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We thank the editor and reviewers for their time and valuable additional
comments and suggestions. Below, we address each of the reviewers’ comments
and indicate corresponding changes made in the revised manuscript.

Editor’s comments

1. All three referees agree that the novelty of the current study in terms5

of our understanding of the role of surface partitioning on CCN is lim-
ited. The paper is very lengthy while it does not become clear what
the innovative aspects of the study are at the current state of the field.
The discussion and conclusions should be more concise and highlight the
need of the consideration of surface partitioning and the conditions under10

which your findings are relevant in the atmosphere. The current discus-
sion is rather vague and pretentious, given that the study is based on
one ternary mixture and strongly dependent on the fit parameters. Some
discussion of the relevance of this mixture and/or the distribution of sim-
ilarly surface-active compounds throughout CCN distributions should be15

added to demonstrate in a more balanced way the general implications for
atmospheric science rather than to limit the study to investigations that
are primarily of technical interest.

We have tried to sharpen the focus of the manuscript on the key aspects
related to the introduction of the mass-based Gibbs partitioning frame-20

work and the findings related to the role of surface activity for complex
aerosol mixtures. We have tried to further clarify the relation of the
predictive framework and our results to atmospheric aerosols and recent
developments concerning the understanding of the role of surface activ-
ity for CCN activation of complex aerosol. In particular, we here predict25

that a complex surface active mixture display similar CCN properties as
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previously found for model aerosol comprising single, strong industrial or
atmospherically relevant surfactants.

Only a few studies have to date addressed the importance of surface ten-
sion and bulk–surface partitioning of surface active species for predictions30

of CCN activity in atmosperic modeling (Prisle et al., 2012; Lowe et al.,
2019). While a common approximation has been to ignore surface activity
in large-scale models, recent process studies by e.g. Ruehl et al. (2016),
Ovadnevaite et al. (2017), Prisle et al. (2019), and Davies et al. (2019) have
found potential impacts of droplet surface tension for predictions of CCN35

activity, even when bulk–surface partitioning of surface active species is
accounted for. These studies highlight the importance of a full consid-
eration of mechanisms driven by surface activity in cloud activation and
need for a predictive description of the droplet surface properties. Our
present work addresses exactly this need, by presenting a thermodynamic40

framework that enables comprehensive Köhler calculations for chemically
unresolved surface active mixtures, thereby enabling benchmarking sim-
plifying assumptions of droplet properties and representative choices of
surface active proxy mixtures in various conditions.

The immediate relevance of model-HULIS reference mixtures for atmo-45

spheric aerosol has been discussed in several previous works, including
that of Kristensen et al. (2014), and references herein. For this work,
NAFA was considered as an excellent model system because it constitutes
a chemically unresolved, strongly surface active mixture, for which a very
large set of surface tension and water activity data was available, spanning50

a wide range of mixtures in ternary composition space, allowing us to con-
struct fully continuous ternary composition-dependent parametrizations
for these quantities, and in turn to perform thermodynamically consistent
calculations of droplet growth and activation, including bulk–surface parti-
tioning and evolving surface tension and water activity. To our knowledge,55

only this single comprehensive data set exist for chemically unresolved or-
ganic mixtures of any atmospheric relevance. Construction of this data
set has been enabled by the commercial availability of the NAFA reference
samples, which have allowed the preparation of a large amount of inde-
pendent macroscopic sample solutions for both surface tension and water60

activity characterization. The atmospheric relevance of chemically unre-
solved surface active aerosol mixtures is highlighted in a range of works,
including those of Nozière et al. (2014); Gérard et al. (2016); Ovadnevaite
et al. (2017); Frossard et al. (2018); Kroflič et al. (2018); Frossard et al.
(2019); Prisle et al. (2019).65

While the present work illustrates the application of the mass-based Gibbs
partitioning framework for one ternary system comprising NAFA and
NaCl, the fully continuous parameterizations for both surface tension and
water activity are based on measurements for a large number of individual
ternary sample solutions (Kristensen et al., 2014; Lin et al., 2020). Re-70

sults of CCN activation are presented for ternary mixtures covering the
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full organic–inorganic composition range and a wide range of particle sizes,
representing a wide coverage of growing droplet states. The recent study
of Davies et al. (2019) presents results for particle systems comprising
four different inorganic salts, but mixed with a single organic compound75

