
rsc.li/esatmospheres 

 Environmental
Science
  Atmospheres
rsc.li/esatmospheres 

Volume 1
Number 1
February 2021

ISSN 2634-3606

 Environmental
Science
  Atmospheres
Accepted Manuscript

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been accepted 
for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  A. Bain, Environ.

Sci.: Atmos., 2026, DOI: 10.1039/D6EA00035E.

http://rsc.li/esatmospheres 
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6ea00035e
https://pubs.rsc.org/en/journals/journal/EA
http://crossmark.crossref.org/dialog/?doi=10.1039/D6EA00035E&domain=pdf&date_stamp=2026-05-21


An accurate understanding of the number of aerosol particles that will become cloud droplets 
under a set of atmospheric conditions is necessary to understand the aerosol indirect effect on 
climate. Field observations have found that traditional Kohler calculations can underpredict 
cloud condensation nuclei concentration. The partitioning of surfactants, which influences both 
aerosol surface tension and water activity, has been suggested to explain this discrepancy. The 
influence of the description of water activity during surfactant partitioning has received little 
attention compared to surface tension. Here, the influence of the description of water activity 
during hygroscopic growth is investigated for aerosol containing nonionic surfactants. Under 
high surfactant concentrations, the description of water activity plays a role in the predicted 
activation barrier.  
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A Conceptual Framework for the Influence of Water
Activity Parameterization on Hygroscopic Growth and
Cloud Droplet Activation in Aerosols Containing Strong
Nonionic Surfactants

Alison Bain∗a

Discrepancies between observations of cloud droplet number concentrations observed during field
studies and what are predicted from Köhler theory suggest surface active organics may impact hy-
groscopic growth. Surface active material that partitions to the droplet-air interface can reduce
the surface tension, lowering the barrier to cloud droplet activation. However, when surface-active
material partitions to the interface, it also increases the droplet water activity, having the opposite
effect on cloud droplet activation. Although much effort has been focused on accurately describ-
ing the size- and composition-dependent surface tension, the influence of surface-active organics on
water activity has received far less attention. Here, the impact of the description of water activ-
ity during hygroscopic growth and eventual cloud droplet activation is investigated. In AIOMFAC
(Aerosol Inorganic–Organic Mixtures Functional groups Activity Coefficients), two subgroup descrip-
tions (ether-alkyl and oxyethylene) of the strong nonionic surfactants Triton X-100 and Tween20 and
their mixtures with NaCl are used to calculate water activity for Köhler calculations. Although for
low and medium organic content aerosol, the two AIOMFAC descriptions of the surfactants provide
equivalent estimates of the critical supersaturation and radius, under high surfactant conditions, the
oxyethylene subgroup description predicts a lower critical supersaturation than the ether-alkyl sub-
group description. Under these high surfactant conditions, the oxyethylene subgroup also provides
better agreement with available literature data for critical supersaturation.

Introduction
Aerosol particles suspended in the atmosphere can interact with
climate by directly scattering and absorbing solar radiation and
by altering cloud microphysics. Aerosol particles can act as seeds
for cloud droplet formation. The eventual formation of clouds
depends on many factors including the supersaturation level of
the atmosphere, the number concentration of aerosol particles
as well as the aerosol population size distribution and chemical
composition.1,2 Köhler theory, which takes into account both the
vapor pressure over the droplet due to dissolved solute and the
surface curvature effect, is typically used to predict the activation
of aerosol particles into cloud droplets.1,2 However, discrepan-
cies exist between predictions of cloud condensation nuclei (CCN)
concentrations and the number of cloud droplets observed during
field campaigns.3–5 Generally, these discrepancies are more pro-
nounced at smaller aerosol dry sizes.3–6

Atmospheric aerosol particles are composed of complex mix-

a Department of Chemistry, Oregon State University, Corvallis, OR, USA, 97331. E-
mail: alison.bain@oregonstate.edu

tures of salts (e.g., NaCl and (NH4)2SO4) as well a wide array
of organic molecules.7,8 The ratio of salts to organics, partic-
ularly in sea spray aerosol, has been observed to strongly de-
pend on size, owing to different aerosol generation pathways.9–11

Many organic molecules have some surface activity (i.e., they
partition to the droplet-air interface)12,13 and surface active
material has been characterized in a variety of aerosol sam-
ples11,14–17 and shown to be formed in chemical reactions in
model aerosol systems.18 Sea spray aerosol also includes strongly
surface-active material (surfactants) generated in the sea surface
microlayer.19,20

Recently, the impact of surfactant partitioning on aerosol sur-
face tension and its role on cloud droplet activation has been in-
vestigated.21–33 Laboratory measurements of surface tension at
the single particle level help elucidate the effect of surface-area-
to-volume ratio on the partitioning of strong surfactants.34–41

