings. In particular
Prenni et al. (2007), King et al. (2007), Duplissy et al. (2008) and this work suggest
that CCN activity of a-pinene SOA is well-modeled using the envelope κ∼0.1±0.04,
σs/a=0.072 J m−2. Although this view disregards the complexity of the underlying water
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activity relationship, it provides a concise parameterization of the activation behavior
of SOA particles in the atmosphere. However, it should be noted that this approach is
not appropriate when trying to connect hygroscopic growth and activation behavior of
SOA particles. The similar behavior of the SOA types studied thus far suggests that
variations in molecular volumes and the degrees of oxygenation for the fresh SOA are5

similar enough to not significantly affect CCN activity, although this is not necessarily
true for hygroscopic growth factors. To date most studies of CCN activity started with C6
(toluene, cyclohexene), C7 (cycloheptene) or C10 (monoterpenes) precursors, giving
rise to relatively small variations in the functionality and chain length of products that
are likely found in the condensed phase. To determine if this is the reason for the10

similar observed sc−Ddry relationships reported thus far, it will be necessary to contrast
the CCN behavior observed for SOA created from C6–C10 precursors to that of SOA
obtained from precursors having a much broader range of carbon numbers.
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Table 1. SOA samples under different reaction conditions.

reaction conditions Type precursor OH scavenger dew point

O3+butanol I α-pinene yes (10:1) −40◦C
O3 II α-pinene no −40◦C
O3+H2O III α-pinene yes (10:1) 18◦C
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Table 2. Prescribed and fitted parameters for models used in this study. Values in columns
3–5 are prescribed, columns 6,7 are fitted based on LACIS data and column 8 is fitted based
on CCN data. All parameters are unitless except for σs/a, which is given in 10−3 J m−2. The
column “line color” indicates the parameters corresponding to the red and blue lines in Figs. 2
and 3.

Reaction conditions Line color
Two-component model Non-ideal model
κ1 κ2 C1 C2 ε1 σs/a α1 β1 α2 β2 f σs/a

O3 + butanol
red 0.11 0.11 ∞ 0.057 0.051 72

1.37 1.18 0 0 0.1 65blue 0.05 0.05 ∞ 0.125 0.114 60

O3
red 0.09 0.09 ∞ 0.066 0.153 72

0.665 1.18 0.68 1.19 0.1 60blue 0.05 0.05 ∞ 0.143 0.100 60

O3+H2O
red 0.11 0.11 ∞ 0.050 0.148 72

1.41 1.24 0 0 0.1 65blue 0.079 0.079 ∞ 0.088 0.163 65
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Table 3. Properties of several products identified in secondary organic aerosol.

Compound Density
(g cm−3)

Ms

(g mol−1)
f CCN κ a Solubility b

adipic acid 1.36 146 0.16 0.09 0.013–0.014
pinic acid 0.80 186 0.07 0.25 > 0.1
pinonic acid 0.78 184 0.08 0.11 0.008–0.009

a Hygroscopicity values are reported in Petters and Kreidenweis (2007) based on the
data of Raymond and Pandis (2002).
b Solubilities are expressed as volume of solute per unit volume of water present in
a saturated solution. Values are from Raymond and Pandis (2002).
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Fig. 1. Variation of the hygroscopicity parameter with water activity for an illustrative 2 com-
ponent mixture with equal volume fractions of component 1 and 2 in the mixture. Assumed
hygroscopicities and solubilities are κ1=0.05, κ2=0.2, C1 = ∞, C2=(0, 0.05, 0.5, 5, ∞).
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Fig. 2. Observed variation of the hygroscopicity parameter with water activity for the three
aerosol types. Colored lines indicate a fitted two-component hygroscopicity model. The red
and blue lines assume a different prescribed upper limit hygroscopicity.
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Fig. 3. Measured CCN activity for the three SOA types (opens symbols); different symbols
indicate repeats of the experiment on different days. Calibration data for ammonium sulfate
aerosol (+) are shown superimposed on the predicted relationship. Dotted lines indicate the
single parameter representation of the relationship between critical supersaturation and dry
diameter as defined in Petters and Kreidenweis (2007). Red and blue lines show the modeled
CCN activity for the two-component model with one sparingly soluble compound. Colors are
consistent with the plots in Fig. 2. Parameters for the fits and assumed surface tensions are
summarized in Table 2.
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Fig. 4. Real solution theory applied to LACIS measurements for the three SOA types. Dashed
lines are calculated from the fitted coefficients given in Table 2 and Eqs. (9)–(12). Horizontal
bars in the left plots show uncertainties in the derived mole fraction based on a range of val-
ues for the normalized average molecular volume (0.2<f<0.05). Vertical lines are estimated
uncertainty in relative humidity in LACIS. Gray shaded area in all plots denotes the estimated
uncertainty in the fit based on excursions in the fitted parameters. See text for details.
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Fig. 5. Measured CCN activity for the three SOA types (open symbols); different symbols indi-
cate repeats of the experiment on different days. Calibration data for ammonium sulfate aerosol
(+) are shown superimposed on the predicted relationship. Dotted lines indicate the single pa-
rameter representation of the relationship between critical supersaturation and dry diameter as
defined in Petters and Kreidenweis (2007). Dashed lines show predicted CCN activity based on
the extrapolation of the fit to the non-ideal model (Fig. 4, parameters in Table 2). Gray shaded
area is uncertainty stemming from the assumed value for f , consistent with the gray shaded
area in Fig. 2. Assumed surface tensions are summarized in Table 2.
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