and evaluated at discrete particle compositions and sizes. The work fo-
cuses on effects of surface tension in growing droplets and applies a similar
volume-based mixing rule of pure component surface tensions as has been
used previously, e.g. by Ovadnevaite et al. (2017) and Malila (2018), but
surface tension has not been specifically determined, for either the pure80

organic component in question or its binary or ternary aqueous mixtures
at different droplet dilution states. Instead, the pure organic surface ten-
sion is approximated by that of another compound and the mixing rule
is not verified against measurements for the system in question. This un-
derscores one of the major challenges presented to performing thermody-85

namically consistent, predictive Köhler modeling of surface active organic
aerosol, which is the general scarcity of comprehensive data sets for the key
thermodynamic properties concerned. Obtaining such data sets of suffi-
cient quality and breadth is a non-trivial task, in particular for chemically
complex, unresolved mixtures. The results presented in this work illus-90

trate thermodynamically consistent, predictive Köhler modeling with the
presented mass-based framework using independently constrained solution
properties based on the single such comprehensive data set of atmospheric
relevance currently available. We hope that by presenting the mass-based
framework for thermodynamically consistent predictive Köhler calcula-95

tions including bulk–surface partitioning and evolving surface tension and
water activity, we will motivate more experiments to characterize these
properties for unresolved mixtures of atmospheric relevance.

We do not consider the dependence on fit parameters for the surface ten-
sion parametrization to be particularly strong, quite the contrary, as seen100

in Figs. SXXX (d) of the SI (comparing pink with green trace and blue
with red trace). For the water activity parametrization, the dependence
on fit parameters was negligible and results are not shown. A significant
dependence is seen only on the assumed (not fitted) value of the mean
molecular weight of the unresolved organic mixture, with respect to an105

extremely conservative variation of a full order of magnitude, and only for
the conditions where effects of bulk–surface partitioning are most promi-
nent, i.e. the smaller particles comprising the very highest mass fractions
of surface active material. The strong sensitivity is seen for very high
assumed mean molecular weights of the organic mixture because these110

extreme conditions describe a situation where the surface adsorption of a
single mass unit will lead to large changes in the mass-balance between
surface and bulk phases of the droplet and resulting concentrations in
each phase. Nevertheless, only for an assumed mean molecular weight of
NAFA an order of magnitude smaller than the reported experimentally de-115

termined value (Mäkelä and Manninen, 2008) do we see a large deviation
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of model predicted CCN activity from the measurements of Kristensen
et al. (2014).

We have tried to bring out each of these aspects more clearly in our revised
manuscript.120

2. The current study is heavily based on your previous study (Prisle et al.,
2010) which is explained in detail throughout the manuscript. While there
is, of course, generally no objection to apply such previously published
framework in a follow-up study, the detailed description of this established
framework results adds to the lack of focus.125

The general methodology is similar to both some of our own previous
work (Prisle et al., 2010) and many others in the field, including recent
works of Ruehl et al. (2016), Ovadnevaite et al. (2017), Forestieri et al.
(2018), Malila (2018), Davies et al. (2019), and Prisle et al. (2019). The
main differences between these works are in the applications of specific130

thermodynamic functions, for example for bulk activity, surface tension,
and bulk–surface partitioning. The present framework allows thermody-
namically consistent, continuous Köhler calculations with a Gibbs parti-
tioning model for unresolved surface active organic mixtures. While the
model of Malila (2018) uses a different partitioning scheme, a similar ap-135

proach as presented here can also be implemented to enable predictions
for chemically unresolved mixtures. We have used the framework pre-
sented here already in the recent study of Prisle et al. (2019), however,
for the unresolved pollenkitt mixtures in that study, we did not have a
sufficient amount of independent measurements for different mixtures to140

obtain fully continuous ternary parameterizations of surface tension and
therefore to perform fully thermodynamically consistent Köhler calcula-
tions.We also did not have data to facilitate considerations of non-ideal
solution effects on droplet water activity. In the present manuscript, a
more detailed description of the model as well as reference to the previous145

works was added during the first revision, to highlight both similarities
and differences with respect to existing frameworks. We have tried to
further clarify these discussions in the revised manuscript.

3. Even though the manuscript was initially submitted more than two years
ago, the referees and I have to evaluate it under the aspects of current150

knowledge and state-of-the-art in the field. While the idea of surface/bulk
partitioning of surfactants on atmospheric aerosols might have been more
innovative back then, it is much more established by now in the atmo-
spheric chemistry community. In addition, some more advanced and re-
fined approaches have been put forward, e.g. (Davies et al., 2019) that155

should be discussed to explain the observations in the current study (cf
Report by Referee #1).