Surfactants partitioning to the air-droplet interface lower the
surface tension reducing the barrier to cloud droplet activation.
However, removal of surfactant from the droplet bulk also affects
the water activity. Reducing the solute in the droplet bulk in-
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creases water activity, which has an opposite effect on the cloud
droplet activation barrier.42

Systematic laboratory measurements of hygroscopic growth
and cloud droplet activation for mixtures of salts and soluble
surfactants in aerosol particles provide information about the
combined result of these two counteracting effects. In opti-
cally trapped micron-sized droplets, the subsaturated hygroscopic
growth of droplets containing surfactants and NaCl have been
reported to be reduced compared to droplets containing only
NaCl.43,44 Bramblett and Frossard used humidified tandem dif-
ferential mobility analyzer (HTDMA) measurements of 100 nm
dry diameter aerosol to measure the hygroscopic growth of par-
ticles containing NaCl and a range of surfactants (nonionic, an-
ionic, or cationic) in a 2:1 mass ratio. Their results show a re-
duction in hygroscopic growth of particles containing surfactant
compared to pure NaCl particles at subsaturated relative humidi-
ties.45 The hygroscopic growth of particles containing NaCl and
ionic surfactants with a dry size less than 30 nm has also been
measured using HTDMA.46,47 These studies observed a decrease
in hygroscopic growth with increasing surfactant fraction under
subsaturated conditions. Petters and Petters measured CCN activ-
ity of accumulation mode aerosol particles containing mixtures of
strong surfactants and salt.12 They found that aerosol hygroscop-
icity under supersaturated conditions decreases as the surfactant
volume fraction of the dry aerosol increases.12 Overall, soluble
surfactants have been found to decrease hygroscopic growth of
aerosol across a range of surfactant properties and dry aerosol
sizes, but the interplay between the surfactant impact on surface
tension and water activity cannot be decoupled.

Compared to surface tension, the impact of surface-active ma-
terial on aerosol water activity has received less attention. κ-
Köhler theory is commonly used to approximate water activity,
requiring only knowledge of the dry and wet diameters in addi-
tion to the hygroscopicity constant κ for the aerosol, which can
be calculated from volume fractions of the different aerosol com-
ponents.48 While often treated as a constant, κ generally varies
with water activity.49,50 Alternatively, parameterizations of wa-
ter activities measured for solutions containing surface-active ma-
terial have been used as input for Köhler calculations.51 Solu-
tions containing surface-active material have also been treated
as ideal solutions (i.e., assuming activity coefficients are equal
to one).24 Additionally, some work has used predictions of wa-
ter activity from thermodynamic models such as UNIFAC (UNI-
QUAC Functional-group Activity Coefficients)52 and AIOMFAC
(Aerosol Inorganic–Organic Mixtures Functional groups Activity
Coefficients).5,22 Zhang et al. looked at the impact of surface
tension and water activity on predictions of aerosol growth factor
for droplets containing adipic acid (a sparingly soluble organic
acid) and ammonium sulfate at different mass ratios.52 Gener-
ally, a description of water activity that accounted for nonideali-
ties was necessary to find agreement with high-humidity tandem
differential mobility analyzer (HHTDMA) measurements.52

Recently, water activity measurements for solutions containing
strong nonionic surfactants and their mixtures with NaCl were
used to test water activity predictions of these solutions from
AIOMFAC.50 For surfactants containing PEG-like tails, the tra-

ditional approach using ether and alkyl groups to describe the
tail provided poor agreement with measurements. An alterna-
tive oxyethylene subgroup approach was shown to better pre-
dict the macroscopic measurements. These two sets of model
predictions generally agree at high water activities but deviate
significantly under drier conditions. Additionally, the ether-alky
subgroup approach indicates that a liquid-liquid phase separated
(LLPS) state is likely to be stable under some relative humidity
conditions. Here, the impact of the description of water activ-
ity during hygroscopic growth and cloud droplet activation, ac-
counting for surfactant partitioning, is explored. Using model
systems, a surfactant partitioning model is employed to predict
the bulk droplet surfactant concentration. From this bulk con-
centration, the composition-dependent water activity predictions
from AIOMFAC are compared using different subgroup descrip-
tions of the surfactant and different assumptions when AIOMFAC
returns a water activity greater than unity. These predictions are
compared to CCN measurements available in the literature.

