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Abstract. Two types of particles exist in the atmosphere, primary and secondary
particles. While primary particles such as soot, mineral dust, sea salt particles or
pollen are introduced directly as particles into the atmosphere, secondary particles are formed in the atmosphere by condensation of gases. The formation of such
new aerosol particles takes place frequently and at a broad variety of atmospheric
conditions and geographic locations. A considerable fraction of the atmospheric
particles is formed by such nucleation processes. The newly formed particles may
grow by condensation to sizes where they are large enough to act as cloud condensation nuclei and therefore may aﬀect cloud properties. The fundamental processes
of aerosol nucleation are described and typical atmospheric observations are discussed. Two recent studies are introduced that potentially change our current
understanding of atmospheric nucleation substantially.

1 Introduction
When a cloud forms in the atmosphere, water molecules condense. In cloud formation processes,
typically an air parcel is ascending and therefore temperature drops and relative humidity rises
due to the expansion of the air parcel. As soon as a relative humidity of 100% is reached, tiny
cloud droplets start to form. The condensing water molecules do not form new droplets but the
water always condenses on already existing particles. This is, because it is energetically more
favourable for the water molecules to condense on pre-existing particle surfaces, rather than
forming new particles on their own due to the involved surface energy. These particles on which
the water condenses are called the cloud condensation nuclei (CCN). A large fraction of all
the particles that ﬂoat in the atmosphere can act as cloud condensation nuclei already at very
small supersaturations of around 100.05% to 100.5% relative humidity. Whether a particle can
act as a cloud condensation nuclei is determined mostly by its size (the larger, the easier the
activation at very small supersaturations) and to some extent by its chemistry and morphology
[1]. However, in the troposphere there are always enough particles around that can act as cloud
condensation nuclei so that clouds never form in the atmosphere via the formation of new,
pure water droplets. A supersaturation corresponding to several hundred percent of relative
humidity would be required for new water droplets to form in the atmosphere [2].
Nevertheless, there are some – few – substances in the atmosphere that are able to form
new particles. By now it is well known that new particle formation occurs frequently in the
atmosphere and a good fraction of all the particles present have formed by nucleation. New
particle formation has been observed at numerous places with very diﬀerent climatologic conditions, such as boreal forests [3], coastal areas [4,5], urban areas [6], or the free troposphere
[7–10]. At some of these places distinct particle nucleation events can be observed almost every
day [4,11,12].
Numerous investigations have been conducted to study these particle formation events [13].
Signiﬁcant progress has been achieved in understanding the physical processes taking place
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Fig. 1. A typical particle nucleation event is detected when plotting the particle concentration as a
function of time and particle size for measurement observed in a boreal forest at Hyytiälä, Finland,
for 19 May 1999. Between 9:00 and 12:30 numerous freshly nucleated particles appear at the smallest
measurable sizes (> 3 nm) and grow within hours to sizes of around 50 nm. From [16].