We agree the concept of bulk–surface partitioning is by now fairly well
established, at least in the specialized field of surface active aerosol, and in
particular following the recent direct experimental demonstration of such160

4



partitioning effects on pico-liter droplet surface tension by Bzdek et al.
(2020). However, as pointed out by e.g. Davies et al. (2019) and Lowe et al.
(2019) and highlighted by the findings of several recent works concerning
the influence of bulk–surface partitioning on surface active organic aerosol
CCN activity (Ruehl et al., 2016; Ovadnevaite et al., 2017; Forestieri et al.,165

2018; Lin et al., 2018; Malila, 2018; Davies et al., 2019; Prisle et al., 2019;
Lin et al., 2020), different surface models produce different results and
while each provide the ability to describe selected systems and conditions,
neither has been established as capable of broadly representing the effects
of surface activity on atmospheric aerosol CCN activity.170

The aim of this work has not been to introduce the idea of bulk–surface
partitioning, but to present a thermodynamically consistent framework
for performing predictive evaluations of these effects in growing droplets
comprising chemically unresolved surface active mixtures and to use these
calculations to gauge the importance of various manifestations of surface175

activity during droplet growth and activation. Previous works have either
focused on well-defined mixtures of known composition, or assumed proxy
compositions with well-known properties, but with unknown ability to
globally represent the unresolved mixture in question under varying con-
ditions. Common for these frameworks, including our own earlier work,180

is that the comprehensive description of solute-solute interactions, in par-
ticular between organic and inorganic components, quickly becomes very
complicated and poorly constrained by measurement, when several dis-
tinct molecular species are present in droplet solutions and all mutual
interactions must be explicitly considered. The need for thermodynam-185

ically consistent predictive modeling is also highlighted by Davies et al.
(2019), who follow the general approach of Li et al. (1998), Sorjamaa et al.
(2004), and many later works, using a single organic compound with well-
known or assumed known molecular properties. Davies et al. (2019) use
the models of Ruehl et al. (2016) and Ovadnevaite et al. (2017), which we190

discuss in the qualitative comparison of various recent approaches to in-
cluding bulk–surface partitioning and evolving surface tension and water
activity in Köhler calculations. Because these models are based on dif-
ferent assumptions and each presented for different selected systems, the
necessary thermodynamic data is currently not available to perform quan-195

titative comparison of all model predictions for the same aerosol systems.
Such a comparison is the focus of ongoing work.

Reviewer #1
Prisle and Molgaard present a revised manuscript describing a modeling

framework for treating the CCN activity of particles containing mixed NAFA200

and sodium chloride, using data from Kristensen et al. (2014). This is a
well-written paper and it addresses a real need to treat surface active
mixtures of unresolved atmospheric material. The model is mature and
incorporates considerations from across different studies over the past decades,
including the authors’ own work and including considerations from others’ work.205
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I do not believe that the results of the model fundamentally change the un-
derstanding of surface-active compounds in aerosols serving as CCN. Surface
tension and interfacial processes in the atmosphere are an interesting frontier
in atmospheric chemistry, and new techniques are needed to better constrain
the problem. Nevertheless, this work contributes new modeling results incorpo-210

rating updated data and approaches. I have a couple of minor comments and
believe that the manuscript is worthy of publication.

1. On page 8, the incorporation of surface tension measurements is discussed.
The measurement at 600 s seems very long given that nanoscale droplets
are modeled. The explanation beginning on line 19 is not clear. Please215

clarify.

Surface equilibration in microscopic (submicron and micron-sized) activat-
ing cloud droplets is considered to be diffusion controlled (Alvarez et al.,
2012) and much faster than for the macroscopic (millimeter-sized) droplets
measured with the pendant drop tensiometer (Alvarez et al., 2010). Ac-220

tivation in the CCNC instrument takes place during exposure times of
about 1 s, depending on the particle size and required critical supersat-
uration (Kristensen et al., 2014). Following the considerations of Prisle
et al. (2008), the ratio of the measurement time scales between the pen-
dant drop surface tension measurements corresponding to 600 s and the225

cloud droplet activation measurements is estimated to be of the same or-
der of magnitude as the ratio of diffusion distances in the droplet systems
involved in the two types of measurement, given by the diameter ratio
of the droplets, i.e. (pendant drop/activating droplet)∼(millimeter/few
microns)∼(600 s/1 s)∼102–103. Because the surface tension data set for230