Experimental Methods
NaCl (VWR BDH Chemicals), Triton X-100 (Sigma-Aldrich) and
Tween20 (VWR BDH Chemicals) were used without any purifica-
tion. Solutions were prepared using ultra pure water (18 MΩ·cm)
with mass ratios of 1:0.05, 1:0.1, 1:0.5, 1:1, and 1:2 surfac-
tant:NaCl. The total solute concentration was varied to obtain
surfactant concentration spanning orders of magnitude between
highly dilute to beyond the critical micelle concentration (CMC).
Solutions were made with highly accurate concentrations using
an analytical balance and analytical glassware (< 0.15% uncer-
tainty in concentration). Concentrated solutions were diluted to
reach the low surfactant concentrations required for these mea-
surements. Surface tension of solutions was measured using the
Wilhelmy plate method (DCATS, DataPhysics). All measurements
were collected at room temperature, about 298 K, in triplicate,
and average values are reported. Fig. S1 shows the surface ten-
sion data for the different surfactants and their mixtures with
NaCl.

Surface tension data were fit with the Langmuir isotherm (Eq.
1) to determine the maximum surface excess, Γmax, and equi-
librium partitioning constant, Keq, which is defined as the ra-
tio of the surfactant adsorption and desorption rate constants at
the interface. The Langmuir isotherm was fit only in the region
where surface tension decreases with increasing surfactant con-
centration as the isotherm relates surface tension to fractional
surface coverage.53 When the interface is saturated with surfac-
tant molecules, the surface tension remains constant as the sur-
factant concentration is further increased. This region is fit with a
horizontal line to obtain the minimum achievable surface tension.

σ = σw +nRT Γmax × ln
(

1−
Keqc

1+Keqc

)
(1)

In Eq. 1, σw is the water solvent surface tension (72.8 mN/m),
n is the van’t Hoff factor which is set equal to one for nonionic
surfactants, c is the total surfactant concentration, R is the gas
constant and T is the temperature.

For the nonionic surfactant-NaCl mixtures measured here, no
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Table 1 Fitting parameters for surfactant solutions from surface tension
measurements.

Surfactant Γmax (mol/m2) Keq (m3/mol) σmin (mN/m)
Triton X-100 3.02×10−6 1006.18 31.4
Tween20 2.47×10−6 2930.85 36.9

trend in the shape of the surface tension isotherm or the minimum
surface tension was observed as the ratio of NaCl was increased,
indicating that the solubility of these surfactants is not greatly im-
pacted by the addition of NaCl. The various ratios of surfactant
to NaCl show no clear trend with mass ratio, and the datasets fall
onto one line, within the experimental variability. The overlaid
binary surfactant-water data for Triton X-10021 and Tween2036

also fall within the spread of the NaCl-containing solution data.
Since there is no clear trend in surface tension with NaCl mass
fraction, a single set of Langmuir parameters and minimum sur-
face tension was determined for each surfactant by fitting over all
of the surfactant data, including all of the NaCl mass ratios. Fit
parameters are provided in Table 1 and lines are overlaid on Fig.
S1.

Modeling

Water Activity
AIOMFAC was used to calculate the water activity of solutions
containing strong surfactants and NaCl.50,54–56 The PEG-like tails
of Triton X-100 and Tween20 can be described using either ether
and alkyl groups or oxyethylene groups. Here, we calculate the
water activities for mixtures of NaCl with each surfactant using
both approaches. Each set of AIOMFAC calculations varied the
mass ratio of NaCl to surfactant (in steps of 0.1) as well as the
total mass fraction of solute (in steps of 0.01). All calculations
were performed at 293 K. Interpolation was then used to infer the
water activity between the calculated points. Fig. S2 shows the
interpolated water activity over the surfactant-NaCl composition
space for each surfactant and each subgroup description.

Surface Tension
The simple kinetic partitioning model57 is used to calculate the
effective bulk surfactant concentration (ce f f ), accounting for a
droplet’s surface-area-to-volume ratio (3/r, where r is the droplets
radius). This model has been previously shown to predict the sur-
face tension of picolitre volume droplets containing surfactants
and cosolutes as well as mixtures of surfactants as well, or bet-
ter than the widely used thermodynamic monolayer partitioning
model.35,37,38 Parameter f represents the ratio of the minimum
bulk concentration required to reach a full surface coverage to the
equilibrium partitioning constant, and parameter ζ represents the
maximum fractional loss of surfactant to the interface once equi-
librium is reached. Surfactant parameters Γmax and Keq are de-
termined from Langmuir isotherm fits of macroscopic data (Table
1), and c is the total surfactant concentration.

ce f f

c
=

1
2

(
1−ζ − ζ

f

)
+

1
2

√(
1−ζ − ζ

f

)2
+4

ζ

f
(2)

ζ =
3Γmax

cr
(3)

f =
3KeqΓmax

r
(4)

Köhler Calculations

Köhler theory incorporates the effects from surface curvature
(Kelvin effect) and the solute (Raoult effect) to describe the rela-
tion between water activity (aw, of droplet bulk) and the satura-
tion ratio (ratio of vapor pressure over the droplet, pw and vapor
pressure of pure water over a flat surface, p0):58

pw

p0
= aw × exp

(
2σVw

rRT

)
. (5)

Here, σ is the droplet’s surface tension, Vw is the partial molar
volume of water, r is the droplet radius, R is the gas constant and
T is the temperature.

