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Abstract. Atmospheric aerosols affect climate and yet the experiment was exposed to x-rays. Later the experiment was
reason for many observed events of new aerosol formatiomepeated with radiation from Uranium with the same result
is not understood. One of the theories put forward to ex-and it was concluded that the droplets were formed on ions
plain these events is that the presence of ions can enhang¢®vilson, 1899. With time other experiments have shown
the formation of aerosols. The theory is called lon Inducedsimilar effects under conditions with extreme gas composi-
Nucleation and in this paper the state of observations, theoryions or ionisation levelsMlegaw and Wiffen1961; Bricard

and experiments within the field will be reviewed. While ev- et al, 1968 Vohra et al, 1984 Raes et a).1985 Rabeony
idence for lon Induced Nucleation is accumulating the exactand Mirabe] 1987 Adachi et al, 1992 Kim et al,, 1997, and
mechanism is still not known and more research is requiredn normal atmospheric conditionS¥ensmark et 312007).

to understand and quantify the effect. Dickinson (1979 speculated on how ions can influence
aerosol nucleation and clouds; lafenold (1980 suggested
that multi ion complexes can serve as condensation nuclei
in the stratosphere, anturco et al.(1999 argued that the
recombination of ions could nucleate aerosols. In 1997 the

Aerosols are present throughout the atmosphere and affe¢le of ionisation from galactic cosmic rays was linked with
Earth’s climate directly through backscattering of sunlight cloud formation based on satellite observations of clouds
and indirectly by altering cloud propertiegqster et al. ~ and ground based cosmic ray measuremeisrgsmark and
2007. However the exact mechanism controlling the early Friis-Christensen1997, Marsh and Svensmar003. A
stages of aerosol formation is still not understood. Severafimilar connection was later discovered biarrison and
measurements of atmospheric nucleation have been reportexfePhensori2009 for the UK. Udelhofen and Ces200])
where the observed nucleation rates cannot be explained bipund that cloud cover in the United States for the last 100
the traditional theory of binary homogeneous nucleation byY€ars correlated with solar activity, meaning that it anti-
water and sulphuric acidHoppel et al. 1994 Weber et al. correlated with galactic cosmic rays, i.e. the opposite cor-
1996 Weber et al.1997 Clarke et al, 1998 O’Dowd et al, relation than what was found globally and for the Wkazil
1999 Weber et al.2001a Birmili et al., 2003. A ternary €t al.(200§ modelled the response in cloud cover forced by
nucleating agent such as ammonia has been proposed to efRSMic ray changes but found no significant effect.
hance the nucleation process by stabilising early cluster for- Since the amount of atmospheric ions is changing on
mation (Weber et al. 1996 O’Dowd et al, 1999 Weber timescales of hours to millennia a connection between ions
etal, 1998 Kulmala et al, 2000. Another possibility is that ~and clouds could result in corresponding changes to aerosol
ions, produced mainly by galactic cosmic rays, can explaina”d clloud properties which wom_JId be important for under-
the observed nucleation raté&ifco et al, 1998. standing past and even future climate changes.

In 1895 it was shown for the first time that ionising radi-  In this paper the role of ions in aerosol nucleation will
ation in the form of x-rays has an impact on the nucleationP€ reviewed — for a more general review of aerosol nucle-
of particles in the gas phas®/{son, 1895. Using an ex- ation see the book b@emf_eld and Pandigl998 Chap. 10)
pansion chamber the Scottish scientist Wilson noted that th&' the recent paper b@urtius (200§. Three areas: Obser-

amount of droplets formed was greatly enhanced when th&ations, Theory and Experiments will be described in sepa-
rate sections. Observations (Sétcovers all measurements

performed in the atmosphere from studies of the general be-
Correspondence tavl. B. Enghoff haviour of ions to particle nucleation observations where the
BY (enghoff@space.dtu.dk) role of ions is considered. In SecB){ Theory, the various
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equations and models applied to understanding nucleatiodownwards to serve as cloud condensation nuclei or upwards
via ions are presented, and the Experiments section (§ect. to the stratospheric aerosol layer (the Junge Layer).
describes laboratory measurements from nucleation events to Horrak et al.(19983 described how the measurement of
investigations of single reactions. Finally the state of the fieldion mobility in air can be used to determine the size of the
will be summarised (Sech). ion. That technique has recently been used to detect a pre-
existing distribution of neutral aerosols below the limit of de-
tection by conventional aerosol sizing techniques — the mea-
2 Observations surement was achieved by first ionising the neutral particles
and then measuring the mobility of the resulting ioKsil¢
There are numerous studies where atmospheric nucleatiomala et al.2007). Horrak et al.(1998h used an air ion spec-
rates are reported. A review paperKylmala et al.(2004H trometer to measure bursts of intermediate ions with mobili-
lists more than 100 individual investigations several of whichties from 0.034 to 0.5 cAV s~ corresponding to sizes of
report nucleation rates unexplainable by the standard theorg¢.6 to 7.4 nm at Takhuse, Estonia. These bursts could either
of binary homogeneous nucleation. An analysisvinet al. be explained by a) attachment of ions to homogeneously nu-
(2008 showed that most of these observations could be deeleated particles or b) INU. The observed bursts were how-
scribed by nucleation by ions (see S&}t.Studies where the  ever smaller than what would be expected for homogeneous
role of ions is investigated are somewhat more sparse and apucleation.
ply varying methods. However they can be roughly divided The ion production rat® is a key parameter for any the-
into two types — those that solely investigate the behaviour ofory of INU since it will determine the amount of ions avail-
the ions and those where the development of ions is studiedble for nucleation. Laakso et al(2004f) compared two

