
REPLIES TO REFEREES 
 
We thank the referees for their insightful comments and suggestions that have helped us to improve 
our manuscript.  
We have answered to each of the referee’s comments below. The reviewers’ comments are shown in 
bold, and the text that has been added to, or modified in, the revised manuscript is shown in italics. 
The changes in the revised manuscript are highlighted in yellow. The page and line numbers given in 
the answers refer to those in the ACPD version of the manuscript.  

 

Reply to Referee #1 
General comments 
Manuscript explores the validity of the so-called nano-Köhler theory to describe the on-set of 
the growth of atmospheric particles. Although no simple answer to the question posed by the 
title is given, the manuscript provides a commendable effort in focusing on the validity of 
simplified assumptions often used—and too often overlooked—when modelling atmospheric 
cluster and particle processes; in this sense, the manuscript provides a natural continuation of 
the work performed earlier by some of the authors using the same methodology (ACDC cluster 
population model; Olenius and Riipinen, 2017). The presentation is clear and conclusions follow 
logically from the computational results (see, however, specific comments), although as a non-
native English speaker I feel that usage of some additional commas could improve the 
representation. However, even more (theoretical) insight could be obtained from the presented 
computational results, and the authors should consider including more detailed discussion on 
the manuscript.  
The premise of the nano-Köhler theory is that homogeneous nucleation of inorganic clusters is 
followed by activation of the same clusters by organic vapour condensation, while the results 
shown indicate that in actual atmospheric conditions the situation may not be so 
straightforward. In earlier studies using the same methodology (ACDC), the nature of the first 
step—formation of sulphuric acid–ammonia/amine clusters—has been found spontaneous, i.e. 
posing no thermodynamic barrier, under some atmospherically relevant conditions. Likewise, 
results given in the manuscript for the ELVOCs (Sect. 4.1.2) seem to indicate barrierless 
condensation of organic vapour. Thus, it seems that there are four possible scenarios: i) 
thermodynamic barrier for both inorganic cluster formation (nucleation) and organic 
condensation (activation), ii) thermodynamic barrier inorganic cluster formation and 
barrierless condensation, iii) no thermodynamic barrier for inorganic cluster formation but 
thermodynamic barrier for organic condensation, and iv) no thermodynamic barrier for 
inorganic cluster formation nor organic condensation. It would be interesting to know how the 
number of thermodynamic barriers would contrast to the overall picture presented in Fig. 8. 
The existence of a thermodynamic barrier depends mainly on vapor saturation ratio, which is 
determined by vapor concentration and its saturation vapor pressure over the surface of a cluster or a 
particle. Therefore, the region on the right-hand side of Fig. 8, where organic vapor dominates the 
growth at all sizes, corresponds to the situation where there is no barrier, or a relatively small barrier, 
for organic vapor. The regions where nano-Köhler type behaviour is observed or sulfuric acid 
dominates the growth correspond to the situation with a barrier for the organic vapor. 
Correspondingly, the region on the left-hand side corresponds to the situation where there is no 
barrier, or only a small barrier, for sulfuric acid. In other words, Fig. 8 can be interpreted to give 
information on the relative barriers: the compound that has no barrier or a significantly lower barrier 



to cluster and condense is likely to dominate the whole formation process. Activation or transition 
occurs when one of the compounds overcomes its thermodynamic barrier, regardless of if the 
clustering of the other compound driving the initial cluster formation involves barriers or not. It must 
be noted that activation/transition is in fact the only case that always involves a thermodynamic 
barrier: cases where one of the compounds dominates can also be due to differences in the vapor-
phase concentrations, and do not necessarily involve thermodynamic barriers (i.e. a compound with 
a high concentration dominates). To clarify this in the manuscript we added the following sentence 
in the end of the Sect. 4.1.3: 
On a general level, Fig. 8 can be interpreted to give information on the relative thermodynamic 
barriers of inorganic and organic compounds: the compound that has no barrier or has a 
significantly lower barrier to cluster and condense than the other compound is likely to dominate the 
growth of the cluster population.  
 
Related to the overall picture and schematics of Fig. 8, authors remark that “conditions for 
different growth mechanisms depend on vapor properties and environmental conditions and 
thus they cannot be generalized to arbitrary compounds and conditions”. However, as authors 
have performed simulations using two different scenarios for particle loss with different size 
dependencies, it would be interesting to know how sensitive this scheme is to the nature and 
strength of particle losses. 
Particle losses may affect the growth dynamics in different ways. For instance, if the magnitude of 
losses is increased or the size-dependence changed so that also larger particles are more easily 
scavenged, higher absolute vapor concentrations are needed for the particles to grow fast enough to 
reach activation sizes before being lost. Higher losses may also make coagulation among the clusters 
less significant. On the other hand, the effects on the whole distribution may be very non-linear if 
there are significant evaporation fluxes from the larger clusters towards the smaller sizes. However, 
although large changes in particle scavenging may change the growth dynamics, we can expect that 
the qualitative picture of Fig. 8 is not significantly affected by minor changes in the losses. We now 
note this in the manuscript (P6, L3):  
One should note that if cluster losses were significantly changed in our simulations, the growth 
dynamics of the cluster population could change. However, minor changes in the losses are not 
expected to affect our results on the qualitatively level. 

 
Table 3 gives a good summary on different simulation sets, and it would help the reader if these 
would also be referred accordingly in Results and discussion. 
We followed the suggestion and added references to Table 3 in Results and discussion. 

 
Specific comments and technical corrections 
 

Page 1, line 27: ‘aerosol forcing’ ® ‘aerosol radiative forcing’. 
We fixed this. 

 
Page 2, lines 1–12: The role of ions for the NPF process in addition to organic compounds and 
bases could be mentioned. Related to this, there is no reference corresponding to ‘Kirkby et al., 
2016’ in the list of references. 



We added Kirkby et al. (2016) in the reference list and a following sentence discussing the role of 
ions in NPF (P2, L4):  
In addition, electric charge may enhance clustering when electrically neutral clusters are unstable 
or vapor concentrations are low (Lehtipalo et al., 2016; Kirkby et al., 2016). 
 
Starting from page 2, there are several references to articles ‘Kulmala, 2004’ and ‘Kulmala et 
al., 2004’ in the manuscript. However, only the one corresponding to ‘Kulmala, 2004’ is given 
in the list of references, although it should be ‘Kulmala et al., 2004’. The list of references has 
also other issues and should be revised by the authors. 
We fixed this and checked the list of references. 
 
Page 3, line 11: Heterogeneous, not homogeneous, nucleation of the organic vapour should be 
implied.  
It is true that Wang et al. (2013) focuses on heterogeneous nucleation. However, we are referring to 
nucleation more broadly here, regardless of the nucleation mechanism. Therefore, we decided to omit 
“homogeneous” from this sentence and simply write “by nucleation”. 
 
In relation to Eq. (1), aorg is used to denote the activity coefficient of the organic compound. As 
a is commonly used for the activity, this seems somewhat misleading. I would recommend using 
forg for the activity coefficient, as g has been already reserved for other use. Also, the surface 
tension in the Kelvin term should refer to the droplet/cluster as whole, not to the organic 
compound. 
We changed aorg to forg and removed “org” from the subscript of the surface tension term.  
 
 Page 4, lines 17–18: It should be noted that if adsorption of vapour on the insoluble seed surface 
is taken into account, it is possible to have a maximum in the saturation ratio vs. cluster size 
curve [1]. 
We modified the sentence to clarify that we are referring here to classical heterogeneous nucleation, 
where adsorption is not considered. The sentence now reads “Note that this behavior is different than 
in classical heterogeneous nucleation,…” 
 
Page 4, lines 18–30: Although mainly phrased in terms of water vapour, theoretical and 
simulation results can be found from the literature focusing on the nucleation/activation-
transition [3, 4, 5], some of which might be relevant for discussion here. 
We added a citation to Reiss and Koper (1995) on P4, L16, where stable and unstable equilibrium are 
discussed. 

 
Figure 1: This is a very good figure illustrating the differences between simplified nano-Köhler 
theory and the real system behaviour. However, the meaning of double-headed thin arrow in 
the real system description is not clear, does it imply forward and backward crossing of the 
thermodynamic barrier? 



We apologize for the unclarity; the purpose of the arrow was to depict the coagulation of the two 
clusters. We have now modified the figure to better illustrate the coagulation process that can, indeed, 
lead to the crossing of the barrier.  

 
Table 1: Is there any reason, why the condensing organic vapour has to be water-soluble in the 
nano-Köhler theory? 
In the original nano-Köhler theory presented by Kulmala et al. (2004), the organic compound is 
assumed to be water-soluble to simplify the thermodynamic description of the system. In principle, 
the organic species could of course be insoluble, which would lead to different cluster/particle 
thermodynamics, that is, different evaporation rates. This does not change the qualitative picture 
regarding the role of the organic vapor in cluster growth, if the evaporation rate of the organic 
compound is still high for the small clusters, and decreases with cluster size. 
 
 Page 6, line 8: General Dynamic Equation (not Dynamics). Also, although this is a matter of 
taste, Eq. (2), when given in molecular resolution, could be referred as an extended 
Smoluchowski coagulation equation, considering Marian Smoluchowski’s seminal contribution 
to the theory. 
We changed “Dynamics” to “Dynamic”. We also now mention that Eq. (2) is called Smoluchowski 
coagulation equation.  

 
Page 6, line 15: An original reference [2] for the ACDC model should be given. 
We added the reference suggested by the referee. It must be noted, though, that this reference 
describes only the very first version of the model, and most model features have been implemented 
in later versions. Therefore, we also refer also more recent work. 
 
Equation (3): Although containing the Kelvin term, this equation could be more properly 
referred as a condition of detailed balance than the Kelvin formula. 
This is correct. However, we prefer to refer to Eq. (3) as the Kelvin formula for two reasons: (1) In 
the atmospheric aerosol community, many readers are more familiar with this expression. (2) We 
would like to emphasize that we approximate the evaporation rates based on the classical Kelvin-
Raoult description, instead of, for example, using Gibbs free energies of cluster formation obtained 
from quantum chemical calculations (which are unfortunately not available for large organic 
clusters).  

 
Page 7, line 16: Mass of 500 amu is given here for the LVOClarge, while in Table 2 and caption 
of Fig. A6, 600 amu are given. Which one is right? 
We apologize for the confusion; the mass of 600 amu is correct. We fixed the typo.   

 
Page 7, lines 26–29: Would there be other likely contributions, besides Raoult’s law effect for 
the organic vapour, from the inclusion of water vapour into simulations? 
For the Kelvin-Raoult approximation and assumptions applied in this work, water would simply 
decrease the evaporation of the organic species. However, in reality water can also affect the surface 



tension and density of the droplets (in the exponential factor of Eq. (3)), as well as the activity 
coefficient (Eq. (1)) when assuming non-ideal mixing. Furthermore, water molecules increase the 
cluster size, thus affecting the collision coefficients, and consequently also the evaporation 
coefficients through the detailed balance (Eq. (3)). This effect may however be minor compared to 
the effects on the thermodynamics. We added discussion about the additional effects of water in the 
manuscript (P7, L29):  
One should note, though, that in reality water can also affect the surface tension and density of the 
clusters as well as the activity coefficient when assuming non-ideal mixing. Furthermore, water 
molecules increase the cluster size, thus affecting the collision coefficients, and consequently also the 
evaporation coefficients through the detailed balance (Eq. (3); see also Henschel et al., 2016).  
 
Table 3 and page 21, line 5: The unit for pressure (Pa) is missing. 
We added the missing units. 

 
 Figures 2 and 5: Does the solid line indicate clusters with 1:1 stoichiometry? I could not find 
any explanation from the text. 
Yes, it does. We added an explanation for the line in the figure captions.  

 
Page 19, lines 13–15: When considering Eq. (3), this is right when considering a given 
compound. However, as in general higher molecular mass implies smaller equilibrium vapour 
pressure, this statement sounds odd. It should be noted that the ratio morg / rorg in Eq. (3) refers 
to the (partial) molecular volume of the organic compound in the cluster, correlating strongly 
with the surface area of a (spherical) molecule at the surface. From this perspective, it might be 
better to rephrase the sentence pointing out the importance of molecular volume/exposed 
surface area instead of molecular mass on the equilibrium vapour pressure over a curved 
surface. 
We modified the sentence according to the referee’s suggestion. The sentence now reads: 
The main reason for the difference is that the evaporation rate is higher for the compound with a 
higher mass, due to a larger molecular volume (morg/rorg) and thus also a larger surface area of a 
molecule at the cluster surface (see Eq. 3). 