Near cloud droplet activation, solutes in a droplet become
highly dilute. Using approximations for a dilute solute, the Köhler
equation can be written as:58

pw

p0
=

(
1− 3nsMw

4πρwr3

)
× exp

(
2σwMw

RT ρwr

)
. (6)

In Eq. 6, σw is the surface tension of water, Mw is the molar mass
of water, ns is the number of moles of dissolved solute, ρw is the
density of water. The saturation ratio can also be converted to a
percent supersaturation (SS):

SS = 100%×
((

pw

p0

)
−1

)
. (7)

In all Köhler calculations, no change in volume upon mixing
of solutes and water was assumed during hygroscopic growth.
The increased droplet volume at each calculated radius was taken
to be the volume of water in the droplet (i.e., the total droplet
volume was the sum of the volume of the dry aerosol particle and
the water added due to hygroscopic growth). All solutes were
assumed to be nonvolatile.

Köhler calculations were performed for a range of dry radii be-
tween 25 nm and 100 nm and for different mass ratios of sur-
factant and NaCl in the dry particle (Table 2). In each instance,
the dilute solute approximation is compared to accounting for
surfactant partitioning, utilizing both subgroup descriptions for
AIOMFAC predictions of water activity. The point of cloud droplet
activation for each case (critical radius, rcrit and critical super-
saturation, SScrit) is determined by finding the maximum of the
calculated Köhler curve.

Dilute solute approximation: Eq. 6 was used to calculate
Köhler curves using the dilute solute approximations. The num-
ber of moles of each component (surfactant and NaCl) in a dry
particle were calculated using a linear combination of molar vol-
umes, calculated from the pure (dry) component densities and
molecular masses provided in Table 3 and the dry particle vol-
ume, assuming a spherical geometry. All solute was assumed to
be dissolved in the droplet interior and the moles of dissolved
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Table 2 Mass fraction of surfactant in dry particles of different radius.
Low, medium, and high mass fractions correspond to the size-dependent
organic mass fractions determined by Kleinheins et al. 22

Dry Radius Low Medium High
25 nm 0.689 0.930 0.988
50 nm 0.522 0.898 0.957
100 nm 0.386 0.667 0.864

Table 3 Physical parameters for solution components.

Component Molar mass pure component (dry) O:C ratio
(g/mol) density (g/cm3)

Water 18.01528 0.998 —
NaCl 58.443 2.170 —
Triton X-100 647 1.070 0.34
Tween20 1226 1.100 0.49

ions and surfactant were used to determine the contribution of
moles of solute (ns). Physical parameters of water used in the
calculations are provided in Table 3.

Surfactant Partitioning: Due to the large surface-area-to-
volume ratio of aerosol droplets, surfactants can undergo bulk
concentration depletion as it partitions to maintain equilibrium
between the droplet bulk and surface. The impact of surfactant
partitioning on both the droplet surface tension and its water ac-
tivity was explored using Eq. 5. Here, the effective bulk sur-
factant concentration accounting for the size- and concentration-
dependent surfactant partitioning was calculated at each step us-
ing Eq. 2, 3 and 4. The calculated effective bulk concentration
was also used in Eq. 1 to determine the droplet’s surface tension.
If the calculated surface tension is lower than the minimum sur-
face tension (i.e., the droplet bulk is above the surfactant’s CMC),
then it is replaced with the minimum surface tension value in Ta-
ble 1.

The effective bulk concentration was also used to determine the
surfactant mass fraction in the droplet bulk. This mass fraction,
in addition to the NaCl mass fraction, was used to determine the
droplet’s water activity from both of the oxyethylene and ether-
alkyl subgroup description interpolations (Fig. S2).

Using the ether-alkyl group description, AIOMFAC sometimes
predicts water activities greater than unity when the surfactant
mass fraction is high (Fig. S2A/C). These unphysical water activ-
ities suggest that a liquid-liquid phase separation is likely a ther-
modynamically stable state.59 In Eq. 5, the water activity must be
less than or equal to one. Two different assumptions for the evo-
lution of water activity when water activities greater than unity
are predicted are compared.