during atmospheric particle nucleation as well as concerning the chemical substances involved
in the nucleation and the subsequent growth of the particles. Diﬀerent theoretical approaches
have been developed to describe the nucleation process and a variety of modelling eﬀorts have
been undertaken to simulate nucleation, ranging from the microphysical level up to inclusion
of nucleation in global chemistry and climate models. Nevertheless, the particle nucleation
process itself, the clustering of molecules in the atmosphere remains to be diﬃcult to study
experimentally, as there is hardly any instrumentation available to measure and characterize
these molecular clusters at atmospheric conditions, and many open questions remain on the
nucleation mechanism and the involved chemical substances, as we will see in the following
sections. For a more detailed introduction to the subject of atmospheric aerosol nucleation, the
reader is referred to more comprehensive introductions and reviews [2,14,15].
A precondition for nucleation to take place is that the substances that nucleate have to be
supersaturated in the gas phase. But supersaturation alone is not enough, it must be highly
supersaturated such that on the one hand the nucleation barrier (see below) can be overcome
and on the other hand the nucleating molecules have to cluster faster than being lost to the
pre-existing aerosol particles that are always abundant in the atmosphere. Apparently, this
condition is only reached occasionally and only for a few substances.
The most important processes that can cause supersaturation of substances in the atmosphere are photochemical processes. In this case a highly volatile substance is converted in the gas
phase into a less volatile, typically more oxidized substance. For example, sulphur dioxide (SO2 )
is oxidized by reaction with the hydroxyl radical (OH) forming gaseous sulphuric acid (H2 SO4 ).
The sulphuric acid has a low vapour pressure and therefore it is easily supersaturated in the gas
phase and a rapid transfer into the condensed phase takes place. If there are not enough preexisting aerosol particles around on which the sulphuric acid can condense, then new particles
are formed. In fact, in the atmosphere there is always water vapour abundant and due to the
large enthalpy of mixing for the sulphuric acid/water system, the actual nucleation process will
always involve the co-condensation of sulphuric acid and water. Therefore, such a nucleation
process is called binary homogeneous nucleation. “Binary” because two substances, sulphuric
acid and water, are involved, “homogeneous” because new particles are formed without the
involvement of any pre-existing surface. A third substance, such as ammonia [17,18] or an
organic acid [19] can enhance the nucleation of H2 SO4 and H2 O even further, if present. In this
case the nucleation mechanism would be called ternary homogeneous nucleation.
Because the aerosol inﬂuences climate directly [20] and indirectly via the cloud formation
processes [21], as well as because of adverse health eﬀects of ultraﬁne particles [22,23], it is
very important to gain a deeper understanding of nucleation processes and to include these
processes in global climate and chemistry models.
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2 Atmospheric observations
The occurrence of new particles is usually detected as a so-called nucleation event. Figure 1
shows such a nucleation event as it is frequently observed at a measurement station located in
a boreal forest in Hyytiälä, Finland. The ﬁgure shows a contour plot of the measured particle
size distribution as a function of time. While hardly any particles exist that are smaller than
10 nm for most of the time, suddenly in the late morning numerous particles of 3–10 nm size are
detected. Over the day, these particles grow by condensation of further condensable gases and
coagulation among the particles and the population of the smallest particle sizes is depleted
again. After about noon time, no new particles are detected any more at the smallest particle
sizes. The particles of 3–10 nm size must have been produced recently by particle nucleation
from the gas phase. These particles are too small to be primary particles and they must have
formed recently as such small particles collide within a few hours with larger particles and are
therefore lost.
Typical nucleation events produce about 1 particle cm−3 s−1 and concentrations of a few
thousand freshly formed particles per cubic centimetre are usually detected after a nucleation
event [13]. The growth rate of the particles after nucleation is on the order of 1 nm hr−1 [13].
In most cases, the nucleation takes place during daytime, preferentially in the late morning
because photolytic processes like the formation of OH are involved in the occurrence of the
precursor gases that form the new particles.
The formation of new particles from gaseous sulphuric acid and water is thought to be the
most important atmospheric nucleation process. How is the gas phase sulphuric acid produced?
The largest fraction of the SO2 in the atmosphere is oxidized to sulphate in the liquid phase
by chemical reactions in cloud droplets. However, a fraction is converted into sulphuric acid in
the gas phase by reaction with the hydroxyl radical OH [24,25]:
SO2 + OH + M → HOSO2 + M

(R1)

HOSO2 + O2 → SO3 + HO2

(R2)

SO3 + 2H2 O → H2 SO4 + H2 O.

(R3)

This gas phase sulphuric acid is assumed to be the key for many aerosol nucleation events
observed in the atmosphere and we will focus our description on this substance. A strong
correlation between the gas phase sulphuric acid and nucleation-mode particles in the 3–6 nm
size range is often observed. This suggests that sulphuric acid is taking part in the nucleation
of the particles [26,27].
A schematic for the formation of new particles from sulphuric acid and water vapour is
shown in Figure 2. For the nucleation events observed in boreal forests it has been found that the
sulphuric acid concentration is usually too low (typically 106 –107 molecules cm−3 ) to contribute
more than a few percent to the observed subsequent particle growth after the initial particle
nucleation has occurred (overcoming of the nucleation barrier, see below) [28]. Once formed and
thermodynamically stable, other substances such as condensable oxidized organic compounds
take part in the growth of the newly formed particles and contribute the largest mass fraction
of the particles. Therefore, the formation of atmospheric new particles is often divided into a
two-step process: First the nucleation itself where clusters overcome the nucleation barrier, and
then the subsequent growth of these clusters. For the nucleation events that occur in boreal
forest regions, it has been shown, for example, that terpene oxidation products from substances
such as alpha-pinene, beta-pinene or limonene play an important role for the observed growth
of particles after nucleation. The terpenes are emitted by the trees in fairly large amounts.
Besides sulphuric acid, also iodine oxides, particularly OIO, can produce aerosol particles in
the atmosphere. Iodine compounds are emitted into the atmosphere from macro algae during
low tide and massive nucleation bursts occur in some coastal areas such as the west coast of
Ireland on an almost daily basis [4,5,29].
Nucleation depends non-linearly on many parameters, such as the concentration of the precursor gases, the temperature and the surface area of the pre-existent aerosol. Therefore a
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Fig. 2. Schematic representation of the nucleation and subsequent growth process for atmospheric
binary homogeneous nucleation of H2 SO4 and H2 O. Once thermodynamically stable clusters larger
than the so-called critical cluster have formed, also other substances such as low-volatility organics
can take part in the growth process. Particles may grow further to sizes large enough to act as cloud
condensation nuclei on which cloud droplets may form eventually. From [14].