NAFA mixtures corresponding to measurement times of 600 s is much
more comprehensive than those corresponding to later measurement times
(Kristensen et al., 2014; Lin et al., 2020), we here use the data set for mea-
surement times of 600 s, corresponding to the middle or lower end of this
dimensionless ratio. With this simple argument, any potential dynamic235

effects of surfactant solute diffusing to the droplet surface, which could
leading to incomplete (non-equilibrium) NAFA partitioning, are assumed
to be at least comparable between the surface tension parametrizations
and the droplet activation measurements, if present at all. In the pen-
dant drop measurements, the measurement times of 600 s for macroscopic240

solutions are seen to correspond to times where the steepest and the ma-
jority of the total dynamic surface tension decrease has already occurred.
We therefore do not consider such dynamic effects to significantly impact
either the cloud droplet activation measurements or the comparison with
our presented model predictions.245

We have tried to clarify these considerations of molecular diffusion in re-
lation to the relative measurement time scales between surface tension
and cloud droplet activation. We have furthermore added to the discus-
sion references to Alvarez Langmuir and Alvarez soft matter provided by
Reviewer #2.250
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2. Page 17 – “sharp infliction points” - “sharp inflection points”

Corrected.

3. Page 24 – “signaficantly” - significantly

Corrected.

Reviewer #2255

The authors have done a reasonable job addressing the suggested revisions
from the prior review two years ago. I have only a few remaining comments:

1. Page 3 lines 8-10: The claim that Bzdek et al. presented the ”first” mea-
surements of concentrations dependent surface tensions for finite-sized
droplets. . .” is an unnecessary overstatement since it neglects the260

substantial work and thinking on these kinds of topics from the non-
atmospheric chemistry communities. Some illustrative examples:

Jin et al. (2004)

Alvarez et al. (2010)

Alvarez et al. (2012)265

We thank the reviewer for bringing these references to our attention.
While the experimental works of Jin et al. (2004); Alvarez et al. (2010)
concern droplets or bubbles suspended in an infinite surfactant solution
reservoir and therefore somewhat different conditions than finite-sized sur-
factant solution droplets suspended in air measured in CCN experiments,270

we found the works most interesting and have added the references to the
discussion in our revised manuscript. The work of Alvarez et al. (2012)
involves considerations of surface area to bulk volume ratio in combination
with a Langmuir isotherm model for micro-liter droplets, which are several
orders of magnitude larger than the sub-micron sized droplets involved in275

cloud droplet activation calculations in our present work. The aim of these
considerations is mainly to establish the conditions for which the deple-
tion of a bulk surfactant solution is sufficient to alter the equilibrium and
dynamic surface properties in order to avoid the depletion effects of finite
confined volumes. This is the opposite situation of our own overall aim280

to establish the conditions where these depletion effects are significant for
growing and activating cloud droplets.

2. The authors, whether intentional or not, leave the reader with the strong
impression (e.g. page 24 lines 32-35) that properly accounting for surface-
bulk partitioning resolves a major source of error in modeling CCN. This285

has been discussed in many prior papers from this group and other as cited
in the current manuscript. While I generally agree with this, I am also
struck by Figure 1, where the most accurate Model (P) doesn’t satisfacto-
rily account for the entire range of compositions most notably NAFA rich
particles. This is a similar deficiency noted in Davies, et al. Atmos. Chem.290

Phys., 19, 2933–2946, 2019 for alternative models. Additionally, there are
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a number of other examples of complex organic rich (or purely organic)
aerosol systems created in the laboratory that show clear evidence of re-
duced surface tension, despite expectations to the contrary when surface-
bulk partitioning is properly accounted for. George et al., Atmospheric295

Environment, Volume 43, Issue 32, 2009,Pages 5038-5045 and Harmon
et al. Phys. Chem. Chem. Phys., 2013,15, 9679-9693. These studies
along with the discrepancy between model and measurement for 80-100%
NAFA imply more complex behavior than can be explained by accurately
accounting for surface-bulk partitioning. I don’t feel as if the authors300

have provided this literature context or adequately discussed the 80-100%
NAFA model/measurement discrepancies in their revised manuscript.