Liquid-liquid phase separation First, it was assumed that a
liquid-liquid phase separation (LLPS) occurs when water activ-
ity is greater than one, which is sometimes the case using the
alky-ether subgroup approach to describe mixtures that include
PEG-like units.50 A water activity greater than unity is unphys-
ical. If the online version of AIOMFAC predicts water activity
greater than unity, this suggests that a liquid-liquid phase separa-
tion is likely a thermodynamically stable state, although the on-

line AIOMFAC model does not explicitly solve for this state.50,59

When LLPS is predicted, surfactant is removed from the bulk solu-
tion, and the water activity of the droplet was recalculated using
only the mass fraction of NaCl. If LLPS occurs, the surface tension
of the droplet could also be impacted. At each instance where the
water activity is greater than unity, we also calculate the frac-
tional surface coverage of the droplets using the area covered by
a monolayer of surfactant and the surface area of the droplet (Eq.
8).

surface coverage =
total moles of surfactant×Γmax

4πr2 (8)

When phase separation occurs before the critical radius there
was always sufficient surfactant for a full surface coverage and
the surfactant partitioning model already predicted the droplet
surface tension is at it minimum value. Phase separation was
also predicted after droplet activation. Varying the surface ten-
sion in this region has no impact on the activation barrier. Ad-
ditionally, the surface coverage was generally below 10% in this
region, which is not sufficient to significantly reduce the droplet
surface tension from that of water.

Lowest water activity Second, if AIOMFAC predicts water ac-
tivity greater than unity during hygrosocpic growth, it was as-
sumed that the water activity of the droplet can be described by
the lower of the ether-alkyl-NaCl and NaCl only water activity in-
terpolations. This is similar to the approach previously used when
AIOMFAC predictions of water activity have been used in Köhler
calculations.22

Results and Discussion
The impact of nonionic surfactants on water activity during hy-
groscopic growth and how different assumptions alter predictions
of cloud droplet activation is investigated. Nonionic surfactants
Triton X-100 and Tween20 were selected due to their similarity
in concentration required to reduce the surface tension of bulk
solutions, the minimum surface tension that can be reached at
full surface coverage, and the oxygen to carbon (O:C) ratios to
surfactants found in the sea surface microlayer and sea spray
aerosol.12,14–16,36,60–62 Table 3 shows the O:C ratios for Triton
X-100 and Tween20. Additionally, recent work showed that the
water activity predicted by AIOMFAC for surfactants with PEG-
like tails is significantly different depending on whether the tails
are modeled as ether and alkyl groups or oxyethylene groups.50

Since both these molecules contain PEG-like chains, they provide
model systems with which to test the importance of an accurate
description of water activity in predicting cloud droplet activation
for surfactant-containing aerosol. NaCl is selected as a cosolute
as much of the field work identifying surfactants in aerosols has
been focused on sea spray, and NaCl is the major salt in seawa-
ter.63

The mass fraction of organics in dry aerosol can vary with
aerosol size, formation pathway, and location. Kleinheins et
al. compiled data from field measurements to determine the
size-dependent organic mass fraction,64–66 providing bounds for
low and high organic content.22 Here, the size-dependent low,
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Fig. 1 Solute concentration (A-C), surface tension (D-E), and saturation ratio (G-I) for 100 nm radius dry particles containing low (column 1,
worg = 0.386), medium (columns 2, worg = 0.667), and high (column 3, worg = 0.864) Tween20 mass fractions. Köhler curves are calculated using the
dilute solute approximation as well as using the AIOMAC activity interpolations using the oxyethylene and ether-alkyl subgroup descriptions. The
contribution from the Kelvin term is the same for both subgroup descriptions of water activity.
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medium, and high organic mass fractions are used in Köhler cal-
culations. Fig. 1 shows the size-dependent solute concentrations,
surface tension, and equilibrium saturation ratio for 100 nm ra-
dius dry aerosol particles containing NaCl and low, medium, or
high organic fraction composed of Tween20. Panels A – C show
the size-dependent solute concentration. NaCl and the bulk con-
centration of Tween20 decrease steadily as the droplet undergoes
hygroscopic growth. The bulk Tween20 concentration includes
the size- and concentration-dependent surfactant partitioning and
shows a steep drop in bulk concentration as bulk-to-surface par-
titioning becomes significant. This onset of bulk surfactant de-
pletion depends both on dry size and total surfactant concentra-
tion. In Fig. 1, the drop in bulk Tween20 concentration moves
to larger radii as the organic fraction is increased from the low
scenario to the high scenario. The surface tension accounting
for bulk-to-surface partitioning is determined using the simple ki-
netic partitioning model and shown in panels D – F. Due to the
difference in size during hygroscopic growth when bulk deple-
tion becomes significant, there is also a shift towards larger wet
radii when the surface tension begins to increase from its mini-
mum value from low to high organic fractions. Using the dilute
solute approximation, the surface tension of pure water is used
throughout hygroscopic growth and is also shown in panels D –
F.