 

Reply to Referee #2 
 
“Exploring the potential of the nano-Köhler theory to describe the growth of atmospheric 
molecular clusters by organic vapors,” by Kontkanen et al., explores the conditions in which 
nano-Kohler theory can be applied to the initial stages of new particle formation (NPF). The 
development of simple models that accurately represent NPF and the subsequent growth of 
nanometer-sized particles are needed in order to assess the importance of NPF in climate and 
air quality. This study can potentially address these needs, and therefore is quite appropriate 
for publication in ACP. I do, however, have one major concern that the authors should address 
before recommending publication. In addition, I will recommend a number of minor 
corrections.  
This study has, as its main objective, the determination of whether nano-Kohler theory may be 
appropriate for representing NPF for range of compounds (H2SO4, LVOC, and ELVOC) and 



concentrations (1E6 – 1E8) that are representative of ambient air in many locales. In order to 
test their implementation of nano-Kohler, the authors compared their results to those of a 
cluster kinetics model. Herein lies my concern. Since the authors use their comparisons between 
nano Kohler and cluster kinetics models as their metric for whether nano-Kohler is appropriate 
for describing atmospheric NPF, this paper should be more appropriately titled “Exploring the 
potential of the nano-Köhler theory to describe the growth of atmospheric molecular clusters 
by organic vapors as predicted by a cluster kinetics model.” I assume that the authors wish the 
readers to interpret these results more generally, i.e., associate the information shown in Figure 
8 (which, as an aside, is a wonderful graphic!) with actual atmospheric concentrations of H2SO4 
and organics. But this is not what’s being tested, nor have the authors placed effort into 
convincing the reader that the assumptions made in implementing the cluster kinetics mode 
actually result in an accurate description of atmospheric NPF. 
To clarify that our aim is to study the suitability of nano-Köhler theory to describe NPF based on 
cluster kinetics simulations, we changed the title of the manuscript to “Exploring the potential of the 
nano-Köhler theory to describe the growth of atmospheric molecular clusters by organic vapors 
using cluster kinetics simulations”. However, we would like to point out that rather than focusing on 
the quantitative results obtained for the studied model systems, we wish to compare the predictions 
of the very simplified nano-Köhler description to those given by a full cluster kinetics model using 
the same input parameters for both models (as discussed below). The cluster population model 
includes processes that cannot be included in the nano-Köhler framework, e.g. the fact that even when 
the thermodynamic barrier prevents spontaneous condensation of the organic vapor, the organic 
compound may still be taken up by the clusters through nucleation (Fig. 1). 
 
I see two possible ways to address this issue, both of which could ideally be applied to this study. 
The first is to address my concern about the accuracy of cluster kinetics modeling for describing 
NPF under the range of conditions that are the foci of this study. Rather than assuming that 
the reader interprets the results of cluster kinetics modelling as “truth,” the authors need to 
provide clear evidence of this fact. This includes the validity of the various assumptions used in 
that model, such as hard-sphere collisions, evaporation rates using Kelvin Theory, etc. 
We would like to clarify that we are not implying that the parameters that we use as input in our 
model are “truth”. For instance, evaporation rates derived from Kelvin equation can significantly 
differ from the real evaporation rates. However, our aim in this study is not to use as chemically 
detailed input data as possible in the model simulations. Instead, we want to compare how well nano-
Köhler theory, which describes the growth of cluster population in an extremely simplified way, 
compares with the cluster kinetics model, which gives a detailed and accurate description of the 
behaviour of cluster population, when the same input parameters are used. In other words, instead of 
addressing detailed chemistry, we focus on cluster population dynamics to explore how large effects 
these processes, which are omitted in nano-Köhler theory, may have on observed cluster growth. 
To clarify this in the manuscript we modified the end of introduction (P3, L23) which now reads:  
In this study, our aim is to investigate the potential of nano-Köhler theory to describe the initial 
growth of atmospheric molecular clusters by organic vapors considering the complex dynamics of a 
cluster population. For this we use a molecular-resolution model, which allows us to explicitly 
simulate the time-evolution of a cluster population involving organic and inorganic species. First, 
we discuss similarities and differences between nano-Köhler theory and the traditional Köhler theory 
and compare their assumptions to real atmospheric molecular systems. Then, we apply cluster 
kinetics simulations to study the conditions under which nano-Köhler type behavior can be observed 
assuming representative molecular systems. Specifically, we investigate the effects of vapor 
properties, such as volatility and vapor concentrations, on the dynamics of the cluster population. 



We also compare the results on cluster activation obtained from the detailed simulations to the 
predictions of the nano-Köhler theory. This way we can assess to what extent nano-Köhler theory, 
which describes the behavior of the cluster population in a very simplified manner, is able to capture 
the cluster growth. 
In addition, we added two sentences discussing the assumptions about evaporation rates (P6, L23): 
One should note that these evaporation rates can significantly differ from the real cluster evaporation 
rates in a system involving sulfuric acid and organic compounds. However, in this study our aim is 
not to use as complex evaporation rate data as possible but to compare nano-Köhler theory and 
cluster kinetics simulations with similar assumptions for evaporation rates. 
Finally, we now mention in the conclusions that the quantitative results on the conditions under which 
activation occurs depend on vapor and cluster properties (P21, L5):  
 
However, it must be kept in mind that the quantitative results depend on the exact vapor and cluster 
properties. 
 
We would also like to point out that in the end of the conclusions, we state that improved 
understanding of cluster thermodynamics, including composition and size-dependent evaporation 
rates, is needed.  Thus, we trust that the uncertainties in our model parameters are clear to the reader. 
 
My other recommendation is to use experimental data to compare to the results of nano-Kohler. 
Prior studies have explored cluster growth rates as a function of measured H2SO4 
concentrations (e.g., “Size and time-resolved growth rate measurements of 1 to 5 nm freshly 
formed atmospheric nuclei,” Kuang et al., ACP, 2012), so it would seem a simple task to take 
measured growth rates and [H2SO4] and explore the predicted growth rate from nano-Kohler 
using realistic assumptions for [LVOC] and [ELVOC]. My first recommendation, I feel, is 
necessary for this paper. My second recommendation would allow readers to have a lot more 
confidence that the data shown in Figure 8 is truly representative of the real atmosphere. 
We feel that there is a misunderstanding regarding the purpose and methods of our work. In this 
study, we address the fact that the simplified nano-Köhler theory might not be a suitable approach to 
interpret observed ~sub-5 nm nanoparticle formation, because the population of these small clusters 
is affected by various dynamic processes not included in nano-Köhler theory (see Sect. 2) The cluster 
population simulation data can be considered as synthetic “measurement” data, against which nano-
Köhler theory is validated using the same cluster properties in the simulations and in the nano-Köhler 
predictions. The fact that the cluster population does not always behave according to the nano-Köhler 
predictions demonstrates that nano-Köhler theory is not necessarily capable of capturing the details 
of cluster growth, even if all parameters used in nano-Köhler calculations were exactly correct. 
However, we now further emphasize (e.g. in Conclusions) that the quantitative results depend on the 
parameters related to e.g. cluster stability (see the reply to the previous point above), as the Reviewer 
rightfully points out. 
In this work, we also demonstrate and discuss the problems related to interpreting apparent ~sub-5 
nm growth rates, which are deduced from the cluster simulation data according to the standard 
experimental approach (the appearance time method) (e.g. Sect. 4.2, 4.3.1 and 4.3.2). The behaviour 
of the apparent growth rate of the population may be linked to an activation process, but may also be 
due to other population dynamics processes. Therefore, interpreting experimentally determined 
growth rates through nano-Köhler theory, or fitting a nano-Köhler model to the growth rates, is likely 
to involve considerable uncertainties – or result in getting the observed growth right for wrong 
reasons. 



In general, we feel that comparing our modelling results to experimental data is outside the scope of 
this study. Quantitative comparison would be challenging due to significant uncertainties in the large 
number of model parameters and in the exact properties and concentrations of organic compounds 
detected in field and laboratory experiments. However, in the future we are planning to perform 
cluster population simulations applying more detailed cluster properties for specific chemical 
systems, which we aim to compare with experimental data.   
 

The following are minor suggestions, where each comment is preceded by the page 
and line number. 
 
P1, L29: Shouldn’t the word “including” be replaced by “specifically”? Including suggests 
that the phrase that follows is a process that differs from NPF, but in my view it specifically 
defines NPF. In general I would recommend to the authors that they do a better job of defining, 
very early in the manuscript, what is meant by NPF. In this paper, the focus is on the formation 
of the cluster and the growth up to a few nanometers in diameter. One gets that point later in 
the paper, but I feel it could be made more clear from the start (this includes the abstract). 
We changed “including” to “specifically” and added the following sentence in the beginning of the 
abstract: Atmospheric new particle formation (NPF) occurs by the formation of nanometer-sized 
molecular clusters and their subsequent growth to larger particles. 
In addition, to clarify that we focus on the very first steps of NPF, we modified two sentences in the 
abstract (P1, L18) and in the introduction (P3, L17) by adding “initial” in front of the “the growth of 
atmospheric molecular clusters”. 
 
P3, L21: “to study in what kind” is awkward phraseology. I suggest “to study the conditions 
under which” 
We rephrased the sentence following the referee’s suggestion. 
 
P3, L26: “The nano-Kohler” does not require the article “The” . . . this is a common error 
throughout the manuscript. 
We fixed this. 
 
P4, L10: The term “seed cluster” is used here but it really hasn’t been introduced. What 
is a seed cluster and why is it required? 
In nano-Köhler theory seed clusters refer to the initial molecular clusters which can become activated 
to growth by organic vapors. To clarify this, we added “initial” in front of the “seed cluster” on P4, 
L10. In the absence of seed clusters or other clustering compounds, the initial cluster formation can 
occur only by organic vapors. If pure organic clusters are highly unstable, clustering is very weak and 
particle formation does not occur, except possibly at high organic vapor concentrations. As discussed 
in Sect. 2, in real systems of atmospheric molecular clusters there is no specific non-evaporating seed 
or condensing vapor but there is a distribution of inorganic and organic vapor molecules and clusters 
which all can collide and evaporate.   



P6, L27: This stated loss rate due to dilution is unique to the CLOUD experiments, as 
it depends on the flow rates into and out of the chamber, that authors should state this 
fact. 
We modified the sentence to clarify this issue. The beginning of the sentence now reads “In most 
simulations the external loss coefficient Li was set to correspond to losses in the CLOUD (Cosmics 
Leaving OUtdoors Droplets) chamber,..” 
 
P7, L26: Wouldn’t adding water content to the model also increase uptake of some 
compounds such as H2SO4 and other hygroscopic organics, due to increased surface 
area? 
Yes, this would happen if the compounds are assumed to be hygroscopic. In reality water can also 
affect the surface tension, density and activity coefficient of the clusters. Water molecules can also 
increase cluster sizes and thus affect both the collision and the evaporation rates. See also the answer 
to the comment by Referee #1 related to the effects of water.  
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Abstract. Atmospheric new particle formation (NPF) occurs by the formation of nanometer-sized molecular clusters and their 

subsequent growth to larger particles. NPF involving sulfuric acid, bases and oxidized organic compounds is an important 

source of atmospheric aerosol particles. One of the mechanisms suggested to depict this process is nano-Köhler theory, which 

describes the activation of inorganic molecular clusters to growth by a soluble organic vapor.  In this work we studied the 

capability of nano-Köhler theory to describe the initial growth of atmospheric molecular clusters by simulating the dynamics 20 

of a cluster population in the presence of a sulfuric acid–base mixture and an organic compound. We observed nano-Köhler 

type activation in our simulations when the saturation ratio of the organic vapor and the ratio between organic and inorganic 

vapor concentrations were in a suitable range. However, nano-Köhler theory was unable to predict the exact size at which the 

activation occurred in the simulations. In some conditions apparent cluster growth rate (GR) started to increase close to the 

activation size determined from the simulations. Nevertheless, because the behavior of GR is also affected by other dynamic 25 

processes, GR alone cannot be used to deduce the cluster growth mechanism. 

1 Introduction 

Atmospheric new particle formation (NPF) is a significant source of global cloud condensation nuclei (CCN) (Kerminen et 

al., 2012; Spracklen et al., 2008), and thus it affects the magnitude of indirect aerosol radiative forcing (Kazil et al., 2010; 

Makkonen et al., 2012). NPF has also been observed to contribute to particulate pollution events in urban environments, such 30 

as Chinese megacities (Guo et al., 2014). Therefore, accurate understanding of NPF, specifically the formation of the initial 
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nanometer-sized molecular clusters and their further growth to larger particles, is necessary both to decrease uncertainties in 

climate projections, and to tackle urban air quality problems. 