together with nucleation events. methods of estimating): 1) Direct measurement of ioni-
sation sources (Radon, galactic cosmic rays and gamma ra-
2.1 lons diation from the ground); and 2) Measuring the distributions

of small ions and particles and then solving Etj. for O
An introduction to ion chemistry in the atmosphere has beerassuming steady-state.

written by Ferguson et al(1979 Chap. 2), andviggiano
(1993 has made a description of the instrumentation used
for measuring atmospheric ions. A review of atmosphericdﬂ =0- ani
ion formation and different mechanisms for nucleation via 4? .
ions was given bydarrison(2000.
Large positive cluster ions (mas8500amu) were de- Tt /d,, q;oo peldp. )N dp. )dd, @
tected in the upper troposphere for the first time in 2002
(Eichkorn et al. 2002 using a large ion mass spectrome- where the second term in Ed)(s the loss of ions by recom-
ter. The most common ions measured were composed dbination and the third term corresponds to the attachment of
water, acetone, and a proton. Two larger modes were also desmall ions to aerosols.+ is the concentration of either neg-
tected. The lesser of these could be explained by the uptakative or positive ions (assumed to be equal)is the ion-
of sulphuric acid but there were insufficient amounts of con-ion recombination coefficient, is the aerosol diamete,
densable gases to explain the largest measured particles lige charge of the aerosol particg, (d,, ¢) the ion-aerosol
any other means than attachment of small aerosols to the ioattachment coefficient and¥ (d,, ¢) the aerosol concentra-
clusters. The required concentration of these aerosols wason. Since the recombination and attachment coefficients
2.5.10%cm~2 and their presence could not be explained by are known, and the concentrations of ions and aerosols mea-
homogeneous nucleation, which strongly indicated that thesured, it is possible to estimage This method did, however,
ions participated in the formation. Even larger ions with a underestimate the ion production rate somewhat compared
mass up to 8500 amu were detected directly in the exhausb the direct method (2.6 ion pairs cths~1 vs 4.5 ion pairs
of a jet aeroplaneHichkorn et al. 2009. These ions were cm~3s~1 for the conditions in this setup), possibly due to the
found to participate in the formation of larger aerosols andlack of information about aerosol particles smaller than 3 nm.
might evolve into cloud condensation nucl¥u(and Turco The measurements were taken during the QUEST campaign
1999. in a forest at Hyytala, Finland, just above ground level. The
Many years of work on ions in the free troposphere andresearch station at Hyyi was described biari and Kul-
stratosphere was summarised Agnold (2006, and major  mala(2009. In a later paper byidrrak et al.(2008), it was
cluster ions were reported containing sulphuric acid, nitricdiscovered that, for the method of measuring ion and particle
acid, acetone, water and acetonitrile. Arnold concluded thatlistributions, it was necessary to include an extra loss term.
nucleation via ions, henceforth referred to as ion inducedThis term corresponds to the deposition of small ions onto
nucleation (INU) can occur in the upper troposphere andthe forest, and including it brings the calculated ionisation
that the freshly nucleated particles can be transported eitherate more in line with the direct measurement.