Fig. 1 panels G – I show the equilibrium saturation ratio as
a function of wet radius using three different assumptions: 1)
dilute solute approximation, 2) surfactant partitioning where the
water activity term is calculated with AIOMFAC using oxyethylene
subgroups, and 3) surfactant partitioning where the water activ-
ity term is calculated with AIOMFAC using ether and alkyl sub-
groups. These panels also show the contribution from the Kelvin
and Raoult terms to the overall Köhler curve. The Kelvin term cal-
culated using surfactant partitioning shows a unique shape com-
pared to that using the dilute solute approximation, owing to
the changing surface tension during hygroscopic growth. Note,
the surfactant partitioning is only treated with the simple kinetic
model and is identical for oxyethylene and ether-alkyl subgroup
descriptions of water activity. In panels G and H, since the Kelvin
term contributions at radii near the critical radius are generally
the same with and without including surfactant partitioning, the
differences in critical saturation ratio can be attributed to the
Raoult effect. In panel I, the difference in hygroscopic growth
cases can be attributed both the Kelvin and Raoult terms. The dif-
ference in the Kelvin term between the dilute solute approxima-
tion and including surface partitioning is substantial in the region
near the cloud droplet activation barrier. The Raoult term con-
tributions also show small differences in this region. Again, the
difference between the two methods of calculating water activity
in AIOMFAC is small compared to using the dilute solute approx-
imation, which assumes all components are completely soluble.

Figures S3, S4, S5, S6 and S7 show similar plots for Tween20
in 50 nm, 25 and dry radius particles and Triton X-100 in 100 nm,
50 nm and 25 nm dry radius particles. Generally, the trends that
are observed in Fig. 1 hold for both surfactants. The largest differ-
ences between the dilute solute approximation and accounting for
bulk-to-surface partitioning are observed for droplets with a high

organic fraction, and the largest difference in Raoult contribution
between the oxyethylene and ether-alkyl subgroup descriptions
occurs for 100 nm radius dry particles (Table S1).

For some combinations of surfactant, dry radius, and surfactant
mass fraction, two peaks are observed in the Köhler curve (e.g.,
Figs. S3I,S4I, S6I, and S7H and I). This feature is due to a discon-
tinuity in the size- and composition-dependent water activity. Us-
ing the ether-alkyl subgroup description, AIOMFAC can predict a
water activity greater than unity (Fig. S2). The onset of this non-
physical water activity prediction has been previously shown to be
close to, but not necessarily coincident with, the CMC of the sur-
factant. Furthermore, AIOMFAC does not predict water activity
greater than unity at every surfactant mass fraction greater than
the CMC.50 Since a water activity greater than one is not realis-
tic, two strategies are employed to calculate the water activity in
this case. In Figs. S3I,S4I, S6I, and S7H and I, a LLPS assumption
was employed. Under this assumption, when the water activity
is greater than one, a purely organic layer has formed on top of
an aqueous NaCl layer, and the water activity is calculated from
AIOMFAC using only NaCl as the solute. At some composition,
AIOMFAC predicts the solution to become homogeneous again
and the water activity for the ternary mixture is again used. Fig-
ure S8 shows an example of the resulting water activity curve. At
this transition, there is often a discontinuity in water activity (fol-
lowing the solid black in Fig. S8.) The second assumption (low-
est) calculates the water activity of a solution containing NaCl
only as well as the ternary mixture at every point and uses the
lowest water activity (following the dotted black line in Fig.S8,
a similar procedure to Kleinheins et al.22). This method also as-
sumes that the water activity of the droplet can be approximated
by the water activity of a droplet containing only NaCl (as the sur-
factant has been removed to a surface layer), but it removes the
discontinuity resulting from switching between the NaCl-only and
ether-alkyl-NaCl water activity interpolations. While this method
generally provides a smoother transition between the two cases,
there can still be a small bump in water activity where the transi-
tion occurs between using the binary and ternary descriptions of
water activity. Fig. S8 shows an example of the size-dependent
water activity, in the region near the discontinuity, using these
two assumptions. Using the oxyethylene subgroup description,
the water activity does not exceed unity at the level of precision
of the interpolation, and the LLPS and lower assumptions for size
and composition-dependent water activity do not need to be em-
ployed; rather, the water activity can be directly taken from the
interpolation.