According to current knowledge, sulfuric acid is a major driver of the first steps of NPF in most environments (Kuang et al., 

2008; Paasonen et al., 2010; Kulmala et al., 2013). Base compounds, such as ammonia and amines, are also important due to 

their ability to cluster efficiently with sulfuric acid and stabilize the initial nanoparticles (Almeida et al., 2013; Jen et al., 2014, 5 

2016; Kirkby et al., 2011). In addition, electric charge may enhance clustering when electrically neutral clusters are unstable 

or vapor concentrations are low (Lehtipalo et al., 2016; Kirkby et al., 2016). Low-volatile organic vapors have long been 

considered as responsible for growing the freshly-formed particles to larger sizes (e.g. Kuang et al., 2012; Riipinen et al., 2012; 

Yli-Juuti et al., 2011). Furthermore, recent experimental results show that highly oxidized organic species, formed by oxidation 

of monoterpenes, can participate in NPF already at nanometer sizes (Schobesberger et al., 2013; Kirkby et al., 2016). However, 10 

understanding of the physics and chemistry of NPF involving organic compounds is still very limited, largely because the 

identities and properties of the organic species are poorly known (Donahue et al., 2013; Elm et al., 2017). In particular, there 

is a lack of a robust physical description of the formation of the initial nanoparticles in the presence of sulfuric acid, bases and 

organic compounds. Such a description is needed for correct interpretation of the experimental data on NPF, but also for 

implementing the process accurately in larger-scale atmospheric transport models.  15 

NPF is often described as a two-step process (Kulmala et al., 2000). In the first step, a stable cluster that is more likely to grow 

than to evaporate is formed by nucleation, and in the second step the cluster grows to larger sizes by condensation. The latter 

step is often referred to as activation of the clusters. Accordingly, particle formation involving sulfuric acid, bases, and low-

volatile organic compounds can be considered to proceed via the formation of a stable sulfuric acid-base cluster, followed by 

its growth by condensation of organic vapor (Kulmala et al., 2004). However, if the participation of organic vapor in NPF 20 

occurs simply by condensation, the organic vapor needs to have an extremely high saturation ratio to be able to contribute to 

the growth at nanometer sizes (Kulmala et al., 2004). This is due to the large surface-to-volume ratio of the clusters, which 

makes attachment of molecules thermodynamically unfavorable. This is qualitatively depicted by the Kelvin effect, in which 

the saturation ratio over the surface of a spherical particle increases with decreasing particle size. Several mechanisms have 

been proposed to describe how nanometer-sized clusters can overcome this thermodynamic barrier. These mechanisms include 25 

heterogeneous nucleation of organic vapors (Wang et al., 2013), heterogeneous reactions between clusters and organic vapors 

(Wang et al., 2010; Zhang and Wexler, 2002), adsorption of organics on cluster surface (Wang and Wexler, 2013) and a nano-

Köhler-type mechanism (Kulmala et al., 2004). In this study, we focus on nano-Köhler mechanism and its capability to describe 

the growth of atmospheric clusters. 

Nano-Köhler theory was first proposed by Kulmala et al. (2004). It describes the activation of nanometer-sized inorganic 30 

clusters to growth by condensation of organic vapor, which is soluble in the inorganic compound and water. Thus, nano-Köhler 

theory is analogous to Köhler theory describing the activation of CCN to cloud droplets. The fact that nano-Köhler theory is 

based on the macroscopic properties of the condensing vapors makes it appealing to use for describing the initial particle 

formation. Nano-Köhler mechanism has been applied in aerosol dynamics models (Anttila et al., 2004; Korhonen et al., 2004), 
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used to describe activation of particles inside condensation particle counters (Giechaskiel et al., 2011; Kulmala et al., 2007), 

and suggested to explain observed behavior of sub-5 nm particle populations in field and laboratory measurements (Kuang et 

al., 2012; Kulmala et al., 2013; Tröstl et al., 2016). In a recent laboratory study Tröstl et al. (2016) examined particle growth 

rates (GR) in the presence of monoterpene oxidation products and observed accelerating growth at sizes below 5 nm. Using a 

volatility distribution growth model, where the condensational growth of a single representative particle is described by nano-5 

Köhler mechanism, the authors suggest that the particle growth at sizes below ~2 nm is governed by organic vapors with 

extremely low volatility. At larger sizes, where the Kelvin effect is reduced, more abundant vapors with slightly higher 

volatilities can start to contribute to the growth, resulting in a higher GR.  

Although nano-Köhler theory has been applied in aerosol dynamics and single-particle growth models, these modelling 

approaches provide only limited knowledge of the capability of the theory to describe the very first steps of NPF. This is 10 

because these models describe condensation macroscopically, which means that all particles of a given size grow or shrink at 

the same rate. However, the formation and growth of the smallest sizes is affected by stochastic collision and evaporation 

processes, which causes widening of the nanoparticle size distribution and enables the crossing of thermodynamic barriers by 

nucleation (Wang et al., 2013). Furthermore, single-particle modeling approaches assume that particles grow only by vapor 

monomer collisions, while both experimental and modeling studies indicate that cluster-cluster collisions may significantly 15 

contribute to particle growth in some conditions (Kontkanen et al., 2016; Lehtipalo et al., 2016). Modeling the initial NPF 

accurately requires using a cluster kinetics model, which simulates the time-development of cluster concentrations explicitly 

considering stochastic effects and including all collision and evaporation processes between vapor molecules and clusters 

(Olenius and Riipinen, 2017). 

In this study, our aim is to investigate the potential of nano-Köhler theory to describe the initial growth of atmospheric 20 

molecular clusters by organic vapors considering the complex dynamics of a cluster population. For this we use a molecular-

resolution model, which allows us to explicitly simulate the time-evolution of a cluster population involving organic and 

inorganic species. First, we discuss similarities and differences between nano-Köhler theory and the traditional Köhler theory 

and compare their assumptions to real atmospheric molecular systems. Then, we apply cluster kinetics simulations to study 

the conditions under which nano-Köhler type behavior can be observed assuming representative molecular systems. 25 

Specifically, we investigate the effects of vapor properties, such as volatility and vapor concentrations, on the dynamics of the 

cluster population. We also compare the results on cluster activation obtained from the detailed simulations to the predictions 

of the nano-Köhler theory. This way we can assess to what extent nano-Köhler theory, which describes the behavior of the 

cluster population in a very simplified manner, is able to capture the cluster growth. 

2 Theory 30 

Nano-Köhler theory describes the activation of inorganic clusters to growth by spontaneous condensation of organic vapor, 

which is soluble in the inorganic compound and water (Kulmala et al., 2004).  In the original nano-Köhler theory, presented 
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by Kulmala et al. (2004), a system involving sulfuric acid–ammonia clusters, an organic compound, and water is studied. 

However, the theory can also be applied to other seed compositions and to systems containing only inorganic clusters and an 

organic vapor without water, which is the case in this study.  

Nano-Köhler theory is based on assuming a thermodynamic equilibrium between the clusters and the condensing organic 

vapor. In an analogous way to the traditional Köhler theory, the equilibrium saturation ratio of organic compound (Sorg,eq)	is 5 

obtained from 

*+,-,./ = 1+,-2+,-exp	 5
6789:;

<=>?9:;@A
B	,         (1) 

where 1+,- is the molar fraction of the organic compound in the particle phase, 2+,- is the activity coefficient, 	C+,- is the 

molecule mass, D+,- is the liquid-phase density, σ is the cluster surface tension, and FG is the cluster diameter.  HI  is the 

Boltzmann constant and J is temperature. A similar equation can be written for the equilibrium saturation ratio of water if it 10 

is included in the studied system (Kulmala et al., 2004).  

From Eq. (1) it is possible to solve the equilibrium saturation ratio of organic compound for different cluster sizes FG in the 

presence of an initial seed cluster with diameter FG,K. When the resulting equilibrium saturation ratios are plotted as a function 

of the cluster size, a curve similar to traditional Köhler curves is obtained. The curve exhibits a peak resulting from the 

combination of Kelvin and Raoult effects, caused by the curvature of the cluster surface and solubility of the compounds  15 

(Vehkamäki and Riipinen, 2012). When the saturation ratio of the organic compound is lower than the peak value, the seed 

clusters trapped behind the peak maintain their equilibrium size but they cannot grow further. When the saturation ratio 

increases beyond the peak value, the clusters start to grow spontaneously by condensation of organic vapor (see Fig. 1).  Thus, 

the ascending part of the curve corresponds to the stable equilibrium state and the descending part to the unstable equilibrium 

(Reiss and Koper, 1995). Note that this behavior is different than in classical heterogeneous nucleation, where the seed is 20 

insoluble in the nucleating vapor, and the saturation ratio needed for the cluster activation decreases as a function of cluster 

size without a maximum (Winkler et al., 2008). 

Although the thermodynamic equilibrium is described in an analogous way in nano-Köhler theory and in the traditional Köhler 

theory, there are differences between these two theories, especially related to the systems that they are describing (Anttila et 

al., 2004; Kulmala et al., 2004). The comparison between the theories is presented in Table 1. Furthermore, the real systems 25 

differ significantly from the simplified system assumed in nano-Köhler theory (see Table 1 and Fig. 1). In real systems there 

is no specific non-evaporating seed or condensing vapor but there is a distribution of inorganic and organic vapor molecules 

and clusters which all can collide and evaporate. Furthermore, there does not necessarily exist an energy barrier that needs to 

be overcome, but the growth of clusters may be entirely governed by kinetic collisions. If an energy barrier exists, clusters 

may overcome the barrier even before the critical saturation ratio is reached as a result of stochastic collisions, i.e. nucleation, 30 

and thus the system is not in thermodynamic equilibrium all the time (Vehkamäki and Riipinen, 2012). In addition, in real 

systems organic and inorganic vapors are not lost solely due to scavenging by pre-existing particle population but also due to 
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collisions with clusters. Furthermore, vapor concentrations and external losses may vary over time, which can affect the 

dynamics of the cluster population.  

 
Figure 1: Schematic figure illustrating how the growth of atmospheric molecular clusters is described by nano-Köhler theory, and 
how the growth occurs in real molecular systems affected by various dynamic processes. 5 
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Table 1: Comparison between Köhler theory, nano-Köhler theory and real systems of atmospheric molecular clusters. 

Köhler theory Nano-Köhler theory Real molecular systems 
Describes the activation of CCN (dp>50 nm) 
to cloud droplets by spontaneous condensation 
of water vapor. 
 

Describes the activation of inorganic clusters (dp 
= ~1–3 nm) for growth by spontaneous 
condensation of organic vapor. 

A distribution of clusters of varying sizes and 
compositions including inorganic and organic 
compounds can exist simultaneously at all times.  

The condensing vapor is water vapor with 
typical atmospheric concentrations of ~1017 
cm-3. 
 

The condensing vapor is a water-soluble organic 
compound with concentrations likely ranging 
from ~105 to 108 cm-3 (Jokinen et al., 2017).   

Vapor concentrations are not constant but may 
vary over time. 

The seed consists of a mixture of 
inorganic/organic compounds and is water-
soluble. The seed compounds do not 
evaporate.  

The seed consists of sulfuric acid and bases and is 
soluble in the condensing organic compound. The 
seed compounds do not evaporate but condense 
irreversibly on the cluster. 
 

There is no seed in the same sense as in the 
theory. Both inorganic and organic compounds 
can condense and evaporate and may contribute 
to the growth. 

Thermodynamic equilibrium between water 
and the seed particle is assumed. 

Thermodynamic equilibrium between the organic 
compound, the seed cluster and water is assumed. 
The energy barrier width in nano-Köhler is very 
narrow with respect to the number of molecules 
compared to Köhler theory, and thus addition of 
only few molecules may result in overcoming the 
barrier. 
 

Clusters can nucleate over barriers and they may 
not be in thermodynamic equilibrium before 
activation to growth. 

The growing cloud droplets scavenge the 
available water vapor thereby limiting the 
activation process.  

The loss rate of organic vapor is determined 
mainly by larger background aerosol particles, 
and not the growing clusters. 

The cluster population is affected by losses due 
to background particles, and cluster self-
coagulation may also be important. The 
magnitude of external losses may vary over time. 
 

3 Methods 

3.1 Cluster kinetics model 

We used a molecular-resolution cluster kinetics model to simulate the time-development of atmospheric cluster concentrations. 