comprehensive theoretical description and the treatment of aerosol nucleation in global chemistry models remain very challenging. Reasonable success in including nucleation in a global
model has recently been achieved by Spracklen et al. [30,31].

3 Nucleation theory
How can the formation of aerosol particles be described thermodynamically? Classical nucleation theory to describe aerosol formation still forms the basis for the thermodynamic interpretation of aerosol nucleation processes. The Gibbs free energy G is studied to characterize the
atmospheric nucleation processes as the natural variables pressure and temperature can easily
be measured. For a given, ﬁxed pressure and temperature, a closed thermodynamic system
will drive towards a state in which G is minimal. Let us start by looking at the nucleation
process for a single substance A, for example, pure sulphuric acid. This can be extended
to – atmospherically more relevant – binary and ternary systems but, for simplicity, let us
consider just the single component system. Substance A has a vapour pressure pA . Its equilibrium vapour pressure over a ﬂat surface of the bulk liquid A is pA∞ . If the substance is
supersaturated in the gas phase (pA > pA∞ ) and far away from any other surfaces on which
the gas phase molecules could condense on, the system is meta-stable and the vapour molecules
would generally prefer to undergo a phase transition to the condensed phase as a lower value
of G could be obtained due to the lower chemical potential of the bulk liquid. For a single
substance the thermodynamics of the nucleation is then given by [2]:
kT
4
ln S + 4πRp2 σ.
∆G = − πRp3
3
vl

(1)

This equation gives the change of the free energy G as a function of the nucleating particle’s
radius Rp . Here S is the saturation ratio, S = pA /pA∞ , k is the Boltzmann constant, T is the
temperature, vl is the volume occupied per molecule, and σ is the surface tension of substance A.
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Fig. 3. Thermodynamic representation of aerosol nucleation for a single chemical compound. A
nucleation barrier of height ∆G∗ exists. The critical cluster size Rp∗ is deﬁned by the maximum of
the barrier. From [14].

The equation is illustrated by Figure 3. As long as the system is supersaturated, S is larger
than 1 and the ﬁrst term of the right hand side of the equation is negative. Generally, this is the
driving force for the gas phase molecules to condense and thereby increase the particle’s radius.
Just in the beginning, for small Rp , the second term plays an important role. As the particle
forms, a new surface (Ap = 4πRp2 ) has to be build up, costing surface energy. In the beginning
this surface energy is bigger than the energy won from changing from gas phase to particle
phase and therefore for small Rp an eﬀective energy barrier exists (the so-called nucleation
barrier) that prevents the gas from nucleation although it is supersaturated in the gas phase
with respect to the ﬂat surface equilibrium pressure.
The location of the maximum of the barrier marks the critical radius. Once a cluster has
reached the size of the critical cluster, the droplet will persist and most likely grow further
by condensation of further gas phase molecules. For small clusters with sizes smaller than the
critical size it is energetically more likely to evaporate oﬀ a molecule than another molecule
condensing on them. In most cases such clusters will fall apart into separate gas molecules
again. But there is a statistical chance that now and then a cluster collects so many molecules
that it becomes large enough to reach the critical size and overcome the barrier.
From diﬀerentiation of equation (1) the height of the nucleation barrier ∆G∗ and the
position of the critical radius Rp∗ can be determined:
∆G∗ =

4π
4π
σRp∗2 =
σ
3
3



2σvl
kT ln S

2
.