Fig. 2 shows all the Köhler curves for 25, 50, and 100 nm
dry radius particles with low, medium, and high Tween20 mass
fractions. Here, the dilute solute approximation (fully dissolved
solute) is compared to the oxyethylene subgroup description as
well as the ether-alkyl subgroup description using the LLPS and
lower assumptions to calculate water activity. In panel A for 25
nm dry radius, the predicted LLPS and the lowest water activity
methods follow the same trend. Although the entire ether-alkyl
curve is not identical to the oxyethylene description of water ac-
tivity, the region near cloud droplet activation is identical for all
three methods of describing water activity. In panel B for 50 nm
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dry radius, the LLPS and lowest water activity descriptions show
different behavior around 100 nm wet radius. The LLPS method
shows a sharp spike in supersaturation, while the lowest method
shows a small kink in the curve. This indicates that this sharp
feature is a result of the transition between descriptions of wa-
ter activity. Since LLPS was not observed by Werner et al. in
the region where AIOMFAC predictions are greater than unity,50

this feature is unlikely to limit cloud droplet activation in the case
where it reaches higher supersaturations than the second broader
peak in the curve. Fig. S9 shows a similar result for Triton X-
100. Generally, although the LLPS and lowest assumptions used
to handle water activities greater than unity can lead to different
behavior at small radii, the main, broader feature of the Köhler
curve is identical between the two assumptions.

Fig. 2 Köhler curves for particles with dry radius A) 25 nm, B) 50 nm
and C) 100 nm and low, medium, and high Tween20 mass fractions
(Table 1). The water activity for the ether-alkyl subgroup description
is shown using both the LLPS assumption and the lowest water activity
assumption, where the calculated water activity goes above unity at any
point during activation (e.g., 50 nm high).

Fig. 2 also shows that differences between the dilute solute

approximation and surfactant partitioning impact on water ac-
tivity depend on droplet size. For the smallest droplets in panel
A, including surfactant partitioning decreases the supersaturation
barrier to cloud droplet activation. This is also observed in panel
B, where the difference in activation barrier is smaller. However,
in panel C for the largest droplets, the trend has inverted, and the
supersaturation barrier is lower using the dilute solute approx-
imation than when accounting for surfactant partitioning. This
overall trend is also observed in Fig. S9 for Triton X-100. This
shift from surfactant lowering the barrier to cloud droplet acti-
vation compared to the dilute solute approximation for smaller
droplets, but increasing the barrier for larger droplets, is due to
the combined effects surfactant partitioning has on aerosol sur-
face tension and water activity, with the Kelvin term dominating
at smaller dry particle sizes and the Raoult term dominating at
larger dry particle sizes.

To understand how accurate these size- and organic mass
fraction-predictions of CCN activation are, predicted critical su-
persaturations are compared to CCN measurements for aerosols
containing Triton X-100 and NaCl. The dry radii where 50% of
particles underwent cloud droplet activation at a given level of
supersaturation, measured by Petters and Petters,12,67 are shown
in Fig. 3. These data are overlaid on predictions of critical super-
saturation for a range of dry radii and volume fractions of NaCl.
Panel A shows the oxyethylene subgroup description for water ac-
tivity, and panel B shows the lowest ether-alkyl subgroup water
activity. Fig. S10 shows the CCN data compared to the dilute
solute approximation and the LLPS ether-alkyl subgroup water
activity description. In all cases, there is good agreement when
the volume fraction of NaCl is near one, since low surfactant con-
centrations do not greatly impact the surface tension or water ac-
tivity under dilute conditions. As NaCl volume fraction decreases
to about 0.6 – 0.4, there is generally an underprediction of criti-
cal supersaturation by the model, compared to the observations.
However, there is again good agreement between the model and
measurements when the volume fraction of NaCl reaches the 0.3
– 0.2 range. The different water activity assumptions show small
differences in critical supersaturation as a function of NaCl vol-
ume fraction and size, but these differences are small compared
to the variation in the experimental data. The largest differ-
ence in size-dependent critical supersaturation predictions occurs
when NaCl volume fraction is zero (i.e., pure surfactant particles).
These differences are quantified using the root mean square er-
ror calculated from the difference between the experimental CCN
measurements at the radius where 50% of the particles activate
and the Köhler prediction for the critical supersaturation at that
dry radius using different assumptions for water activity during
hygroscopic growth. While none of the pure surfactant predic-
tions overlap with the experimental observations, the oxyethylene
subgroup description shows the closest agreement (root mean
square error between the CCN data and model is 2.4 %). Both the
ether-alkyl subgroup methods show very poor agreement with the
experimental data (root mean square error is 10.3 %). Using the
dilute solute approximation, the root mean square error between
the CCN data and model predictions is 3.9%. This observation
further motivates the use of the oxyethylene group for molecules
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that have PEG-like tails. Still, the overprediction of critical super-
saturation for pure surfactant particles shows that the fundamen-
tal understanding of the impact of surfactants on cloud droplet
activation is still incomplete. Additional CCN activation datasets
for strong surfactants and their mixtures with salts to validate the
existing data would also aid this understanding.

