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ABSTRACT: Atmospheric aerosol particles have a strong impact on the global climate and that is the main reason for
many observed events of new aerosol formation being not understood. Forwarding, to explain these events one of the
theory put is that the presence of ions can enhance the formation of aerosols in the atmosphere. This theory is called ion
induced nucleation and in this paper, the state of observations and theory within the field is reviewed. While evidence for
ion induced nucleation is accumulating the exact mechanism is still not known and more research is required to understand
and quantify the effect.
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1. INTRODUCTION

The role of ions in the production of aerosols is among the least understood, but potentially is an important process in the
Earth’s atmosphere. Observation has shown that the nucleation of aerosol particles can occur under conditions that cannot
be explained by classical nucleation theory [8]. Several ideas have been put forward to solve this nucleation problem, e.g.
ion-induced nucleation [11, 13]. However, experimental investigations exploring the role of ions in particle production are
scarce and often at conditions far removed from those relevant for the lower part of the atmosphere [1]. Since production
rates at the size of 3 nm were observed to be 1-10 cm™s™, and numerical simulations yielded nucleation rates of initial
stable clusters (approx. 1 nm) around 0.1-1 cm™s?, it is suggested that ions are active in continuously generating a
reservoir of small thermodynamically stable clusters that can then rapidly grow in the presence of condensable vapours [9,
10, 12]. These results demonstrate that ions probably play an important role in the production of new aerosol particles in the
Earth’s atmosphere.

The chemical composition of aerosols is widely varied from largest size of fine mineral dust, to soot, to sulphate and nitrate
salts. Human activities, especially fossil fuel burning, produce a lot of aerosols. In general, aerosols are more abundant over
continents than over the oceans, which have consequences in form of the clouds that form there. Because aerosols interact
with radiation and are crucial to cloud formation, they can strongly affect climate. Not all aerosol particles can be used to
form a cloud droplet: certain criteria apply. Those aerosols meeting these criteria are called cloud condensation nuclei
(CCN). There are 2 types of aerosol which can act as CCN:

1. The aerosol is insoluble but wettable (or hydrophilic), and sufficiently large. A surface

is wettable when water collects on it in a thin film rather than bunching into drops (the opposite of a wettable surface is
called hydrophobic, the classic example being a well-waxed car).

2. The other way for an aerosol to act as a CCN is for it to be soluble and large enough. Though there is still a size
restriction, it is much less stringent than in the previous case. Because there are many more small aerosols than larger ones,
this is the most common way for cloud droplets to form.

Aerosols are present throughout the atmosphere and affect Earth’s climate directly through backscattering of sunlight and
indirectly by altering cloud properties [4]. A ternary nucleating agent such as ammonia has been proposed to enhance the
nucleation process by stabilizing early cluster formation [14]. Another possibility is that ions, produced mainly by galactic
cosmic rays, can play an important role to give out the observed nucleation rates [13].
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In this paper the role of ions in aerosol nucleation is reviewed. Two areas: Theory and Experimental studies are described in
separate sections. In theory section, the various theories are mentioned to understand the nucleation. Experimental studies

covers all measurements performed in the atmosphere from studies of the general behaviour of ions to particle nucleation
observations where the role of ions is considered. This section also describes laboratory measurements from nucleation
events to investigations of single reactions. Finally the state of the field is summarized.

1. THEORITICAL APPROACHES

A competition between the growth and evaporation of molecular clusters is called as Nucleation. For a stable cluster to be
formed an initial energy barrier must be overcome —

this barrier is due to the surface tension of the cluster. The height of this barrier is determined by the temperature and
concentration of the nucleating species. There are several good introductions to nucleation theory as mentioned by Curtius
[2]. This section deals with how the addition of an electrical charge alters the nucleation process.

Thermodynamic theory
The classical approach to bi- molecular homogeneous nucleation uses thermodynamics for the nucleation rate J is given as
J=Jpexp (-AG/KT) 1)
where the pre exponential factor
Jb=Qo/n m)l/2 P2 /pi
depends upon the kinetics of the system and AG" is the free energy of formation of the critical cluster (the required cluster
size to overcome the energy barrier), k is the Boltzmann’s constant, T the temperature, p, is the density of the
supersaturated vapour , m is the mass of monomer molecules, pthe bulk liquid density.
Kinetic theory
One of the first kinetic models was developed by Yu et al. [17] in order to simulate exhaust plumes from aeroplanes.
Coagulation processes were so fast that the thermodynamic solution did not apply and the evolution of heat in the plumes
resulted in very high ion concentrations. Coagulation, condensation and evaporation were treated, and neutral, positive, and
negative clusters were examined from 0.56 nm up to 0.56 pum size with individual bins for the first five molecules and bin
sizes increasing by 20% per bin. All the parameters used were calculated from theory. It was concluded by the theory that
the effect of changing ion concentration is highest when the ion production and
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Fig. 1- Gibbs free Energy barrier (Curtius, [2])

the pre-existing aerosol surface are low to begin with and when condensable gas concentrations are high.