Atmos. Chem. Phys., 8, 4914923 2008 www.atmos-chem-phys.net/8/4911/2008/



M. B. Enghoff and H. Svensmark: A review of lon Induced Nucleation 4913

2.2 Nucleation Another series of ground level observations was carried
out from March to September 2004, and May to Octo-
The QUEST campaign also produced a set of simultaneouger 2005, near Boulder, Colorado USAd@ et al, 2008.
measurements of aerosol and ion concentrations along witiAerosol size distributions were measured from 3 nm tard
the trace gases sulphuric acid and ammoheakso et al.  ysing a nano- and a regular Scanning Mobility Particle Sizer
20043. The particles formed during a nucleation event were(SMPS) and an optical particle counter. In addition the mo-
overcharged with negative ions indicating the participationpjlity of ions corresponding to a size range of 0.4 to 6.3nm
of negative ion Chemistry in the nucleation process. How-was recorded using a mobi“ty ana|yser' By operating the
ever little change in the number of small cluster ions (stablenano-SMPS in two modes, with and without the air pass-
ions with a diameter of-1.5nm) was observed during the ing through a charger, it was possible to determine the frac-
events, contrary to what would be expected from INU. Thistjon of charged particles. This was double-checked by com-
was possibly due to mixing of air parcels or a decrease inparison with the ratio of ions as measured by the mobility
the ion condensation sink to other particles previous to theanalyser to the total particle number from the nano-SMPS in
events. Modelling of the observed events indicated that the\the overlapping size-region. A theoretical analysis showed
could be explained mainly by nucleation of sulphuric acid that for the measured particle growth rates the charged frac-
and ammonia with subsequent growth via sulphuric acid andijon of nucleated particles would retain their original charge.
organics and that the ions played a secondary role. A lategince most nucleation events showed charged fractions be-
and more detailed analysiggna et al.2006 divided the ob-  |ow the expected steady state values it was concluded that
served nucleations events into strong and weak events baselU was not contributing significantly to nucleation. How-
on the amount of nucleated particles, and it was shown byever, a few events showed charge imbalances (mostly with
analysis of the charged fraction that ions played the largesincreased negative charge) which could only be explained by

role in the weak nucleation events. INU. A quantitative study showed that the average contribu-
Three years of simultaneous ion and particle measuretjon of INU was about 0.5%.
ments were reported biflirsikko et al.(20073. lons with Laakso et al(2007) developed an instrument to measure

sizes from 0.42 to 7 nm were measured along with particleshe charged fraction of particles in nucleation events. Parti-
above 3nm. Each day of measurements were classified as des were passed through a Charger that could be turned on
event, undefined, or non-event day — 26% of the days wer@ind off, and the size distribution was then determined by a
event days for negative ions while there were 22% event daysgiifferential mobility particle sizer with a switchable polarity
for positive ions. Neutral aerosols were also measured. 288 measure either positive or negative ions. Thirty-four par-
event days were measured in total for neutral particles, angicle nucleation events from Hyy# forest, Finland, were
229 of these were also event days with regards to ions (nedanalysed, and a charged fraction above the expected equilib-
ative or positive). It was also found that intermediate ions rium was detected in many cases ihdicatihg a contribution
(with sizes from~1.6 nm to 7 nm) appeared during rain- and from INU. Negative overcharging was more commmon than
snowfall possibly due to the breakup of water droplets andpositive. It was concluded that INU took place but that neu-
the presence of ice crystals, respectively. tral nucleation was dominant on most days. That INU is not
In an earlier study from 200Harrison and Aplin200)  dominant on this measurement location is also supported by
an attempt was made to directly observe the effect of ions orkuimala et al(2007). These conclusions are however under-
condensation nuclei in a field study near Reading, Englandgoing debate due to uncertainty in the interpretation of the
Two separate Geiger counters were used to identify periodgyercharge of the measured particl¥s et al, 2007ab).
of cosmic ray showers and separate them from other more | ooking at measurements from the same #tdmala
local ionisation events. A Gerdien countép{in and Har- et al. (20043 discovered that the growth rate of aerosols be-
rion, 2000 Gerdien 1909 measured the negative ions, and tween 1.5 and 20 nm increases with size. This could be due to
aerosols were measured simultaneously. During a 1-hour pehe activation of organic vapours meaning that when these are
riod with many cosmic ray shower events a positive correla-present INU is not dominating for the growth of the aerosol
tion (r=0.5456) was seen between the negative ions and thgut can still be important for nucleation. The activation the-
rate of change in aerosols. If the aerosols were produced b¥ry can also explain observations where the nucleation of
other means than INU (e.g. particles nucleated by anothepew clusters depend on the concentration of sulphuric acid
mechanism elsewhere and transported to the sampling sitg the power of oneulmala et al, 2006.
by advection) a decrease in small ions measured by the Ger- Charged fractions were also measured at three sites in the
dien would be expected from Edl)(whereas an INU event  Baltic Sea region Komppula et al. 2007, but these indi-
is characterised by an increase in ionisation followed by ancated that INU was not a major contributor to the observed
increase in particle concentration. During the same periochycleation events. Simultaneous measurements of ions and
the aerosol amount did not correlate with wind Speed, furtherpartides have additiona”y been made by the same group at
indicating that advection did not interfere. such diverse locations as indoors/outdoors in urban Helsinki
(Hirsikko et al, 20078, along a roadsideT{itta et al, 2007,
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3 Theory

AG P / \\ Nucleation is basically a competition between the growth and
- AG* \ evaporation of molecular clusters. For a stable cluster to be
Neutra/ \ formed an initial energy barrier must be overcome — this bar-
o rier is due to the surface tension of the cluster. The height
5AG. \‘ of this barrier is determined by the temperature and concen-
‘ tration of the nucleating species. There are several good in-
troductions to nucleation theorg¢infeld and Pandid 998

\ Chap. 10); Curtius 2006. This section will deal with how

\ the addition of an electrical charge alters the nucleation pro-

\ cess.