Fig. 3 Critical supersaturation (SScrit) predicted using Köhler theory
with size- and composition-dependent surfactant partitioning using A)
the oxyethylene subgroup and B) the ether subgroup (lowest water activ-
ity) to determine droplet water activity. CCN measurements from Petters
2015 are overlaid. 12,67

Finally, the impact of atmospheric supersaturation on the frac-
tion of aerosol activated into cloud droplets is explored. Fig. 4
shows a simulated sea spray aerosol size distribution containing
an ultrafine mode, a combined Aitken/accumulation mode, and
a coarse mode, based on observations from Bates et al.68 Köhler
calculations are performed assuming the size-dependent high or-
ganic mass fraction and the dilute solute approximation (dotted
vertical lines) is compared to surfactant partitioning and water
activity predicted using the oxyethylene subgroup in AIOMFAC
(vertical dashed lines). At a 0.1% supersaturation level, only the
largest particles are predicted to activate, and as seen in Fig. 2,
including surfactant partitioning slightly decreases the number of
particles that are expected to activate. As the ambient supersatu-
ration level is increased to 0.5%, the lower limit of the particles
that are expected to activate gets smaller, and a crossover point
is reached, where the dilute solute approximation and account-
ing for surfactant partitioning predict the same cut-off for cloud
droplet activation. As the ambient supersaturation is further in-
creased to 1%, now more than 50% of the Aitken/accumulation
mode particles are predicted to activate, and accounting for sur-

factant partitioning predicts that smaller particles will activate
than would be expected from the dilute solute approximation.
Fig. 4 highlights why large differences between observed CCN
concentrations and Köhler theory may be most noticeable for
small size bins. The discrepancy between the dilute solute ap-
proximation and accounting for surfactant partitioning at super-
saturation levels where for the size where coarse mode particles
activate, does not greatly change the predicted number concen-
tration of CCN. However, in this high surface active organic frac-
tion example, at supersaturation levels around 1%, small changes
in the minimum dry radius that will activate lead to large differ-
ences in CCN concentrations as these radii are near the maximum
number concentration of the Aitken/accumulation mode.

Fig. 4 Simulated sea spray aerosol size distribution based on observations
from Bates et al. 68 Vertical dotted lines show the smallest dry radius that
is predicted to activate at 1, 0.5, and 0.1% supersaturation using the di-
lute solute approximation, and the vertical dashed lines show the smallest
dry radius that is predicted to activate when surfactant partitioning is in-
cluded (oxyethylene subgroup for water activity). The size-dependent
high organic mass fraction is used in all calculations.

Conclusion
Surfactant partitioning in aerosol droplets can impact both the
droplet’s surface tension and water activity. Under low nonionic
surfactant fractions and small dry radii conditions, surfactant par-
titioning has little effect on either the Kelvin or Raoult term and
the dilute solute approximation provides nearly the same results
as including surfactant partitioning (including any description of
aerosol water activity). For high organic fractions, including sur-
factant partitioning, predicts a higher supersaturation barrier for
the smallest dry radius particles compared to the dilute solute ap-
proximation, but a lower supersaturation barrier for the largest
dry radius particles. These differences in aerosol size are due to
the combined differences in both the Kelvin and Raoult terms,
with surface tension dominating for smaller particles and water
activity dominating for larger particles.

Using ether and alkyl subgroups to describe the PEG-like tail
of these surfactants leads to AIOMFAC predicting water activities
greater than unity for some droplet compositions, which is un-
physical and thus requires making an assumption of the droplet
morphology and its impact on water activity. Accounting for sur-
factant partitioning and using the oxyethylene subgroup descrip-
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tion for droplet water activity provides the closest agreement to
CCN measurements of Triton X-100 and NaCl mixtures reported
in the literature,12,67 further motivating its use to describe wa-
ter activity for molecules containing a PEG-like tail. However,
for particles containing only Triton X-100, the critical supersat-
uration is overpredicted. This overprediction indicates there is
still an incomplete understanding of the impact of strong non-
ionic surfactants on surface tension and water activity in high
surface-area-to-volume ratio droplets. Additional CCN measure-
ments for strong surfactants and their mixtures with salts, and
measurement-model comparisons for aerosol containing pure sur-
factant and high surfactant fraction, may elucidate reasons for
these discrepancies. Furthermore, additional improvements to
the description of water activity for aqueous strong surfactants
using hygroscopic growth data could improve CCN predictions for
pure nonionic surfactant particles. Finally, ambient aerosol con-
tains a mixture of nonionic and ionic surfactants. Although AIOM-
FAC does not include charged organic groups, a similar interpo-
lation approach could be used to describe water activity during
hygroscopic growth if water activities were measured spanning
the full composition space.
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Data underlying this work will be uploaded to the Oregon State University repository following 
acceptance of this manuscript.  
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