Two model compounds, one corresponding to an inorganic compound and one corresponding to an organic compound, were 5 

used in the simulations (see the next section for the properties of the model compounds). The cluster population was simulated 

starting from vapor monomers up to clusters with mass diameter of 3.2–3.4 nm, including all possible cluster compositions. 

The largest simulated clusters correspond to the size of a pure inorganic cluster composed of 100 molecules.   

In the model, the discrete General Dynamic Equation (GDE; Friedlander, 1977), which is also called an extended 

Smoluchowski coagulation equation, is numerically solved for each cluster composition i including all processes where a 10 

cluster can be formed or lost: 
@LM
@N
= 		 O

P
∑ RS,(UVS)WSWUVS + ∑ Ɣ(UZS)→U,SWUZS − ∑ RU,SWUWS −

O
P
∑ ƔU→S,(UVS)WU + ]U − ^UWUS_USSS_U  .   (2) 

Here WU is the concentration of cluster i and RU,S is the collision rate coefficient between cluster i and cluster j. Ɣ(UZS)→U,S is the 

evaporation rate coefficient of cluster (i+j) to clusters i and j, which we considered only for evaporation of vapor monomers. 

]U is the source rate, here included only for vapor molecules. ^U is the loss rate coefficient corresponding to the external sink 15 
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for vapors and clusters. The set of GDEs was generated and solved with the ACDC (Atmospheric Cluster Dynamics Code) 

program (McGrath et al., 2012; Olenius and Riipinen, 2017).  

The collision rate coefficients RU,S were calculated assuming hard-sphere collisions. The evaporation rate coefficients of vapor 

monomers were calculated according to the Kelvin formula:  

Ɣ(UZS)→U,S 	= RU,S
`abc,M
<d>

1U	exp 5
678M

<d>?M@ef
B         (3) 5 

Here RU,S is the collision rate coefficient between vapor compound i and cluster j. psat,i is the saturation vapor pressure of the 

compound, 1U	is the molar fraction of the compound in cluster j, σ is the cluster surface tension, DU is the liquid phase density 

of i, and F`,S is the cluster diameter. HI is the Boltzmann constant and J is the temperature. Calculating evaporation rates from 

Eq. (3) is consistent with calculating equilibrium saturation ratios from Eq. (1) when assuming that the activity coefficient 2	= 

1. One should note that these evaporation rates can significantly differ from the real cluster evaporation rates in a system 10 

involving sulfuric acid and organic compounds. However, in this study our aim is not to use as complex evaporation rate data 

as possible but to compare nano-Köhler theory and cluster kinetics simulations with similar assumptions for evaporation rates. 

In most simulations the external loss coefficient ^g was set to correspond to losses in the CLOUD (Cosmics Leaving OUtdoors 

Droplets) chamber, including a size-dependent wall loss (^hijj) and a size-independent dilution loss (^kgj) according to Kürten 

et al. (2015): 15 

^g = ^hijj + ^kgj =
lmbnn
@e,M

+ ^kgj          (4) 

Here the empirical constant opqrr is 0.001 nm s-1 and the loss rate due to dilution ^kgj is 9.6 · 10-5 s-1 (Kürten et al., 2015).  

In one simulation set, external losses corresponding to a sink caused by a background particle population in the planetary 

boundary layer were used. In this case, the loss coefficient was obtained from (Lehtinen et al., 2007): 

^g = ^stu ∙ 5
@e

@e,wxy
B
z
           (5) 20 

Here ^stu is the loss coefficient for a reference cluster, which in our case is the inorganic vapor monomer, and F`,stu  is the 

diameter of the reference cluster. We set the reference loss coefficient to 10-3 s-1 and the exponent { to –1.6, which represent 

typical values in a boreal forest (Lehtinen et al., 2007). One should note that if cluster losses were significantly changed in our 

simulations, the growth dynamics of the cluster population could change. However, minor changes in the losses are not 

expected to affect our results on the qualitatively level. 25 

3.2 Studied compounds 

We simulated binary mixtures of inorganic and organic compounds relevant for atmospheric particle formation. The inorganic 

compound corresponds to a quasi-unary sulfuric acid–base mixture, and the organic compound represents atmospheric 

oxidized organic species (see Table 2). All model compounds were assumed to consist of spherical molecules. 
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In most simulations the inorganic compound was set to have the mass of a sulfuric acid–dimethylamine cluster (SA–DMA) 

and psat = 0. Additional simulations were performed using the mass of ammonium bisulfate (SA–NH3) and psat = 10-9 Pa. The 

properties of these model substances are consistent with observations on a 1:1 molar ratio in which dimethylamine and 

ammonia cluster with sulfuric acid, dimethylamine forming seemingly non-evaporating clusters (Jen et al., 2014; Kürten et al., 

2014).  5 

In most simulations, the organic compound (ORG) was set to have a mass of 300 amu and its psat was varied between 10-4 and 

10-12 Pa. Of these saturation vapor pressures, two were selected for a more detailed study: psat = 10-8 Pa, representing a low-

volatile organic compound (LVOC), and psat = 10-11 Pa, representing an extremely low-volatile organic compound (ELVOC). 

In addition, simulations were performed using a compound with psat = 10-8 Pa and a mass of 600 amu, corresponding to LVOC 

with a larger mass (LVOClarge).  The saturation vapor pressures of the LVOC and ELVOC species are consistent with the 10 

volatility basis set classification of organic compounds with low and extremely low volatilities (Donahue et al., 2012). They 

also may represent typical saturation vapor pressures of alpha-pinene oxidation products (Tröstl et al., 2016) but as different 

methods give very different estimates for saturation vapor pressures, the exact values are uncertain (Kurtén et al., 2016). 

In addition to the saturation vapor pressures and molecular masses, the assumed liquid phase densities, the particle surface 

tension and the activity coefficients can have significant effects on the results. In earlier studies investigating nano-Köhler 15 

theory, these properties have been obtained by fitting a simple thermodynamic model to measured data on particle properties 

(Anttila et al., 2004; Kulmala et al., 2004). However, because of large uncertainties related to estimating these properties for 

nanometer-sized clusters, we chose to use a simple approach, and set all particles to have a density of 1500 kg m-3 and a surface 

tension of 2.3 · 10-2 N m-1.  Activity coefficients were set to 1, corresponding to an ideal solution. Furthermore, we do not 

include water in the model system although it is incorporated in the original nano-Köhler theory. Including water in our model 20 

system would mainly lower the saturation vapor pressure of the organic compound through the solute effect (Raoult’s law). 

We address the effect of the organic compound volatility by performing simulations with a large range of organic saturation 

vapor pressures. One should note, though, that in reality water can also affect the surface tension and density of the clusters as 

well as the activity coefficient when assuming non-ideal mixing. Furthermore, water molecules increase the cluster size, thus 

affecting the collision coefficients, and consequently also the evaporation coefficients through the detailed balance (Eq. (3); 25 

see also Henschel et al., 2016).  

  

  



9 
 

Table 2: Model compounds, their molecular mass (m), saturation vapor pressure (psat) and the corresponding number concentration 
(Csat) and mass concentration (Cmass,sat) at T = 278 K.  Note that LVOC and ELVOC are two cases of ORG selected for more detailed 
studies.   

Model substance  m (amu) psat (Pa) Csat (cm-3)  Cmass,sat (µg m-3) 

SA–DMA 143 0 0 0 

SA–NH3 115 10-9 2.6 · 105 5.0 · 10-5 

ORG  300 10-12–10-4 2.6 · 102–2.6 · 1010 1.3 · 10-7–1.3 · 101 

LVOC 300 10-8 2.6 · 106 1.3 · 10-3 

ELVOC 300 10-11 2.6 · 103 1.3 · 10-6 

LVOClarge 600 10-8 2.6 · 106 2.6 · 10-3 

3.3 Simulation sets 

All performed simulation sets are described in Table 3. In simulation sets 1–4, the concentrations of the inorganic vapor (CSA) 5 

and the organic vapor (CORG) were set to constant values and the simulations were run until the steady state was reached. In 

addition, in order to mimic a laboratory set-up, simulations with constant vapor source rates, resulting in the same steady-state 

vapor concentrations, were performed to study the cluster growth rates (GRs). By default, the inorganic and organic species 

were SA–DMA and LVOC or ELVOC, unless otherwise stated. Temperature was set to 278 K in all the simulations.  The sets 

address the effect of the volatility psat,ORG and concentration CORG of the organic vapor (set 1), the effect of relatively high 10 

sulfuric acid concentration CSA (set 2), the effect of the properties of the inorganic vapor (set 3), and the effect of the mass of 

the organic vapor (set 4). The simulation set 5 addresses the effect of time-dependent vapor concentration profiles 

corresponding to atmospheric conditions. Two different simulations were performed: 1) a simulation where inorganic and 

organic vapor source rates exhibit maxima, 2) a simulation where the inorganic vapor source rate exhibits a maximum but the 

organic vapor source rate is constant. These simulations were run for 12 hours. 15 
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Table 3: Description of the simulation sets. The variables are varied at intervals of one order of magnitude. Note that the presented 
vapor concentrations are steady-state values for sets 1–4 and the maximum values for set 5. 

Simulation set 
 

Compounds 
 

Vapor concentrations (cm-3) 
 

 
Conditions 
 
 

1 
SA–DMA CSA = 106 constant CSA and CORG,  

ORG, psat = 10-12…10-6 Pa CORG = 104…1010 chamber experiment losses (Eq. 4) 

2 
SA–DMA CSA = 107 constant CSA and CORG, 

LVOC or ELVOC CORG = 107…1010 chamber experiment losses (Eq. 4) 

3 
SA–NH3 CSA = 106 constant CSA and CORG, 

LVOC CORG = 106…109 chamber experiment losses (Eq. 4) 

4 
SA–DMA CSA = 106 constant CSA and CORG,  

LVOClarge CORG = 106…109 chamber experiment losses (Eq. 4) 

5 
SA–DMA CSA, max = 106 varying CSA and CORG,  

LVOC CORG, max  = 5·106, 107 background particle losses (Eq. 5) 

  

3.4 Analysis of simulated data  5 

From the simulated cluster concentrations, we determined the contributions of different vapor monomers and clusters to the 

growth over selected threshold sizes FG|} between 1 and 3 nm. The net cluster flux ~@A�Ä past each threshold size was determined 

by considering all the collisions and evaporations between different clusters or vapor molecules that lead to crossing of the 

threshold as 

~@A�Ä =
O
P
∑(RU,SWUWS − ÅUZS→g,ÇWUZS),           (6) 10 

where FG,U and FG,S < FG|}, and FG,UZS ≥ FG|}. The contribution of an individual molecule or cluster to this flux was determined 

so that for each collision-evaporation process between species i and j leading to the crossing of the threshold, the resulting flux 

was attributed to the species with the smaller number of molecules. The reasoning behind this is that when, for example, a 

vapor monomer i collides with cluster j composed of several molecules, the monomer is causing the cluster to grow in size, 

and thus the flux is assigned to be due to i.  15 

In addition, we determined the apparent cluster growth rates (GR) using the experimental approach that is often applied for 

measured particle size distribution data (Lehtipalo et al., 2014). In order to treat the simulation data similarly to measured 

particle concentrations, we divided the clusters into linearly-spaced size bins of a width of 0.1 nm based on their mass diameter. 

Vapor monomers were, however, omitted from the size bins to ensure that they do not dominate the smallest bins. Then, we 

determined the appearance time tapp for each size bin as the time at which the concentration of the bin reaches 50% of the total 20 
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concentration increase in the bin (Lehtipalo et al., 2014). Finally, we determined GR for each bin k with the mean diameter 

dp,k by numerically differentiating the (tapp, dp)-data:  

GR< =
@e,áàâV@e,á

Nbee,áàâVNbee,á
           (7) 

3.5 Nano-Köhler calculations  

To compare the predictions of nano-Köhler theory to the results of the cluster kinetics simulations, we calculated the 5 

equilibrium saturation ratio of the organic vapor from Eq. (1) and determined the activation diameter and the corresponding 

saturation ratio for different seed cluster sizes. In these calculations, we used the same properties of the compounds as in the 

cluster population simulations (see Sect. 3.2), and varied the seed cluster size between 0.9 and 2.9 nm. 