_—

lon

3.1 Thermodynamic theory

re Radius ™ _ _
_ ) ) _ _ The classical approach to bi-molecular homogeneous nucle-
Fig. 1. Energy barriers: The red line depicts the Gibbs free energyation uses thermodynamics, where the standard nucleation

of a neutral cluster as a function of size. The blue line correspondsrate J (new particles formed per volume per time unit) is
to a cluster containing an ion. Adapted fr@uartius et al(2006. given as:

in a cloud (ihavainen et al.2007), along the Trans-Siberian aG

rail road {/artiainen et al.2007) and in Antarctica\irkkula ~ J=Ce &7 (2
et al, 2007). A special issue of “Boreal Environment Re-
search” was dedicated to air ions and aerosols, dealing wit

amongst others, the papers mentioned in this paragkah ( c_Iuster (thle requw?d cluster S|z$]to overcome the ene;gy bar-
mala and Tamme2007). rier), k Boltzmann’s constant’ the temperature, and the

Observations in the upper atmosphere are more rare bLHre-exp_onentiaI factor that can be ca]cul_ated in variou§ ways,
one set was provided byee et al.(2003 who carried out ~ S€© Reiss 1950 for the original derivation or e.g-damill
56 aircraft flights from 7 to 21 km at latitudes betweeri KO etal.(1989
to 9C¢° N, measuring particle size distributions between 4 and
20(_)0 nm as well a_s OH and.&}@pncentra_{tions. Backward C= 4ﬂr*2ﬂa N ©)
trajectory calculations supplied information on exposure of
the air parcel to sunlight. The data was analysed using avherer* is the radius of the critical cluster. In the case of
thermodynamic model for INULovejoy et al, 2004 —the  bi-molecular homogeneous nucleatiomolecules condense
model will be described in the Theory section. Two caseontob molecules 8, is thus the collision rate af molecules
studies of high and low particle concentrations were pre-per unit area (this could be sulphuric acid molecules) spnd
sented and modelled succesfully by the INU model. is the concentration df molecules (this could be water). The

The observational studies approach INU from different an-dependency oA G on the particle radius can be seen as the
gles, and the interpretations are, in some cases, still undergoed curve in Fig. 1AG* is the height of the barrier.
ing debate. Techniques to quantify the importance of INU The introduction of an ion does, however, change this as
in observations exist but are still under development. Thea stable equilibrium state) is introduced prior to the bar-
difficulty in observing clusters smaller than 3nm is one of rier, see the blue curve in Fig. 1. The result is that the energy
the challenges for truly understanding the nucleation. Theneeded to nucleate is the difference between that of the sta-
new instrument, described Bgulmala et al.(2007), which  ble equilibrium ¢*) and that of the unstable where thas
is based on the principle of ionising neutral particles and defunction is at a maximumr{'). Equation ) is thus changed
tecting them like ions, could be a great step towards solvingnto:
this problem. Another challenge is that the exact mechanism
for INU is not yet known: thus it is difficult to point out _5AG;
which parameters are most important to measure and how =Ce T (4)
to interpret them. One approach to solving this problem is
by theoretical analysis, and the next section summarises th
various theories and models in the field.

pwhere AG* is the free energy of formation of the critical

herer* in Eq. (3) is changed inte“ (the critical radius for
the ion cluster) andv,, to N;, the ion concentrationAG; is
smaller thanAG* due to the contribution to the free energy
of the electrostatic attraction the ion exerts on the cluster.

For the classical determination of, r* and AG; see
the work byYue (1979. Fisenko et al(2005 investigated