We have added the references provided to the discussion. We have elab-
orated on the comparison of experimental and model results for particles
with the highest NAFA mass fractions, highlighting the challenges for the305

model in general and specifically for modeling the NAFA system with a
relatively high average molecular mass. We already discuss the behavior
observed for several complex aerosol systems, indicating different impact
of surface activity on droplet activation properties than previously for sim-
ple strong model surfactants. These results motivated us to attempt ther-310

modynamically consistent, predictive modeling of such a complex surface
active mixture, to more closely examine the underlying dynamics between
partitioning, surface tension, and water activity, and to include also an
independently constrained account of concentration-dependent non-ideal
solution effects on droplet water activity, which in addition to surface315

activity could contribute to the observed differences droplet activation
behavior.

3. Page 17 line 5: ”infliction” should read ”inflection”

Corrected.

Reviewer #3320

This work presents a thermodynamic framework for droplet growth, which
combines treatment of surface tension, water activity, and surfactant partition-
ing representation. Results are presented for a NaCl + Nordic Aquatic Fulvic
Acid (NAFA) systems with the whole range of mixing ratios, and five sur-
face/bulk partitioning representations are considered. While the paper compre-325

hensive and focuses on a topic of interest to the field, there are a couple of major
issues that need to be addressed before final publication.

1. Four parameters from the Szyszkowski equation (2 parameters for qst1
and 2 parameters for qst2) was fit to pendant drop equilibrium surface
tension measurements. No goodness of fit statistics or confidence intervals330

of the four fit parameters are presented. 2 parameters were used for the
relationship between water activity and composition, though the source
of the data nor the goodness of fit are apparent. All fit parameter should
have uncertainties reported for equations (9), (10), (11), and (12).
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Both surface tension and water activity data for ternary parametrizations335

were obtained from Kristensen et al. (2014) and Lin et al. (2020). We
have added the goodness of fit statistics for the parametrizations used in
the calculations. We emphasize that these parametrizations contrain the
aqueous solution behavior of NAFA–NaCl mixtures independently of the
CCN measurements modeled with our framework. The exact forms of340

the fits are not a main focus of the Köhler model and very similar model
results were obtained for a range of functional forms and values of the
surface tension and water activity fit parameters.

2. Overall, the manuscript is too long, difficult to follow, and the discussion
regarding the implication of the model is overreaching. Only one ternary345

mixture at varied mixing ratios is examined, with many fit parameters.
Still, the systematic examination of the 5 partitioning treatments is cer-
tainly of interest to the field. The sensitivity analysis of the model input
parameters such as molecular weight of the NAFA is appreciated. If the
manuscript were shortened, and focused more on under what conditions350

and applications the different levels of partitioning treatment are needed,
it would be a useful contribution to the field.

The model is predictive and itself does not contain any fit parameters, it
can be used with any surface tension and water activity parameterizations,
containing any number of fit parameters. The main benefit of the model355

is that it enables thermodynamically consistent predictive modeling for
unresolved surface active mixtures, provided the parameterizations used
represent fully continuous variations with respect to the resolved compo-
nent fractions. We have moved some of the results which are important for
the conclusions, but may unnecessarily complicate the presentation, to the360

Supporting Information, and tried to focus the discussion of the various
key implications of the model results in relation to both reported experi-
mental CCN activity and simpler predictive frameworks, while maintain-
ing the additions made in response to previous reviewer comments. We
have further clarified the discussion points with use of subheaders.365

Similarly to other studies focusing on detailed thermodynamic modeling
of surface active aerosol CCN activity, our work concerns a limited num-
ber of mixtures covering a selected span of aerosol and droplet states. As
such, we do not consider that our results should be used to make too
generalized conclusions regarding the conditions for which the different370

levels of partitioning considerations should be used. Rather, we intend
to use the comparison between different model approaches as a means
to highlight the interplay of different interrelated underlying mechanisms.
We also wish to highlight that the NAFA–NaCl aqueous droplet systems
exhibit CCN activation behavior which is more in line with what has pre-375

viously been seen for much simpler surface active components and less
resembling the behaviors observed recently by Ruehl et al. (2016), Ovad-
nevaite et al. (2017), and Prisle et al. (2019) for other complex aerosol
systems. Our point is that the manifestation of bulk–surface partitioning
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behavior in CCN activity for complex surface active aerosol is likely to be380

highly dependent on conditions and in general not well represented by a
single model for all atmospherically relevant systems. We have tried to
emphasize this point in the revised manuscript.

3. Page 17, Line 17: should be ‘leading to a simultaneous’ instead of ‘leading
a to a simultaneous’385

Corrected.

4. Page 19, Line 28: should be ‘except for’ instead of ‘expect for’

Corrected.

5. Page 22, Line 1: should be ‘on’ instead of ‘om’

Corrected.390
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