4. Results and discussion 

The cluster kinetics simulations indicate that nano-Köhler-type activation occurs in specific conditions, determined by vapor 10 

concentrations and the organic vapor saturation ratio. In this section, we first go through two example cases: one case where 

nano-Köhler-type activation is observed, and another case without activation. Then we discuss more generally the conditions 

where activation occurs, and compare the activation sizes determined from the simulations to those based on nano-Köhler 

theory. We also study the connection between the activation sizes and the behavior of apparent cluster GRs. Finally, we discuss 

the sensitivity of the results to vapor properties and the time-evolution of the vapor concentrations.  15 

4.1 Effects of organic vapor volatility and vapor concentrations on the growth mechanism 

4.1.1 Simulations with LVOC 

Figures 2–4 show the results for the simulations where the model compounds were SA-DMA and LVOC, CSA = 106 cm-3 and 

CORG = 106–109 cm-3. Figure 2 presents the steady-state cluster distributions, illustrating how the relative contributions of SA 

and LVOC to the growth of the cluster population depend on their concentrations. When both CORG and CSA are 106 cm-3, the 20 

growth proceeds mainly by additions of SA molecules, while at CORG = 107 cm-3, both SA and LVOC participate in the growth. 

At CORG = 108 cm-3 or higher, the growth is clearly dominated by LVOC.   

A more detailed picture of the roles of SA and LVOC in the cluster growth is obtained by studying the particle fluxes past 

selected threshold sizes caused by different vapor monomers or clusters. Figure 3 shows the steady-state flux fractions for five 

threshold sizes between 1 and 3 nm in different simulations. The flux fractions are presented for SA monomer, SA dimer, pure 25 

SA clusters (trimers or larger), LVOC monomer, LVOC dimer, pure LVOC clusters (trimers or larger), and for the clusters 

containing both SA and LVOC (dimers or larger).   
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When CORG = 106 cm-3, SA monomer dominates the flux at all sizes, and the rest of the flux is mainly caused by SA dimer and 

SA clusters. The contribution of LVOC monomer to the flux is minor at all sizes. When CORG = 107 cm-3, the fractions of the 

flux due to SA and LVOC exhibit a distinct size-dependency. The contribution of SA monomer to the flux is highest at 1.5 nm 

and lowest at 3 nm. LVOC has a significant contribution to the flux at 1 nm, a minor contribution at 1.5 nm, and a larger, 

increasing contribution at 2 nm and above. This behavior resembles nano-Köhler type activation where the critical size, 5 

corresponding to the peak of the Köhler curve, is around 2 nm; at sizes smaller than that, the growth by organic vapor is minor 

due to the Kelvin barrier, while at larger sizes, organic vapor can start to spontaneously condense on the clusters. When 

interpreting the cluster flux results it should be kept in mind, though, only the collisions between vapor monomers and the 

smallest clusters can contribute to the flux past 1 nm due to their small size.  

When CORG = 108 cm-3, LVOC monomer dominates the flux at 1 nm as well as at 2 nm and above. However, at 1.5 nm, most 10 

of the flux is caused by LVOC clusters, and the net flux of LVOC monomer is negative due to its high evaporation flux. Thus, 

this can also be considered as nano-Köhler type situation where the critical size is around 2 nm, and at sizes just below that 

the growth can occur only by self-coagulation, and not by condensation of vapor monomers. It should be noted, though, that 

large uncertainties are related to calculating the evaporation rate of LVOC monomers from Kelvin formula (Eq. 3). Therefore, 

LVOC dimers and other small clusters may become unrealistically stable compared to monomers, and their contribution to the 15 

growth may be overestimated. Evaporation rates assessed by more sophisticated methods, namely quantum-mechanics-based 

approaches, also exhibit very high quantitative uncertainties (see e.g. Elm et al., 2017 and references therein). 
When CORG = 109 cm-3, LVOC monomer contributes to the flux at all sizes. The fluxes due to LVOC dimer and LVOC clusters 

are also significant at sizes above 1 nm. Thus, this simulation corresponds to the situation where the Kelvin barrier does not 

exist at any size, due to high vapor concentration.  20 

We also studied GRs determined for different size bins based on their appearance times (Fig. 4). When CORG = 106 cm-3, GR 

varies between 0.2 and 0.7 nm/h, being highest at the smallest sizes. When CORG = 107 cm-3, GR is between 0.3 and 0.9 nm/h, 

increasing with size in the bins above ~2.6 nm. When CORG = 108 cm-3, GR varies between 0.5 and 12 nm/h, and it increases 

with size above ~1.6 nm. When CORG = 109 cm-3 (not shown) GR fluctuates strongly, and it obtains either extremely high (~400 

nm/h) or negative values. This is due to very rapid appearance of different sized clusters in this simulation, which makes 25 

deducing GR from appearance times ambiguous. GR also fluctuates in other simulations at the smallest sizes. This results from 

the fact the bins at the smallest sizes contain only a few clusters, whereas the bins at the largest sizes contain hundreds of 

different clusters. In previous experimental studies increase of GR as a function of size has been attributed to the activation of 

clusters by nano-Köhler mechanism  (Kulmala et al., 2013; Tröstl et al., 2016). We study the connection between the size-

dependency of GR and nano-Köhler activation in Sect. 4.2. 30 
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Figure 2: Steady-state cluster distributions in simulations with SA–DMA and LVOC at CSA = 106 cm-3 and CORG = 106–109 cm-3. The 
numbers of SA molecules and organic molecules in different clusters are shown on x- and y-axis, and the color indicates the 
concentration of a cluster. The gray line shows clusters with 1:1 stoichiometry.  5 

 

 
Figure 3: Contribution of different vapor monomers and clusters to the net flux past certain threshold sizes in simulations with SA–
DMA and LVOC at CSA = 106 cm-3 and CORG = 106–109 cm-3. The values are at steady state.  
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Figure 4: Growth rates (GRs) determined for different size bins in simulations with SA–DMA and LVOC. The colors indicate vapor 
concentrations in each simulation. 

4.1.2 Simulations with ELVOC 

Figures 5–7 present the results of the simulations where the model compounds were SA–DMA and ELVOC and CSA = 106 5 

cm-3 and CORG = 106–109 cm-3. Thus, the only difference compared to the simulations discussed in the previous section is the 

lower volatility (psat) of the organic compound.  

The steady-state cluster distributions show that the organic compound contributes to the growth of the cluster population 

clearly more in the simulations with ELVOC than with LVOC (Fig. 5). When CSA and CORG are 106 cm-3, SA and ELVOC 

contribute to the growth approximately equally. When CORG = 107 cm-3 or higher, the growth is already dominated by ELVOC. 10 

Consistently with the cluster distributions, the fractions of the cluster flux caused by the organic compound are clearly higher 

in the simulations with SA–DMA and ELVOC than in the simulations with LVOC (Fig. 6). When CORG = 106 cm-3, SA 

monomer has only a rather small contribution to the fluxes at all sizes. ELVOC monomer dominates the flux at 1 nm and 

contributes to the fluxes significantly also at larger sizes. The clusters containing both SA and ELVOC molecules also 

contribute to the fluxes above 1 nm. When CORG = 107 cm-3, SA monomer has only a negligible contribution to the fluxes at 15 

all sizes. ELVOC monomer dominates the flux at 1 nm. At larger sizes, the fluxes are mainly caused by ELVOC monomer, 

ELVOC dimer, larger ELVOC clusters and clusters containing both SA and ELVOC molecules. In the simulations where CORG 

= 108 cm-3 or 109 cm-3, the fluxes at all sizes are due to ELVOC monomer, ELVOC dimer and ELVOC clusters. ELVOC 

monomer dominates the growth below 2 nm and ELVOC clusters at the larger sizes. 

Overall, the difference between the cluster flux results in the simulations with ELVOC and LVOC is not only the larger 20 

contribution of the organic compound to the fluxes in the simulations with ELVOC, but also the fact that in simulations with 

ELVOC, no nano-Köhler type behavior is observed. In these simulations the organic vapor can contribute to the growth at all 

sizes without an apparent barrier that should be overcome at small sizes.  
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The behavior of GR is also different in simulations with ELVOC compared to simulations with LVOC (Fig. 7). When CORG = 

106 cm-3, GR varies between 0.7 and 2.2 nm/h and reaches its highest values in the smallest size bins. When CORG = 107 cm-3, 

GR mostly varies between 6.5 and 9.5 nm/h, but in the smallest size bins reaches values as high as 180 nm/h. When CORG = 

108 cm-3, GR varies between 60 and 120 nm/h, without a clear size-dependency. Thus, in the simulations with ELVOC, GR 

does not increase with the increasing size in the same way as in the simulations with LVOC. This indicates that increasing GR 5 

observed in simulations with LVOC may be linked to nano-Köhler type activation.  

 

 
Figure 5: Steady-state cluster distributions in simulations with SA–DMA and ELVOC at CSA = 106 cm-3 and CORG = 106–109 cm-3. 
The numbers of SA molecules and organic molecules in different clusters are shown on x- and y-axis, and the color indicates the 10 
concentration of a cluster. The gray line shows clusters with 1:1 stoichiometry. 
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Figure 6: Contribution of different vapor monomers and clusters to the net flux past certain threshold sizes in simulations with SA–
DMA and ELVOC at CSA = 106 cm-3 and CORG = 106–109 cm-3. The values are at steady state.  

 5 

 

 
Figure 7: Growth rates (GRs) determined for different size bins in simulations with SA–DMA and ELVOC. The colors indicate 
vapor concentrations in each simulation. 

  10 



17 
 

4.1.3 Overall picture 
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Figure 8: Growth mechanisms with different organic vapor saturation ratios (SORG) and the ratios of organic vapor concentration 
(CORG) to sulfuric acid concentration (CSA).  In the red area the growth is dominated by sulfuric acid, and in the green area by the 5 
organic vapor. In the yellow and gray areas neither of them clearly dominates: in the yellow area nano-Köhler type activation, 
involving an increasing contribution of the organic vapor with increasing particle size, is observed, and in the gray area there is a 
transition between these compounds without an activation.  

In the simulations performed with different vapor concentrations and with a variety of organic saturation vapor pressures 

(simulation set 1 in Table 3), different growth mechanisms can be recognized. In some simulations sulfuric acid dominates the 10 

growth of the cluster population at all sizes, whereas in other simulations the organic compound dominates. In some 

simulations we observe a nano-Köhler type activation, where the organic vapor starts to condense on clusters and dominate 

the growth after a certain size is reached. In other simulations, there is a transition between the dominance of inorganic and 

organic vapor but no specific size at which the dominating compound changes.  

The main variables determining which of the growth mechanism prevails in a simulation are the saturation ratio of the organic 15 

compound (SORG), and the ratio between the concentrations of organic and inorganic vapors (CORG/CSA). Figure 8 illustrates 

the dominating growth mechanism at different values of these variables. Nano-Köhler activation is observed only in rather 

specific conditions: when SORG = ~4–40 and CORG/CSA = ~10–10000. When SORG and CORG/CSA are lower than these values, 

sulfuric acid dominates the growth at all sizes, while at larger values the organic vapor dominates. When CORG/CSA = 1 and 

SORG is ~40 or larger, a transition without a clear activation is observed. It should be noted, though, that the activation may also 20 

occur at lower SORG and CORG/CSA values at sizes above 3 nm, which are beyond the simulated size range. In addition, it is 

important to keep in mind that the conditions for different growth mechanisms depend on vapor properties and environmental 

conditions and thus they cannot be generalized to arbitrary compounds and conditions.  

In simulations with SA–DMA and LVOC discussed in Sect. 4.1.1 (see Fig. 3), three of the different growth mechanisms can 

be observed: the dominance of sulfuric acid (at CSA = 106 cm-3, CORG = 106 cm-3), the dominance of organic compound (at CSA 25 

= 106 cm-3, CORG = 109 cm-3), and activation (at CSA = 106 cm-3, CORG = 107–108 cm-3).  Similar results are also obtained in a 

different simulation set with the same SORG and CORG/CSA (simulation set 2 in Table 3); this is illustrated in Figure A1 which 
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shows the results of the simulations where psat of organic compound is 10-7 Pa (10 times higher than that of LVOC), CSA is 107 

cm-3, and CORG is varied between 107 and 1010 cm-3.  

In the simulations with SA–DMA and ELVOC discussed in Sect. 4.1.2 (see Fig. 6), nano-Köhler type behavior cannot be seen. 

At CORG = 106 cm-3, the growth occurs both by ELVOC and SA–DMA without a clear size-dependency, and thus this simulation 

represents the transition case. With higher CORG, ELVOC dominates the growth at all sizes.  5 

On a general level, Fig. 8 can be interpreted to give information on the relative thermodynamic barriers of inorganic and 

organic compounds: the compound that has no barrier or has a significantly lower barrier to cluster and condense than the 

other compound is likely to dominate the growth of the cluster population.  