Atmos. Chem. Phys., 8, 4914923 2008 www.atmos-chem-phys.net/8/4911/2008/
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the effect of the dipole moment of\G; and also consid- was shown that for the sulphuric acid-water system there ex-
ered possible explanations for sign preferencéladykto  ists an interval of sulphuric acid concentrations where INU
and Yu (2004 discussed the modelling of the dipole fur- will dominate — this interval is below the lower limit of
ther, and their calculations compared well with experimentalwhere homogeneous nucleation can take place. AC25d
nucleation measurements. Thomsons’s charged liquid dro@5% relative humidity this interval goes from about’ 10
model, employed in the determination ®AG;, was tested  5.10° molecules of sulphuric acid per cubic centimeter. That
experimentally for various clusterdHélland and Castle- INU can occur in conditions where homogeneous nucleation
mann Jr. 1982 with a positive core ion. The results com- cannot is also indicated iang and Stauffe(1973.
pared favourably for water clusters but not for the other lig- A more elaborate model was developedlaakso et al.
ands tested. Modifications to the model were discussed bu2002. Here ion nucleation was described in a way similar
these did not resolve the discrepanci¥s.(2009 proposed to the classical approach producing stable clusters at a given
a modified Thomson model taking into account the inter-size, but the following growth by condensation and coagu-
action between the core ion and the ligand dipoles. Foration was described in detail. Particle sizes go from 0.5 to
small clusters (with the number of ligands being below 6) 1000 nm radius divided into 37 bins, 10 of which are below
the modified theory provided good results for the ligands1 nm and the remaining increase logarithmically in size from
H»0, NH3, CH30OH and GHsN. The core ion was H in 1nm and up. The particles below 10 nm were divided into
all cases. three charge categories:1, 0 and—1 charge whereas the

It is important to note that the maximum G only oc-  larger particles could have up to five charges of either sign.
curs when the gas-phase is saturated with regard to the nuclékx special category for ions smaller than 0.5 nm was also in-
ating compounds, and at sufficiently high supersaturationsluded. In order to investigate the possibility that nucleation
the energy barrier can disappear completely. Under condieccurs only on negative ions the model was tested with pos-
tions whereSAG; <AG* the ions can cross the smaller bar- itive nucleation disabled. Similar amounts of particles were
rier for INU, recombine and then continue to grow as a neu-observed as when both positive and negative nucleation was
tral particle. However since” is always greater thar¥ it can allowed due to more sulphuric acid being available and be-
happen that the ion is neutralised befetehas been passed, cause charged particles were not lost due to recombination
thus resulting in the evaporation of the aerosol. Therefore awith each other but only recombined with smaller ions of the
correction is needed for Ecd), One suggested correction is opposite sign. Runs of the model at various temperatures
a probability factorP; (Hamill et al, 1982 and relative humidities showed that some nucleation events

(Horrak et al, 1998k Makehk et al, 1997) could be explained
quite well by the model while other©(Dowd et al, 1999

P;(t)=e V2T (5)  Dal Maso et al.2002 could not.

where/Qu is the inverse of the lifetime of an ion due to 3.2 Kinetic theory

recombinationQ is the ion production ratey the recombi- o
nation coefficient, and is the required time for an ion to The advent of modern computers has allowed for a kinetic

grow to the size. Based on this equation the authors con- treatment of nucleation in which every reaction involved can

clude that INU is negligible in the stratosphere but that nucle-Pe solved numerically. This method provides detailed de-
ation onto stable ion-ion recombination clusters can enhancécriptions of the size distribution of clusters starting with the
stratospheric nucleation as suggestedbyold (1980. Raes ~ 9as phase monomers as opposed to the thermodynamic ap-
and Janssengl985 argued against this solution and sug- Proach where the process leading to nucleation is not con-
gested an alternative where the ions were divided into twosidered. For a given cluster four basic things can happen:
species:V; 1 which are the ions below” centered at* and 1) growth by the condensation of a gas phase monomer onto
N;.2 which are the ions betweett andr*: the cluster; 2) loss of mass by the evaporation of a monomer
from the cluster; 3) growth by coagulation with another clus-
ter; and 4) loss of the cluster due to scavenging by a larger
N?z pre-existing particle. When ions are present charged and neu-
Ji,a=BP '(f’)+TI’ (6)  tral species can be treated separately. The standard General
Dynamic Equation describing the evolution of neutral clus-
whereB is the right hand side of Eq4) excepth; 1 is sub-  ters can be seen in the book Bginfeld and Pandi€199§
stituted for N; and P’(z’) is the chance that aW; > ion is Chap. 12).
not lost by recombination with another ion nor is scavenged One of the first kinetic models was developedYyand
within the time needed to grow from to r*. The last  Turco(1998 in order to simulate exhaust plumes from aero-
part of Eq. ) corresponds to the recombination of twip> planes. First, processes were so fast that the thermody-
ions (K is the recombination coefficient) which in most cases namic solution did not apply and second, the evolution of
will result in a cluster larger than*. Using this solution it  heat in the plumes resulted in very high ion concentrations.

www.atmos-chem-phys.net/8/4911/2008/ Atmos. Chem. Phys., 8, 49232008
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Coagulation, condensation and evaporation were treated, antdansport model, producing a global map of calculated nucle-

neutral, positive, and negative clusters were examined fronation rates by INU. This was compared with an updated list