(2)

This equation is known as the Kelvin equation. Just at the critical radius a particle has reached
an instable equilibrium and will neither grow nor evaporate. Therefore the Kelvin equation
connects also the equilibrium vapour pressure p∗A of A over a spherical surface of radius Rp∗
with the equilibrium vapour pressure over a ﬂat surface pA∞ . Although the classical nucleation
theory has been quite successful in describing the nucleation process in general, it has to be
noted that large diﬀerences exist between atmospheric observations and predictions by classical
theory. There are several factors responsible for these discrepancies. On the one hand side,
classical theory is limited and the bulk phase parameters like surface tension and density that
enter into the classical equations are not suitable to describe the molecular clusters correctly
[32,33]. By now, some more sophisticated approaches exist, but agreement between atmospheric
measurement and theory is usually still not satisfactory. This limited agreement is not only
caused by the incomplete theory but also by the fact that the chemical compounds that actually
cause the nucleation as well as the concentration, size and composition of the freshly nucleated
cluster < 3 nm can usually not be measured.
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Fig. 4. For the binary homogeneous nucleation of the two compounds A and B with the number of
molecules of type A and B in the cluster given by nA and nB , the ∆G curve shown in Figure 3 expands
into a saddle-shaped surface. The position of the nucleation barrier is located at the saddle point.
From [2].

The nucleation rate J is given as the number of clusters that grow beyond the critical size
per second. The nucleation rate is connected to the height of the nucleation barrier by:


∆G∗
J = C exp −
.
(3)
kT
Here, C is a preexponential factor. There is a negative exponential dependence of the nucleation
rate on the height of the nucleation barrier. The nucleation barrier determines the nucleation
processes. As mentioned in the beginning, pure water vapour will never undergo homogeneous
nucleation in the lower atmosphere as the nucleation barrier will always be much too high and no
clusters will overcome this barrier at atmospheric supersaturations. Similarly, the condensable
oxidation products of the terpenes described in the previous section are considered to not being
able to form new particles on their own at their maximum atmospheric concentrations.
The fundamental nucleation theorem connects the number of molecules n∗A of species A that
form the critical cluster with the slope of the logarithm of the nucleation rate as a function of
the logarithm of the saturation S of the nucleating species [34–36]:


∂ ln J
≈ nA .
(4)
∂ ln SA T
This expression can be extended to binary systems [35]. It means, for example, that for binary
nucleation of H2 SO4 and H2 O the number of H2 SO4 molecules in the critical cluster can be
derived from measurements of the nucleation rate as a function of the H2 SO4 concentration at
ﬁxed temperature and relative humidity [17,36]. As an example, Figure 4 shows the measured
nucleation rate J as a function of the sulphuric acid concentration and the derived number of
molecules of the critical cluster.
The above equations are given for homogeneous systems consisting of one substance only.
In the atmosphere often two, three or even more substances are involved in the nucleation
process, as the equilibrium vapour pressures of mixed systems are generally lower than for the
pure systems. The nucleation of sulphuric acid and water is assumed to be the most important
binary system for the atmosphere. The nucleation theory has been expanded to the binary
system [37–41]. Here, the ∆G curve of Figure 3 becomes a saddle-shaped surface, when ∆G is
plotted as a function of the two components and the composition of the critical cluster is deﬁned
by the saddle point (see Figure 5). Further components like NH3 can facilitate the nucleation
even further, and, in the presence of ammonia, the number of H2 SO4 molecules in the critical
cluster is further reduced (Figure 4).
A further nucleation mechanism that is thought to be of importance in the atmosphere is
ion-induced nucleation. Here, the cluster forms around an ion. The charge helps to stabilize
the cluster as molecules do not evaporate from the cluster as easily as for nucleation without
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Fig. 5. Laboratory measurement of binary homogeneous nucleation for H2 SO4 and H2 O (full symbols)
and for the ternary system H2 SO4 /H2 O/NH3 (open symbols). Dependence of the nucleation rate as a
function of sulphuric acid concentration. According to the nucleation theorem J = const × [H2 SO4 ]n∗ ,
the slope gives the number of H2 SO4 molecules in the critical cluster. Here a number of n∗ = 8.2H2 SO4
molecules for the binary and n∗ = 5.2H2 SO4 molecules for the ternary system is derived. RH = 15%,
[NH3 ] = 0.08 ppb, Temperature ∼ 295 K. From [17].