4.2 Comparison between activation size in simulations and in nano-Köhler theory 

To study the cluster activation size from the simulations, we determined the contribution of different compounds to cluster 10 

flux with a higher size resolution in four simulations where nano-Köhler activation is observed (Fig. A2). We determined the 

size at which at least 50% of the flux is due to organic vapor monomer, which we define as the activation size dsim (Table 4). 

To compare these results to the predictions of nano-Köhler theory, we calculated the equilibrium saturation ratio of LVOC for 

different seed cluster sizes from Eq. (1). The resulting Köhler curves are illustrated in Fig. 9 and the critical diameters from 

the theory (dtheory) corresponding to the simulated conditions are shown in Table 4. In addition, to study the connection between 15 

accelerating growth and nano-Köhler activation, we determined the sizes at which the appearance time GR starts to 

significantly increase with size in each of these simulations (dGR). This was done by finding the size at which the relative 

increase of GR between two adjacent size bins is more than 10%. Note, though, that dGR could not be determined for the 

simulation with CORG = 109 cm-3, due to strong fluctuation of GR.  

 20 
Table 4: The activation size (dsim) determined from four simulations, the corresponding critical size from nano-Köhler theory (dtheory), 
and the size at which GR starts to increase with size in each simulation (dGR). The activation size is here defined as the size when 
50% of the cluster flux is due to organic vapor monomer. The concentrations of sulfuric acid (CSA) and organic vapor (CORG), their 
ratio, organic saturation vapor pressure (psat,ORG) and organic saturation ratio (SORG) are shown for each case.  

CSA (cm-3) CORG (cm-3) CORG/CSA psat,ORG (Pa) SORG dsim (nm) dtheory (nm) dGR (nm) 

106 107 10 10-8 3.8 2.5 4.1 2.7 

106 108 100 10-8 38.0 1.75 1.7 1.7 

106 108 100 10-7 3.8 2.75 4.1 2.4 

106 109 1000 10-7 38.0 2.0 1.7 - 
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Figure 9: Köhler curves showing the equilibrium particle size at different saturation ratios for LVOC. The line color shows the 
diameter of the seed particle (ds).  The maxima of the curves correspond to the critical sizes.   

In the simulations where SORG = 38, dsim and dtheory are rather close to each other: the difference between them is 0.05–0.3 nm 

depending on vapor concentrations. However, when SORG = 3.8, dsim is clearly lower (>1 nm) than dtheory. This discrepancy is 5 

likely related to the fact that the theory does not account for the stochastic collisions between inorganic and organic vapor 

molecules and clusters, which can result in the growth of the clusters by organic vapor already before the theoretical critical 

size (see also Sect. 2). Thus, although nano-Köhler –type behavior occurs in the simulated systems, the theory cannot be used 

to predict the exact size at which the organic vapor starts to dominate the cluster growth.  

On the other hand, the difference between dsim and dGR is only 0.05–0.35 nm in different simulations. This suggests that, at 10 

least in some conditions, the increase in particle GR may indicate that the organic vapor starts to condense on the clusters 

around that size. However, as the behavior of GR is also affected by the variation of vapor concentrations and other conditions, 

this does not necessarily apply in real atmospheric systems (see Sect. 4.3.2).  

It should finally be noted that it is not entirely obvious how dsim should be defined. In some simulations there is a distinct size 

after which most of the flux is due to organic vapor monomer, but in some simulations the change is more gradual. In addition, 15 

in many simulations organic dimer or larger organic clusters contribute to the growth significantly at sizes where the net flux 

of the organic vapor monomer is negative. Thus, in these cases the growth is governed by the organic compound already before 

the activation size, which we determine only based on the contribution of the organic monomer.  
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4.3 Sensitivity of the results to vapor properties and time-dependency of vapor concentrations 

4.3.1 Effect of inorganic vapor properties and organic compound mass 

To study the effect of inorganic vapor properties on the growth of the cluster population, we performed additional simulations 

(simulation set 3 in Table 3) where the organic compound was LVOC and the inorganic compound was SA–NH3, which has 

a non-zero saturation vapor pressure (10-9 Pa) and a slightly smaller mass than SA–DMA (see Table 2). In these simulations 5 

the contribution of inorganic compound to the cluster fluxes, especially that of vapor monomer, is smaller than in the 

simulations with SA–DMA, due to higher evaporation flux (Fig. A3). The GRs determined for different size bins are generally 

slightly lower in the simulations with SA–NH3 than with SA–DMA (Fig. A4). However, when CSA = 106 cm-3 and CORG = 106 

cm-3, GR at sizes above 2.5 nm is higher in the simulation with SA–NH3 than with SA-DMA. In this case the GRs determined 

based on the appearance times seem not to represent the magnitude of collision-evaporation fluxes which are larger in the 10 

simulation with SA–DMA.  

We also performed simulations with SA–DMA and an organic compound with the same saturation vapor pressure as LVOC 

(10-8 Pa) but two times larger mass (LVOClarge) (simulation set 4 in Table 3). In the simulations where CSA = 106 cm-3, and 

CORG = 107–109 cm-3, the organic compound was found to contribute to the growth clearly less than in the simulations with 

LVOC (Fig. A5). The main reason for the difference is that the evaporation rate is higher for the compound with a higher mass, 15 

due to a larger molecular volume (morg/rorg) and thus also a larger surface area of a molecule at the cluster surface (see Eq. 3). 

In addition, because the diameter of LVOClarge monomer is higher than 1 nm, it cannot contribute to the flux at 1 nm by default. 

Consistently with the lower contribution of the organic compound to the growth, the apparent cluster GRs are also lower in 

the simulations with LVOClarge than with LVOC (Fig. A6). Overall, these results demonstrate that the properties of both 

inorganic and organic compounds, including saturation vapor pressure but also other properties, can significantly affect the 20 

contribution of different compounds to the cluster growth. Therefore, our simulation results regarding, for example, the 

conditions for different growth mechanisms (Sect. 4.1.3) cannot be generalized for arbitrary compounds. 

4.3.2 Effect of time-dependency of vapor concentrations  

To study the effect of time-dependent vapor concentrations, two additional simulations were performed using SA–DMA and 

LVOC as model compounds (simulation set 5 in Table 3). In the first simulation the behavior of both vapor source rates was 25 

set to resemble the diurnal cycle of atmospheric sulfuric acid concentration (Petäjä et al., 2009). In the second simulation the 

source rate of SA–DMA had a similar behavior but the source rate of LVOC was set constant. The resulting vapor 

concentrations and the GRs determined for different size bins are shown in Fig. 10. The time-evolution of the net flux caused 

by different vapor monomers and clusters past different sizes in these simulations is shown in Fig. A7. Based on the flux 

results, in both of these simulations the organic vapor starts to significantly contribute to cluster growth around 2 nm, which 30 

corresponds to nano-Köhler type activation. In the simulation where both CSA and CORG have maxima, the activation can also 

be seen as an increase in GR at sizes above 2 nm. However, in the simulation with constant CORG, GR increases with size 
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almost linearly, without any signs of activation. This shows that the size-dependency of GR is affected by dynamic variations 

in the system, and therefore GR alone cannot be used to deduce the cluster growth mechanism.  

 

 
Figure 10: The concentrations of SA–DMA and LVOC monomers in the simulations where vapor source rates are time-dependent 5 
(upper panel), and growth rates (GRs) determined for different size bins in these simulation (lower panel). In the lower panel, the 
colors show the average of the appearance times of the adjacent size bins used for determining GRs. 

5 Conclusions 

Recent experimental results indicate that organic vapors can participate in the growth of nanometer-sized atmospheric 

molecular clusters. One of the mechanisms proposed to depict this process is nano-Köhler theory, which describes the 10 

activation of inorganic clusters to growth by a soluble organic vapor. However, it is unclear how well the simple theory is able 

to describe the dynamics of real molecular systems with a distribution of clusters of varying size and composition and time-

dependent environmental conditions.  

In this work we studied the capability of nano-Köhler theory to describe the growth of atmospheric clusters by simulating the 

dynamics of a cluster population in the presence of a sulfuric acid–base mixture and an oxidized organic compound. We found 15 

that nano-Köhler type behavior occurs when the saturation ratio SORG of the organic vapor and the ratio CORG/CSA between 

organic and inorganic vapor concentrations are in the correct range, for the used model parameters at CORG/CSA = ~10–10000 
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and SORG = ~4–40. When SORG and CORG/CSA are lower than these values, sulfuric acid dominates the growth at the studied 

sizes, whereas with the larger values the organic compound dominates. However, it must be kept in mind that the quantitative 

results depend on the exact vapor and cluster properties. The conditions in which we observe nano-Köhler type behavior can 

also occur in the atmosphere: in boreal forests CSA is typically ~106 cm-3 during NPF events (Petäjä et al., 2009), and CORG is 

likely between ~105 and 108 cm-3 (Jokinen et al., 2017), which would result in SORG = ~0.04–40 with psat,ORG = 10-8 Pa and SORG 5 

= ~40–40·103 with psat,ORG = 10-11 Pa.  

Although nano-Köhler type activation occurs in our simulations, nano-Köhler theory is too simple to predict the exact size at 

which the organic vapor starts to significantly condense on the clusters. This observation demonstrates that the growth of sub-

3 nm clusters can be described accurately only if the whole cluster distribution with a variety of different cluster composition 

and sizes is taken into account. Especially when vapor saturation ratios are high, cluster–cluster collisions contribute 10 

substantially to the growth in addition to vapor monomers. 

Finally, we also observed that in the simulations with nano-Köhler type behavior, apparent cluster GRs start to increase close 

to the size at which the organic vapor starts to dominate the growth. However, such behavior of GR may also be due to other 

dynamic processes, such as varying vapor concentrations, and therefore one should not make conclusions about the cluster 

growth mechanism solely based on GR. To accurately determine the initial growth mechanisms and the participating 15 

compounds would ideally require (1) quantitative measurements of the composition of sub-3 nm clusters, and (2) improved 

understanding of cluster thermodynamics, including composition and size-dependent evaporation rates. Combined with cluster 

population modeling, such assessments will be able to provide a more comprehensive understanding of the clustering 

processes. 

Code and data availability  20 

Model simulations were performed using Atmospheric Cluster Dynamics Code (ACDC). The code and the simulated data are 

available upon request from the authors.  
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Appendix 

 
Figure A1: Contribution of different vapor monomers and clusters to the net flux past certain threshold sizes in simulations with 
SA–DMA and an organic compound (ORG) with psat = 10-7 Pa at CSA = 107 cm-3 and CORG = 107–1010 cm-3. The values are at steady 
state. 5 
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Figure A2: Contribution of different vapor monomers and clusters to the net flux past different threshold sizes in simulations with 
SA–DMA and an organic compound (ORG).  The vapor concentrations and the saturation ratio of organic compound (SORG) are 
shown above the figures for each simulation. The values are at steady state. 

 5 

 
Figure A3: Contribution of different vapor monomers and clusters to the net flux past different threshold sizes in simulations with 
SA–NH3 and LVOC at CSA = 106 cm-3 and CORG = 106–109 cm-3. The values are at steady state. 
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Figure A4: Growth rates (GRs) determined for different size bins in simulations with SA–NH3 and LVOC. The colors indicate vapor 
concentrations in each simulation. 

 5 

 
Figure A5: Contribution of different vapor monomers and clusters to the net flux past certain threshold sizes in simulations with 
SA–DMA and an organic compound with psat = 10-8 Pa and m = 600 amu (LVOClarge) at CSA = 106 cm-3 and CORG = 106–109 cm-3. The 
values are at steady state.  

 10 
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Figure A6: Growth rates (GRs) determined for different size bins in simulations with SA–DMA and an organic compound with psat 
= 10-8 Pa and m = 600 amu (LVOClarge) at CSA = 106 cm-3 and CORG = 106–109 cm-3. The colors indicate vapor concentrations in each 
simulation. 

 5 
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Figure A7: The net flux caused by different vapor monomers and clusters past certain threshold sizes in the simulations with time-
dependent concentrations of SA–DMA and LVOC. The left and the right panels correspond to the left and the right panels in Fig. 
10.  

  5 



28 
 

Author contribution 

JK, TO, IR and MK planned the model simulations and JK performed them. JK prepared the manuscript with contributions 

from all co-authors. 

Competing interests 

The authors declare that they have no conflict of interest. 5 

Acknowledgements 

This study was funded by the European Research Council (grant no. 742206), the Academy of Finland Center of Excellence 

programme (grant no. 307331), Swedish Research Council Formas (grant no. 2015-749), and Knut and Alice Wallenberg 

foundation (academy fellowship AtmoRemove).  