11l. EXPERIMENTAL STUDIES
lon nucleation

A review of atmospheric ion formation and different mechanisms for nucleation via ions was given by Harrison [6]. Large
positive cluster ions (mass 2500 amu) were detected in the upper troposphere for the first time in 2002 using a large ion
mass spectrometer [3]. The most common ions measured were composed of water, acetone, and a proton. Two larger
modes were also detected. The lesser of these could be explained by the uptake of sulphuric acid but there were insufficient
amounts of condensable gases to explain the largest measured particles by any other means than attachment of small
aerosols to the ion clusters. The required concentration of these aerosols was 2.5 * 10* cm™ and their presence could not be
explained by homogeneous nucleation, which strongly indicated that the ions participated in the formation of clusters.

The particles formed during a nucleation event were overcharged with negative ions indicating the participation of negative
ion chemistry in the nucleation process. However little change in the number of small cluster ions (stable ions with a
diameter of (~1.5 nm) was observed during the events, contrary to what would be expected from ion-induced nucleation
(INU). This was possibly due to mixing of air parcels or a decrease in the ion condensation sink to other particles previous
to the events.

An instrument to measure the charged fraction of particles in nucleation events has been developed by Laakso et al. [7].
Particles were passed through a charger that could be turned on and off, and the size distribution was then determined by a
differential mobility particle size counter with a switchable polarity to measure either positive or negative ions. A charged
fraction above the expected equilibrium was detected in many cases indicating a contribution from INU. Negative
overcharging was more common than positive.

In order to test the theories and understand what to look for in field studies it is necessary to do experiments under
controlled conditions. There are three main approaches to experimental investigation of INU. One approach explains the
ion nucleation. Second approach operates on a macroscopic level trying to determine the influence of ions on bulk
nucleation. The second approach is to investigate the molecular reactions taking place in an attempt to understand each step
in the mechanism of particle formation.

Bulk nucleation
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The first of this kind of experiments are the ones conducted by Wilson [16] where an expansion chamber was exposed to
various kinds of ionizing radiation, and an increase in density of the resulting fog was reported. With the advent of particle
counters more detailed studies became possible, and the relation between generated particles and radiation doses of alpha
rays, beta rays, and x-rays were reported [10]. The doses used were from 1 to 15 rads forming ion concentrations orders of
magnitude above atmospheric levels, and using this span of doses the particle production rate was increased by more than a
factor of 100.

Molecular reaction

By investigating directly the molecules involved in the nucleation process more information about details of the mechanism
may be revealed. It was found that the mole fraction of sulphuric acid approached that of neutral clusters with increasing
cluster size [15]. Small negative clusters had more sulphuric acid than neutrals and the small positive clusters had less. The
clusters did not grow to the sizes expected from the rate of collision between clusters and sulphuric acid, meaning that
detachment of sulphuric acid played an important role. It was also shown that growth was more effective for negative than
for positive clusters. A later study using the same setup determined the hydration constants for the clusters and using the
obtained data together with data from Froyd et al. [5], the authors simulated the obtained mass spectra.

IV. SUMMRY

Evidence for the importance of ions in aerosol nucleation is accumulating. We have shown above experimental studies, as
well as the theoretical formulations which indicate that INU is a real effect, even under atmospheric conditions. In some
studies the effect of ions is seen directly [12].

Some of the studies presented here indicate that the contribution from INU is just a few percent, compared to other
nucleation mechanisms [7]. On the other hand there are also studies which point to ions as being a dominant source of new
particles [18]. Models also do not agree where in the atmosphere INU can take place [9]. The main question being whether
it can happen in the boundary layer or not, and more data is required to improve the theories. One major obstacle to
overcome in order to quantify the effect of INU is to determine the exact mechanism. It is well established that sulphate
species play an important role, however the participation of other compounds cannot be ruled out. However, more
investigations under atmospheric conditions are required to confirm and quantify the effect at varying temperatures and
pressures. To further elucidate the potential impact on cloud formation, growth from freshly nucleated particles to cloud
droplets must be investigated.
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