0.56 nm up tqum sizes, with bin sizes, corresponding to the of land based nucleation events based on the revieltuby

dry particle volume, increasing stepwise by a set factor. Allmala et al.(20048 along with nucleation rates reported by

the parameters used were calculated from theory. The modeihip and aircraft measurements. It was found that most of the

was adapted to investigate the role of ions, referred to by thebservations agreed with the predictions by the model with

authors as lon Mediated Nucleation, on the atmosphere im few notable exceptions where other mechanisms such as

general Yu and Turcg 2001) using the water and sulphuric nucleation of iodine species are thought to have dominated.

acid binary nucleation scheme. Specifically it was used to Molecular reactions can also be approached by ab ini-

simulate one of the hitherto unexplained nucleation eventsio calculations. Structures of HG@H2SOy)x (Curtius

reported byClarke et al(1998 and did so with succes. The et al, 2001 and HSQ (H2SOs)x(H20)y (Froyd and Love-

sensitivity of aerosol formation to the ion production rate wasjoy, 20033 have been done at the Hartree-Fock level while

likewise investigated, and it was concluded that the effect ofcalculations on the hydration of HSQand SOy have been

changing ion production is highest when the ion productionperformed byKurtén et al.(2007) using high level Mgller-

and the pre-existing areosol surface are low to begin with andlesset pertubation theory.

when condensable gas concentrations are high. Furthermore

the model was used to study ion mobility spectraHiyrrak 3.3 Other theories

et al. (1998h and a nucleation event from Idaho Hill, Col-

orado (Veber et al. 1997, and both cases were simulated Tinsley (2000 suggested that the effect of cosmic rays on

with reasonable succe¥l and Turc2000. The main con-  the global electrical circuit may in turn influence the micro-

clusion from the model was that INU is most likely to occur physical processes in clouds, specifically the nucleation of

in and above the marine boundary layer. ice particles. Changes in cosmic ray intensity alter the con-
Lovejoy et al.(2004 took the modelling one step further ductivity of the atmosphere and therefore the fair weather

by including exeperimental measurements of the early stepsurrent/;. Near the edges of clouds a space charge is created

of ion clustering to overcome the problems theory encoun-that allows aerosols to build up a large amount of like charge

ters with small size clusters. Thermodynamics for the attachwithout suffering neutralisation. Evaporation of water from

ment of water and sulphuric acid to H3@H2SOs)x(H20)y these particles results in highly charged particles with a coat-

for x<6 and y<10 and to H(HZSO4)X(H20)y for x<4 and ing of condensable gases. The enhanced charge on the par-

y<15 were measured-foyd and Lovejoy2003ab) to pro- ticles allows for rapid coagulation (electro-scavenging) with

vide input to the model — for larger clusters the measurementarger droplets and due to the coating of the charged parti-

converged to the theoretical results. For the neutral clustergles this can result in ice nucleation, changing the properties

theory was applied with a correction to obtain nucleation of the clouds. IfJ; can influence cloud properties, other ef-

rates similar to those frorBall et al. (1999. Positive ions  fects altering/z would also play a part and this was also

were treated as a single species since negative ions seem ifvestigated in the study. A more thorough review of this

be the most active. Negative ions and neutrals were dividednechanism has been made®say et al.(20095.

into 60 bins up to a size of Am. Model runs were compared It was recently proposed that the formation of sulphuric

with a suite of observations and were in agreement with meaacid could take place in clusters containing ozone, S

surements done when<R70 K — they underpredicted nucle- water without UV light Svensmark et 312007 Sorokin and

ation rates at higher temperatures and it was concluded tharnold, 2007). In the mechanism proposed ISvensmark

INU with the sulphuric acid and water system explains nu- et al. molecular oxygen picks up a negative charge, takes up

cleations in the remote middle troposphere but generally nowater to form a cluster and then switches with ozone to form

in the boundary layer, a conclusion that is contrary to thatO3 (H20)n (Fehsenfeld and Fergusoh974. SQ; is then

of Yu and Turco(2001). The results of the model were also taken up by the cluster and oxidised:

described byCurtius et al.(2006. In 2006 Yu (20063 pre-

sented the second generation of the Yu and Turco madel (  SO+O3 (H20)n — SG; (H20)0+02 (R1)

and Turco 1998 using improved theory for the description

of small Charged clusters and a new scheme for evaporation Alternatively the oxidation could occur outside of a cluster

taking into account thermodynamic data. The original con-With subsequent hydration:

clusion that INU of sulphuric acid and water can play a sig-

nificant part in the lower atmosphere, including the bound-SO, + 0; — SG; +02 0 SQ; (H20) (R2)

ary layer, was re-confirmed. Differences between this model

and the one by.ovejoy et al.(2004 were mentioned and Formation of sulphuric acid can then occur inside the clus-

the model details were further discussed in the correspondter:

ing discussion papery(l, 20068. The model Yu, 20063

was later incorporated into the GEOS-Chem global chemicalSG; (H20)n — H2SO, (H20)n-1 (R3)