References 10 

Almeida, J., Schobesberger, S., Kürten, A., Ortega, I. K., Kupiainen-Määttä, O., Praplan, A. P., Adamov, A., Amorim, A., 

Bianchi, F., Breitenlechner, M., David, A., Dommen, J., Donahue, N. M., Downard, A., Dunne, E., Duplissy, J., Ehrhart, S., 

Flagan, R. C., Franchin, A., Guida, R., Hakala, J., Hansel, A., Heinritzi, M., Henschel, H., Jokinen, T., Junninen, H., Kajos, 

M., Kangasluoma, J., Keskinen, H., Kupc, A., Kurtén, T., Kvashin, A. N., Laaksonen, A., Lehtipalo, K., Leiminger, M., Leppä, 

J., Loukonen, V., Makhmutov, V., Mathot, S., McGrath, M. J., Nieminen, T., Olenius, T., Onnela, A., Petäjä, T., Riccobono, 15 

F., Riipinen, I., Rissanen, M., Rondo, L., Ruuskanen, T., Santos, F. D., Sarnela, N., Schallhart, S., Schnitzhofer, R., Seinfeld, 

J. H., Simon, M., Sipilä, M., Stozhkov, Y., Stratmann, F., Tomé, A., Tröstl, J., Tsagkogeorgas, G., Vaattovaara, P., Viisanen, 

Y., Virtanen, A., Vrtala, A., Wagner, P. E., Weingartner, E., Wex, H., Williamson, C., Wimmer, D., Ye, P., Yli-Juuti, T., 

Carslaw, K. S., Kulmala, M., Curtius, J., Baltensperger, U., Worsnop, D. R., Vehkamäki, H. and Kirkby, J.: Molecular 

understanding of sulphuric acid–amine particle nucleation in the atmosphere, Nature, 502(7471), 359–363, 20 

doi:10.1038/nature12663, 2013. 

Anttila, T., Kerminen, V.-M., Kulmala, M., Laaksonen, A. and O’Dowd, C.: Modelling the formation of organic particles in 

the atmosphere, Atmos. Chem. Phys., 4, 1071–1083, doi:10.5194/acpd-3-6147-2003, 2004. 

Donahue, N. M., Kroll, J. H., Pandis, S. N. and Robinson, A. L.: A two-dimensional volatility basis set-Part 2: Diagnostics of 

organic-aerosol evolution, Atmos. Chem. Phys., 12(2), 615–634, doi:10.5194/acp-12-615-2012, 2012. 25 

Donahue, N. M., Ortega, I. K., Chuang, W., Riipinen, I., Riccobono, F., Schobesberger, S., Dommen, J., Baltensperger, U., 

Kulmala, M., Worsnop, D. R. and Vehkamaki, H.: How do organic vapors contribute to new-particle formation?, Faraday 

Discuss., 165, 91, doi:10.1039/c3fd00046j, 2013. 



29 
 

Elm, J., Myllys, N. and Kurtén, T.: What is Required for Highly Oxidized Molecules to Form Clusters with Sulfuric Acid?, J. 

Phys. Chem. A, 121(23), 4578–4587, doi:10.1021/acs.jpca.7b03759, 2017. 

Friedlander, S. K.: Smoke, dust and haze – fundamentals of aerosol dynamics, John Wiley and Sons, New York, 1977. 

Giechaskiel, B., Wang, X., Gilliland, D. and Drossinos, Y.: The effect of particle chemical composition on the activation 

probability in n-butanol condensation particle counters, J. Aerosol Sci., 42(1), 20–37, doi:10.1016/j.jaerosci.2010.10.006, 5 

2011. 

Guo, S., Hu, M., Zamora, M. L., Peng, J., Shang, D., Zheng, J., Du, Z., Wu, Z., Shao, M., Zeng, L., Molina, M. J. and Zhang, 

R.: Elucidating severe urban haze formation in China, Proc. Natl. Acad. Sci., 111(49), 17373–17378, 

doi:10.1073/pnas.1419604111, 2014. 

Henschel, H., Kurtén, T. and Vehkamäki, H.: Computational study on the effect of hydration on new particle formation in the 10 

sulfuric acid/ammonia and sulfuric acid/dimethylamine systems, The Journal of Physical Chemistry A, 120(11), 1886–1896, 

2016. 

Jen, C. N., McMurry, P. H. and Hanson, D. R.: Stabilization of sulfuric acid dimers by ammonia, methylamine, dimethylamine, 

and trimethylamine, J. Geophys. Res., 119(12), 7502–7514, doi:10.1002/2014JD021592, 2014. 

Jen, C. N., Zhao, J., McMurry, P. H. and Hanson, D. R.: Chemical ionization of clusters formed from sulfuric acid and 15 

dimethylamine or diamines, Atmos. Chem. Phys., 16(19), 12513–12529, doi:10.5194/acp-16-12513-2016, 2016. 

Jokinen, T., Kontkanen, J., Lehtipalo, K., Manninen, H. E., Aalto, J., Porcar-Castell, A., Garmash, O., Nieminen, T., Ehn, M., 

Kangasluoma, J., Junninen, H., Levula, J., Duplissy, J., Ahonen, L. R., Rantala, P., Heikkinen, L., Yan, C., Sipilä, M., 

Worsnop, D. R., Bäck, J., Petäjä, T., Kerminen, V.-M. and Kulmala, M.: Solar eclipse demonstrating the importance of 

photochemistry in new particle formation, Sci. Rep., 7, 45707, doi:10.1038/srep45707, 2017. 20 

Kazil, J., Stier, P., Zhang, K., Quaas, J., Kinne, S., O’Donnell, D., Rast, S., Esch, M., Ferrachat, S., Lohmann, U. and Feichter, 

J.: Aerosol nucleation and its role for clouds and Earth’s radiative forcing in the aerosol-climate model ECHAM5-HAM, 

Atmos. Chem. Phys., 10(22), 10733–10752, doi:10.5194/acp-10-10733-2010, 2010. 

Kerminen, V.-M., Paramonov, M., Anttila, T., Riipinen, I., Fountoukis, C., Korhonen, H., Asmi, E., Laakso, L., Lihavainen, 

H., Swietlicki, E., Svenningsson, B., Asmi,  a., Pandis, S. N., Kulmala, M. and Petäjä, T.: Cloud condensation nuclei production 25 

associated with atmospheric nucleation: a synthesis based on existing literature and new results, Atmos. Chem. Phys., 12(24), 

12037–12059, doi:10.5194/acp-12-12037-2012, 2012. 

Kirkby, J., Curtius, J., Almeida, J., Dunne, E., Duplissy, J., Ehrhart, S., Franchin, A., Gagné, S., Ickes, L., Kürten, A., Kupc, 

A., Metzger, A., Riccobono, F., Rondo, L., Schobesberger, S., Tsagkogeorgas, G., Wimmer, D., Amorim, A., Bianchi, F., 

Breitenlechner, M., David, A., Dommen, J., Downard, A., Ehn, M., Flagan, R. C., Haider, S., Hansel, A., Hauser, D., Jud, W., 30 

Junninen, H., Kreissl, F., Kvashin, A., Laaksonen, A., Lehtipalo, K., Lima, J., Lovejoy, E. R., Makhmutov, V., Mathot, S., 

Mikkilä, J., Minginette, P., Mogo, S., Nieminen, T., Onnela, A., Pereira, P., Petäjä, T., Schnitzhofer, R., Seinfeld, J. H., Sipilä, 

M., Stozhkov, Y., Stratmann, F., Tomé, A., Vanhanen, J., Viisanen, Y., Vrtala, A., Wagner, P. E., Walther, H., Weingartner, 

E., Wex, H., Winkler, P. M., Carslaw, K. S., Worsnop, D. R., Baltensperger, U. and Kulmala, M.: Role of sulphuric acid, 



30 
 

ammonia and galactic cosmic rays in atmospheric aerosol nucleation., Nature, 476(7361), 429–33, doi:10.1038/nature10343, 

2011. 

Kirkby, J., Duplissy, J., Sengupta, K., Frege, C., Gordon, H., Williamson, C., Heinritzi, M., Simon, M., Yan, C., Almeida, J. 

and Tröstl, J., Nieminen, T., Ortega, I. K., Wagner, R., Adamov, A., Amorim, A., Bernhammer, A.K, Bianchi, F., 

Breitenlechner, M., Brilke, S., Chen X., Craven, J., Dias, A., Ehrhart, S., Flagan, R. C., Franchin, A., Fuchs, C., Guida, R., 5 

Hakala, J., Hoyle, C. R, Jokinen, T., Junninen, H., Kangasluoma, J., Kim, J., Krapf, M., Kürten, A., Laaksonen A., Lehtipalo, 

K., Makhmutov, V., Mathot, S., Molteni, U., Onnela, A., Peräkylä, O., Piel, F., Petäjä, T., Praplan, A. P., Pringle, K., Rap, A., 

Richards, N. A. D., Riipinen, I., Rissanen, M. P., Rondo, L., Sarnela, N., Schobesberger, S., Scott, C. E., Seinfeld, J. H, Sipilä, 

M., Steiner, G., Stozhkov, Y., Stratmann, F., Tomé, A., Virtanen, A., Vogel, A. L., Wagner, A. C.,  P. E., Wagner, Weingartner, 

E., Wimmer, D., Winkler, P. M., Ye, P., Zhang, X., Hansel, A., Dommen, J., Donahue, N. M., Worsnop, D. R., Baltensperger, 10 

U., Kulmala, M., Carslaw, K. S., and Curtius, J.: Ion-induced nucleation of pure biogenic particles, Nature, 533, 7604,  521–

526, 2016. 

Kontkanen, J., Olenius, T., Lehtipalo, K., Vehkamäki, H., Kulmala, M. and Lehtinen, K. E. J.: Growth of atmospheric clusters 

involving cluster-cluster collisions: Comparison of different growth rate methods, Atmos. Chem. Phys., 16(9), 5545–5560, 

doi:10.5194/acp-16-5545-2016, 2016. 15 

Korhonen, H., Lehtinen, K. E. J. and Kulmala, M.: Multicomponent aerosol dynamics model UHMA: model development and 

validation, Atmos. Chem. Phys., 4, 757–771, doi:10.5194/acpd-4-471-2004, 2004. 

Kuang, C., McMurry, P. H., McCormick,  a. V. and Eisele, F. L.: Dependence of nucleation rates on sulfuric acid vapor 

concentration in diverse atmospheric locations, J. Geophys. Res., 113(D10), D10209, doi:10.1029/2007JD009253, 2008. 

Kuang, C., Chen, M., Zhao, J., Smith, J., McMurry, P. H. and Wang, J.: Size and time-resolved growth rate measurements of 20 

1 to 5 nm freshly formed atmospheric nuclei, Atmos. Chem. Phys., 12(7), 3573–3589, doi:10.5194/acp-12-3573-2012, 2012. 

Kulmala, M., Kerminen, V.-M., Anttila, T., Laaksonen, A., O'Dowd, C.: Organic aerosol formation via sulphate cluster 

activation, J. Geophys. Res., 109(D4), D04205, doi:10.1029/2003JD003961, 2004. 

Kulmala, M., Pirjola, L. and Makela, J.: Stable sulphate clusters as a source of new atmospheric particles, Nature, 404(6773), 

66–69, 2000. 25 

Kulmala, M., Mordas, G., Petäjä, T., Grönholm, T., Aalto, P. P., Vehkamäki, H., Hienola, A. I., Herrmann, E., Sipilä, M., 

Riipinen, I., Manninen, H. E., Hämeri, K., Stratmann, F., Bilde, M., Winkler, P. M., Birmili, W. and Wagner, P. E.: The 

condensation particle counter battery (CPCB): A new tool to investigate the activation properties of nanoparticles, J. Aerosol 

Sci., 38(3), 289–304, doi:10.1016/j.jaerosci.2006.11.008, 2007. 