the involvement of a charged core ion. It has been recognized more than a hundred years ago
that ion-induced nucleation is a very eﬃcient process of particle nucleation and the invention
of the cloud chamber by C.T.R. Wilson was used in elementary particle physics for decades
in order to characterize ionizing radiation [42,43]. As ion clusters are more easily observed
and quantitatively characterized than neutral clusters, a microscopic description beyond the
limitations of classical nucleation theory became available [32,44].
In the atmosphere, ions are formed mostly from galactic cosmic rays and the ion-induced
nucleation mechanism could mean a small but relatively permanent source of new particles in
the atmosphere. It has been speculated that variations of galactic cosmic rays could therefore
have an inﬂuence on clouds, precipitation and climate [45–47]. Studies to characterize the
relevance of this process by aerosol chamber experiments at the European Organization for
Nuclear Research (CERN) are ongoing [48].
Atmospheric aerosol nucleation always competes with the uptake of condensable gases on the
already existing aerosol particles. Nucleation will only occur, if the production of condensable
species is faster than condensation on the pre-existent particles. The concept of the condensational sink (CS) has been established to characterize and model the losses of the condensing
molecules on pre-existing particles [49].

4 Recent developments
Among the many studies on atmospheric aerosol nucleation, two interesting new studies are
brieﬂy introduced and discussed here. These recent studies presented new ﬁndings and put up
new hypotheses which – if correct – would change our understanding of atmospheric nucleation
considerably.
4.1 Field measurements of nucleation with direct observation of clusters < 3 nm
The ﬁrst study was presented by Kulmala et al. [50]. Using several new instruments such as
a NAIS (Neutral Air Ion Spectrometer) and a mixing-type Condensation Particle Counter
(CPC), atmospheric measurements of clusters and aerosol particles below 3 nm size were made.
The continuous existence of a pool of particles with sizes around 1.5 nm was detected at these
measurements in Hyytiälä, Finland. The authors assume therefore that in this case nucleation
bursts like the one displayed in Figure 6 are not limited by the nucleation itself, but rather by

206

The European Physical Journal Conferences

Fig. 6. Nucleation event observed at Hyytiälä on 23 April 2006 for neutral clusters with the Neutral
Air Ion Spectrometer NAIS, upper panel, and for charged clusters with the Air Ion Spectrometer (AIS)
in the lower panels. Measurements start at sizes < 1 nm. A mode of neutral particles of ∼1.5 nm size
seems to be always present, similar to the mode of air ions at this size. The neutral clusters cannot be
formed from recombination of charged clusters alone. From [50].

the growth process: a burst that can be observed by conventional aerosol instrumentation will
happen when large amounts of condensable organic molecules are produced by photochemical
processes and the 1.5 nm clusters are then activated, i.e. they grow by condensation to detectable
sizes > 3 nm. The 1.5 nm clusters – whichever way they are formed and whatever the chemical
composition of these clusters may be – must form continuously because otherwise they would
be lost within minutes by coagulation with larger aerosol particles and a continuous population
of these clusters could not be maintained.
It is also important to note that the observed 1.5 nm clusters are not ion clusters. It has
been known for a long time that ion clusters in this size range exist in the atmosphere, but the
authors demonstrate that an ion-induced nucleation process by activation of these ion clusters
can only account for less than 10% of the observed particles that grow to sizes > 3 nm.
4.2 Laboratory investigations indicating a new sulphur oxidation chemistry relevant
for atmospheric aerosol nucleation
The second recent study was presented by Berndt et al. [51]. These authors carried out a
laboratory study on binary homogeneous nucleation of sulphuric acid and water, using a vertical laminar ﬂow tube reactor. Here the gaseous H2 SO4 was produced in two diﬀerent ways:
a) by evaporating H2 SO4 from a liquid reservoir (saturator) and b) by reacting SO2 with OH
(produced from photolysis of O3 by UV light) in the gas phase by reactions (R1-R3). They
demonstrate that a substantial diﬀerence exists in the observed particle production, depending
on the way the H2 SO4 was produced. As shown in Figure 7, small amounts of new particles
(< 10 cm−3 ) are observed when the gaseous H2 SO4 stems from the vaporized liquid. In contrast, large amounts of particles (∼ 5 × 104 cm−3 ) are formed when H2 SO4 is produced via the
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Fig. 7. Particle nucleation observed after evaporation of liquid sulphuric acid (saturator) and after
oxidation of sulphur dioxide (SO2 ) by the hydroxyl radical (OH). OH is produced from photolysis
of ozone (O3 ) by UV light. Much higher particle numbers are observed from the SO2 + OH reaction
although the expected H2 SO4 is lower in this case. This may indicate the presence of another oxidized
sulphur compound produced from the SO2 oxidation that is responsible for nucleation other than
H2 SO4 . From [51].