Atmos. Chem. Phys., 8, 4914923 2008 www.atmos-chem-phys.net/8/4911/2008/



M. B. Enghoff and H. Svensmark: A review of lon Induced Nucleation 4917

Following this the electron in the cluster could be ejected,4 Experiments
e.g. due to the release of chemical energy within the cluster
and thus become available to repeat the process. This imn order to test the theories and understand what to look for
plies that nucleation by the way of ions is not limited by the in field studies it is necessary to do experiments under con-
ion production rate. Instead the limiting factor is the rate of trolled conditions. There are two main approaches to exper-
cluster production relative to the loss rate of ions by recom-imental investigation of INU. One approach operates on a
bination and scavenging by larger clusters: the number ofmacroscopic level trying to determine the influence of ions
times a single ion can produce a stable cluster. The mechen bulk nucleation. The second approach is to investigate the
anism could also proceed by a variety of other pathways -molecular reactions taking place in an attempt to understand
several options are listed [8orokin and Arnold2007%). each step in the mechanism of particle formation.

3.3.1 Sign-preference 4.1 Bulk nucleation

The apparent preference of anions for nucleation reported irhe first of this kind of experiments are the ones conducted
several studied gakso et al.2004a 2007 lida et al, 2006 pyWilson (1895 1899 where an expansion chamber was ex-
Wilhelm et al, 2004 has been investigated theoretically. Us- posed to various kinds of ionising radiation, and an increase
ing a molecule-based approach called Dynamical Nucleation density of the resulting fog was reported. With the advent
Theory it was concluded that not only the sign of the coreof particle counters more detailed studies became possible,
ion but also its size plays a part: for instance water preferynd the relation between generated particles and radiation
a small cation over a large aniokdthmann et a.2009.  doses of alpha rays frof?Rn, beta rays, and x-rays were
Quantum chemical ab initio calculations applied to the prOb'reported Megaw and Wiffen1961) using a Pollak condensa-
lem showed that the electronic structure of the core ion andjgn nucleus counteMetnieks and Pollaki959. The doses

its interaction with the intermolecular bonds formed during used were frorﬁvl to 15 rads forming ion Concentrations or-
nucleation determines the effect the core ion has on the clusgers of magnitude above atmospheric levels, and using this
ter formation process. Thus using the sign and size of the iopan of doses the particle production rate was increased by
alone is insufficient to determine its effectiveness as a corgnore than a factor of 100. A correlation of particle number
ion (Nadykto et al. 200§. These results were further dis- wjth SO, was also reportedBricard et al.(1968 reported
cussed by<athmann et al(2007 andNadykto et al(2007). 3 similar effect in an experiment where the charged fraction
At present no calculations on sulphur species are availablgf the detectable particles-L00 nm) was measured by ap-
for comparison which would be interesting from an atmo- plying an electrical charge to a metal tube placed prior to
spheric point of view. the particle counter, thus removing charged particles. It was
shown that a measureable charged fraction only appeared
about 50 min after the injection 8£°Rn. However the limit

of particle detection (100 nm) was so far above the size at
which nucleation happens that the experiment did not reveal
fmuch about the mechanism of nucleation.

3.3.2 Charged fraction

In several observationd/4na et al. 2008 lida et al, 2006
Laakso et al.2007 Komppula et al.2007) the charged frac-
tion of the particles are used to evaluate the contribution o : _ _ Co
INU. Since particles nucleate below the limit of detection the Later exp_erlments investigated whe_ther lonisation COl.Jld
charged fraction may change from the time of nucleation andonvert SQ into sulphate anq thus particles. Radon was in-
until detection. Kerminen et al.(2007) described how the _troduceq into a system of ar, $00s anq GHa resulting
charged fraction of a particle population evolves with growth in four imes as many particles as previousipifra et al,

and found that it is dependent on two factors: the cluster i0n1984)' Realistic Radon levels (100 pCiT#) but very high

concentration and the growth rate of the population (corre—SOZ concentrations (300 ppb) were used. This was investi-

sponding to the amount of condensable gases) such that g@ted furthel;IRan etal.1983 ti)n a study wherza mixture of
high ion concentrations and/or low growth rates the infor- S0 (500 ppb) and NQ@(15 ppb) were exposed to UV, UV +

mation on the original charging state may be lost when the! TS, and-rays anne._I}was concluded that at the hlg.her
particles are detected. If the electron can be ejected from ose rates (3.4 to 32Cy s°7) they-rays produced sulphuric
cluster due to the release of e.g. chemical energy as suggest@{i'd dlrect_ly while at lower _dose rates INU may have taken
by Svensmark et a(2007 the charged fraction would also place. This means that using extreme radiation levels may

be reduced. Thus care must be taken when using the charg&‘j‘use false positive results since the amounts of sulphuric
fraction as a tool for analysis acid produced directly by radiation will be insignificant at

natural radiation levels.