Kulmala, M., Kontkanen, J., Junninen, H., Lehtipalo, K., Manninen, H. E., Nieminen, T., Petäjä, T., Sipilä, M., Schobesberger, 30 

S., Rantala, P., Franchin,  a., Jokinen, T., Jarvinen, E., Aijala, M., Kangasluoma, J., Hakala, J., Aalto, P. P., Paasonen, P., 

Mikkila, J., Vanhanen, J., Aalto, J., Hakola, H., Makkonen, U., Ruuskanen, T., Mauldin, R. L., Duplissy, J., Vehkamäki, H., 

Back, J., Kortelainen,  A., Riipinen, I., Kurtén, T., Johnston, M. V., Smith, J. N., Ehn, M., Mentel, T. F., Lehtinen, K. E. J., 

Laaksonen,  A., Kerminen, V.-M. and Worsnop, D. R.: Direct Observations of Atmospheric Aerosol Nucleation, Science (80-



31 
 

. )., 339(6122), 943–946, doi:10.1126/science.1227385, 2013. 

Kurtén, T., Tiusanen, K., Roldin, P., Rissanen, M., Luy, J. N., Boy, M., Ehn, M. and Donahue, N.: α-Pinene Autoxidation 

Products May Not Have Extremely Low Saturation Vapor Pressures Despite High O:C Ratios, J. Phys. Chem. A, 120(16), 

2569–2582, doi:10.1021/acs.jpca.6b02196, 2016. 

Kürten, A., Jokinen, T., Simon, M., Sipilä, M., Sarnela, N., Junninen, H., Adamov, A., Almeida, J., Amorim, A., Bianchi, F., 5 

Breitenlechner, M., Dommen, J., Donahue, N. M., Duplissy, J., Ehrhart, S., Flagan, R. C., Franchin, A., Hakala, J., Hansel, A., 

Heinritzi, M., Hutterli, M., Kangasluoma, J., Kirkby, J., Laaksonen, A., Lehtipalo, K., Leiminger, M., Makhmutov, V., Mathot, 

S., Onnela, A., Petäjä, T., Praplan, A. P., Riccobono, F., Rissanen, M. P., Rondo, L., Schobesberger, S., Seinfeld, J. H., Steiner, 

G., Tomé, A., Tröstl, J., Winkler, P. M., Williamson, C., Wimmer, D., Ye, P., Baltensperger, U., Carslaw, K. S., Kulmala, M., 

Worsnop, D. R. and Curtius, J.: Neutral molecular cluster formation of sulfuric acid–dimethylamine observed in real time 10 

under atmospheric conditions, Proc. Natl. Acad. Sci., 111(42), 15019–15024, doi:10.1073/pnas.1404853111, 2014. 

Kürten, A., Williamson, C., Almeida, J., Kirkby, J. and Curtius, J.: On the derivation of particle nucleation rates from 

experimental formation rates, Atmos. Chem. Phys., 15(8), 4063–4075, doi:10.5194/acp-15-4063-2015, 2015. 

Lehtinen, K. E. J., Dal Maso, M., Kulmala, M. and Kerminen, V. M.: Estimating nucleation rates from apparent particle 

formation rates and vice versa: Revised formulation of the Kerminen-Kulmala equation, J. Aerosol Sci., 38(9), 988–994, 15 

doi:10.1016/j.jaerosci.2007.06.009, 2007. 

Lehtipalo, K., Leppä, J., Kontkanen, J., Kangasluoma, J., Franchini, A., Wimmer, D., Schobesberger, S., Junninen, H., Petäjä, 

T., Sipilä, M., Mikkilä, J., Vanhanen, J., Worsnop, D. R. and Kulmala, M.: Methods for determining particle size distribution 

and growth  rates between 1 and 3 nm using the Particle Size Magnifier, Boreal Environ. Res., 19(B), 15–236, 2014. 

Lehtipalo, K., Rondo, L., Kontkanen, J., Schobesberger, S., Jokinen, T., Sarnela, N., Kürten, A., Ehrhart, S., Franchin, A., 20 

Nieminen, T., Riccobono, F., Sipilä, M., Yli-Juuti, T., Duplissy, J., Adamov, A., Ahlm, L., Almeida, J., Amorim, A., Bianchi, 

F., Breitenlechner, M., Dommen, J., Downard, A. J., Dunne, E. M., Flagan, R. C., Guida, R., Hakala, J., Hansel, A., Jud, W., 

Kangasluoma, J., Kerminen, V.-M., Keskinen, H., Kim, J., Kirkby, J., Kupc, A., Kupiainen-Määttä, O., Laaksonen, A., Lawler, 

M. J., Leiminger, M., Mathot, S., Olenius, T., Ortega, I. K., Onnela, A., Petäjä, T., Praplan, A., Rissanen, M. P., Ruuskanen, 

T., Santos, F. D., Schallhart, S., Schnitzhofer, R., Simon, M., Smith, J. N., Tröstl, J., Tsagkogeorgas, G., Tomé, A., 25 

Vaattovaara, P., Vehkamäki, H., Vrtala, A. E., Wagner, P. E., Williamson, C., Wimmer, D., Winkler, P. M., Virtanen, A., 

Donahue, N. M., Carslaw, K. S., Baltensperger, U., Riipinen, I., Curtius, J., Worsnop, D. R. and Kulmala, M.: The effect of 

acid–base clustering and ions on the growth of atmospheric nano-particles, Nat. Commun., 7(May), 11594, 

doi:10.1038/ncomms11594, 2016. 

Makkonen, R., Asmi,  a, Kerminen, V. M., Boy, M., Arneth,  a, Hari, P. and Kulmala, M.: Air pollution control and decreasing 30 

new particle formation lead to strong climate warming, Atmos. Chem. Phys., 12(3), 1515–1524, doi:10.5194/acp-12-1515-

2012, 2012. 



32 
 

McGrath, M. J., Olenius, T., Ortega, I. K., Loukonen, V., Paasonen, P., Kurtén, T., Kulmala, M., and Vehkamäki, H.: 

Atmospheric Cluster Dynamics Code: a flexible method for solution of the birth-death equations, Atmos. Chem. Phys., 12, 

2345–2355, doi:10.5194/acp-12-2345-2012, 2012. 

Olenius, T. and Riipinen, I.: Molecular-resolution simulations of new particle formation: Evaluation of common assumptions 

made in describing nucleation in aerosol dynamics models, Aerosol Sci. Technol., 51(4), 397–408, 5 

doi:10.1080/02786826.2016.1262530, 2017. 

Paasonen, P., Nieminen, T., Asmi, E., Manninen, H. E., Petäjä, T., Plass-Dülmer, C., Flentje, H., Birmili, W., Wiedensohler,  

a., Hõrrak, U., Metzger,  a., Hamed,  a., Laaksonen,  a., Facchini, M. C., Kerminen, V.-M. and Kulmala, M.: On the roles of 

sulphuric acid and low-volatility organic vapours in the initial steps of atmospheric new particle formation, Atmos. Chem. 

Phys., 10(22), 11223–11242, doi:10.5194/acp-10-11223-2010, 2010. 10 

Petäjä, T.: Sulfuric acid and OH concentrations in a boreal forest site, Atmos. Chem. Phys, 9, 7435–7448, 2009. 

Reiss, H. and Koper, G. J. M.: The Kelvin Relation: Stability, Fluctuation, and Factors Involved in Measurement, J. Phys. 

Chem., 99, 7837–7844, 1995. 

Riipinen, I., Yli-Juuti, T., Pierce, J. R., Petäjä, T., Worsnop, D. R., Kulmala, M. and Donahue, N. M.: The contribution of 

organics to atmospheric nanoparticle growth, Nat. Geosci., 5(7), 453–458, doi:10.1038/ngeo1499, 2012. 15 

Schobesberger, S., Junninen, H., Bianchi, F., Lonn, G., Ehn, M., Lehtipalo, K., Dommen, J., Ehrhart, S., Ortega, I. K., Franchin, 

A., Nieminen, T., Riccobono, F., Hutterli, M., Duplissy, J., Almeida, J., Amorim, A., Breitenlechner, M., Downard, A. J., 

Dunne, E. M., Flagan, R. C., Kajos, M., Keskinen, H., Kirkby, J., Kupc, A., Kurten, A., Kurten, T., Laaksonen, A., Mathot, 

S., Onnela, A., Praplan, A. P., Rondo, L., Santos, F. D., Schallhart, S., Schnitzhofer, R., Sipilä, M., Tome, A., Tsagkogeorgas, 

G., Vehkamäki, H., Wimmer, D., Baltensperger, U., Carslaw, K. S., Curtius, J., Hansel, A., Petäjä, T., Kulmala, M., Donahue, 20 

N. M. and Worsnop, D. R.: Molecular understanding of atmospheric particle formation from sulfuric acid and large oxidized 

organic molecules, Proc. Natl. Acad. Sci., 110(43), 17223–17228, doi:10.1073/pnas.1306973110, 2013. 

Spracklen, D. V., Carslaw, K. S., Kulmala, M., Kerminen, V. M., Sihto, S. L., Riipinen, I., Merikanto, J., Mann, G. W., 

Chipperfield, M. P., Wiedensohler, A., Birmili, W. and Lihavainen, H.: Contribution of particle formation to global cloud 

condensation nuclei concentrations, Geophys. Res. Lett., 35(6), 1–5, doi:10.1029/2007GL033038, 2008. 25 

Tröstl, J., Chuang, W. K., Gordon, H., Heinritzi, M., Yan, C., Molteni, U., Ahlm, L., Frege, C., Bianchi, F., Wagner, R., Simon, 

M., Lehtipalo, K., Williamson, C., Craven, J. S., Duplissy, J., Adamov, A., Almeida, J., Bernhammer, A.-K., Breitenlechner, 

M., Brilke, S., Dias, A., Ehrhart, S., Flagan, R. C., Franchin, A., Fuchs, C., Guida, R., Gysel, M., Hansel, A., Hoyle, C. R., 

Jokinen, T., Junninen, H., Kangasluoma, J., Keskinen, H., Kim, J., Krapf, M., Kürten, A., Laaksonen, A., Lawler, M., 

Leiminger, M., Mathot, S., Möhler, O., Nieminen, T., Onnela, A., Petäjä, T., Piel, F. M., Miettinen, P., Rissanen, M. P., Rondo, 30 

L., Sarnela, N., Schobesberger, S., Sengupta, K., Sipilä, M., Smith, J. N., Steiner, G., Tomè, A., Virtanen, A., Wagner, A. C., 

Weingartner, E., Wimmer, D., Winkler, P. M., Ye, P., Carslaw, K. S., Curtius, J., Dommen, J., Kirkby, J., Kulmala, M., 

Riipinen, I., Worsnop, D. R., Donahue, N. M. and Baltensperger, U.: The role of low-volatility organic compounds in initial 

particle growth in the atmosphere, Nature, 533(7604), 527–531, doi:10.1038/nature18271, 2016. 



33 
 

Vehkamäki, H. and Riipinen, I.: Thermodynamics and kinetics of atmospheric aerosol particle formation and growth, Chem. 

Soc. Rev., 41(15), 5160, doi:10.1039/c2cs00002d, 2012. 

Wang, J. and Wexler, A. S.: Adsorption of organic molecules may explain growth of newly nucleated clusters and new particle 

formation, Geophys. Res. Lett., 40(11), 2834–2838, doi:10.1002/grl.50455, 2013. 

Wang, J., McGraw, R. L. and Kuang, C.: Growth of atmospheric nano-particles by heterogeneous nucleation of organic vapor, 5 

Atmos. Chem. Phys., 13(13), 6523–6531, doi:10.5194/acp-13-6523-2013, 2013. 

Wang, L., Khalizov, A. F., Zheng, J., Xu, W., Ma, Y., Lal, V. and Zhang, R.: Atmospheric nanoparticles formed from 

heterogeneous reactions of organics, Nat. Geosci., 3(4), 238–242, doi:10.1038/ngeo778, 2010. 

Winkler, P. M., Vrtala, A. and Wagner, P. E.: Condensation particle counting below 2 nm seed particle diameter and the 

transition from heterogeneous to homogeneous nucleation, Atmos. Res., 90(2–4), 125–131, 10 

doi:10.1016/j.atmosres.2008.01.001, 2008. 

Yli-Juuti, T., Nieminen, T., Hirsikko, A., Aalto, P. P., Asmi, E., Hõrrak, U., Manninen, H. E., Patokoski, J., Dal Maso, M., 

Petäjä, T., Rinne, J., Kulmala, M. and Riipinen, I.: Growth rates of nucleation mode particles in Hyytiälä during 2003-2009: 

Variation with particle size, season, data analysis method and ambient conditions, Atmos. Chem. Phys., 11(24), 12865–12886, 

doi:10.5194/acp-11-12865-2011, 2011. 15 

Zhang, K. M. and Wexler, A. S.: A hypothesis for growth of fresh atmospheric nuclei, J. Geophys. Res., 107(D21), 4577, 

doi:10.1029/2002JD002180, 2002. 

 