SO2 + OH reaction scheme. The calculations of the concentration of gaseous sulphuric acid in
the ﬂow reactor show that for the production of the few particles with H2 SO4 from the liquid reservoir, maximum H2 SO4 gas phase concentrations in the reactor of > 1 × 109 cm−3 are
needed, while the large amounts of particles are produced already at calculated maximum gas
phase concentrations of ∼ 2 × 108 cm−3 ! This surprising ﬁnding was interpreted as a hint that
additional chemical reactions are taking place during SO2 gas phase oxidation besides (R1-R3)
in which another oxidized sulphur compound is produced that nucleates more easily than the
sulphuric acid itself. It is suggested that the peroxo-type radical HOSO2 O2 could be a potential
candidate produced from the HOSO2 + O2 reaction that might be the key substance that leads
to products that nucleate much more easily than the gas phase sulphuric acid. This new chemistry scheme would resolve one longstanding problem that binary sulphuric acid nucleation in
the laboratory needs concentrations of gaseous H2 SO4 > 1 × 109 cm−3 while gaseous H2 SO4 in
the atmosphere rarely exceeds 1 × 107 cm−3 and nucleation events are frequently observed at
these much lower concentrations while numerous indications exist that some sulphur compound
is involved in the nucleation process.
This would also be in line with the fact that several studies on atmospheric nucleation involving sulphuric acid indicate that the nucleation rate depends on [H2 SO4 ]n with n between 1
and 2 [26,27,52] and therefore, according to equation (4) the critical cluster would involve just
one or two H2 SO4 molecules, while the results from Ball et al. [25], where gaseous H2 SO4 was
produced from evaporating the liquid, show that the critical cluster should involve considerably
more H2 SO4 molecules (Figure 4). For n ≤ 2 the nucleation barrier vanishes and the cluster
growth would be just kinetically limited. Another approach to explain this behaviour is given
by cluster activation theory [27].
Currently the ﬁndings from these two studies have not been veriﬁed by independent experiments or other ﬁeld observations. Also, it has to be noted that, so far, in the study by Berndt
et al. the H2 SO4 gas phase concentration was not directly measured. It will be interesting to
see if these new hypotheses can be conﬁrmed by further studies in the future.

5 Summary
The formation of new particles from gaseous precursor substances in the Earth’s atmosphere
is a process that takes place frequently. Often nucleation bursts are observed where many
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new particles are formed simultaneously. It is conceivable that a slow but more continuous production of new particles also takes place but this process is harder to detect by
the existing measurement techniques. Sulphuric acid is currently thought to be a key player
for atmospheric nucleation, except for coastal areas where iodine oxides are most likely the
nucleating substances. Other substances, such as other oxidized sulphur compounds or organic
substances might be important for atmospheric nucleation as well. Binary or ternary homogeneous nucleation or ion-induced nucleation are considered as the most important nucleation
mechanisms in the atmosphere. Probably, nucleation via all three mechanisms is taking place
in the atmosphere but with variable prominence. In many cases the nucleation barrier seems to
be very small, between 1 and 2 molecules only, indicating that rather an activation process or
a kinetically limited nucleation is taking place. The growth of the freshly nucleated particles is
often decoupled from the nucleation itself. This growth process might be more limiting for the
production of particles of sizes >3 nm than the nucleation in some cases.
Classical nucleation theory, while qualitatively correct, is not able to predict atmospheric
particle nucleation on a quantitative scale because the bulk properties that are used in the
classical approach are inadequate to describe the properties of clusters that consist of only
a few molecules. Further research is needed to ﬁnd out which chemical substances undergo
nucleation and which substances take part in the growth process for the various atmospheric
situations in which nucleation occurs. These substances have to be measured quantitatively.
In how far the formation of clouds is inﬂuenced by aerosol nucleation processes is a topic
of high scientiﬁc relevance [31,53]. Especially the question in how far anthropogenic emissions
aﬀect the nucleation and therefore cloud formation, cloud properties and precipitation requires
further in depth investigation.
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