An increase of nucleation rate was likewise observed
for carbon tetrachloride, chloroform, o-xylene, methanol,
ethanol and water in a thermal diffusion cloud chamber ex-
posed tox-radiation Rabeony and Mirabell987). Using
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an electric field to ensure that only ions of one sign were7-10° cm=3).

present in the nucleation zone a preference for negative ions An experiment in a 7 fhreaction chamberSvensmark
was observed, as well as a strong dependence on the strength al, 2007 showed a linear correlation between nucle-
of the applied electrical field such that the nucleation rate de-ated particles and ions for the,8—H>SOy system. Sul-
creased with increasing field strength. By dividing the cham-phuric acid was produced by photolysis at atmospheric lev-
ber into two sections and doing the charge separation and ntels of SG (<230 ppb), Q (~25 ppb) and ionisation (1000—
cleation in separate sections it was possible to investigate th8000ions cm3) with [H2SO4]~10"—1cm2, showing
sign-effect with no electrical field present, and it was shownthat INU can happen under atmospheric conditions. By ap-
that in this case positive and negative ions increased nucleplying an electrical field that reduced the lifetime of a small
ation by equal amounts. In an older stutlpéb et al, 1938 ion to less than a second the particle production was de-
experiments with substances showing negative, positive andreased by up to 50%, suggesting that INU occurs via a pro-
no sign preference were described. That the sign preferenceess that is fast compared to the recombination time of an ion
is dependent upon the species present is well in line with(~200 s at ground level).

the theoretical work previously mentioneNgdykto et al,

2008. 4.2 Molecular reactions

Usingn-propanol Winkler et al.(2008 showed enhanced ) o ) . .
nucleation for charged insoluble, inorganic particles. Parti-BY investigating directly the molecules involved in the nu-

cles between 0.9 and 4 nm were studied and a negative Sigr(‘:_le_ation process more information about details of the mech-
preference was shown. anism may be revealed. Castleman Jr(1982 used a

Another nucleation experiment was performed Kiyn mass spectrometer to investigate the clustering of water,
et al.(1997. Nucleation of an S@H,0/N, mixture was ini- Oz and SQ with a large assortment of core ions. En-
tiated by exposure to #Am a-source producing both ions thalpies, entroplgs a}nd eqwllbrlum constants were reported.
and OH-radicals. The charged fraction of particles was meafT0yd and Lovejoy investigated the attachment of water to
sured with a CPC (TSI model 3025) by applying a voltage toH+(H2SO1)2(H20)w (Froyd and Lovejoy 2003l) and to
the collector leading to the CPC thus removing charged parf1SC; (H2SO)s(H20)w (Froyd and Lovejoy 20033 using
ticles. With no added Sfthe charged fraction was found to M@SS spectrometry, and the thermodynamics of sulphuric
be 1, indicating INU and as SQvas added the charged frac- acid I'lgand bopdlng to these clusters were ca}culated. By
tion decreased as homogeneous nucleation started to playSyOWing the existence of a thermodynamic barrier for the ad-
part. For this system a negative sign-preference was foundition of sulphuric acu_j to the p05|t_|ve cluster it was con-
by two methods. Firstly the charged fractions were examinedt!uded that the negative pathway is favoured for the sul-
and secondly the electrical mobility distributions for positive Phuric acid-water system. The pressure and temperature de-
and negative particles revealed a stronger activation by negd2éndence of the thermal decomposition of H$BNOs)y
tive ions. In later work by the same grougi et al, 1999 ~ and HSQH>SOHNO3 was measured in an ion tragyr-
the presence of Niwas found to enhance particle formation tus et al, 2001). These results were used to verify a master
and decrease the charged fraction. equation for thermal decompositiohdvejoy and Curtius

Some interesting nucleation results have been obtained093- _ _ o
by Berndt et al.(2005 2006. Using a flow tube they ob- The evolution of clusters in the sulphuric acid-water sys-
served nucleation in the sulphuric acid/water system. OH-em was observed bWilhelm et al. (2004 in a large ion
concentrations were inferred from observed loss-rates of othMass spectrometer. Cluster ions HY8>SOs)a(H20)w and
erwise non-interfering organic species and then used to calt! (H2S04)a(H20)w were grown with sulphuric acid. It was
culate the sulphuric acid concentration. When the sulphuridound that the mole fraction of sulphuric acid approached
acid was generated by evaporation from a liquid reservoifthat of neutral clusters with increasing cluster size. Small
the limit for nucleation was above 1%ecm=3 which is in line negative clusters had more sulphuric acid than neutrals and
with observations by other investigatoBa(l et al, 1999 the small positive clusters had less. The clusters did not grow
Wyslouzil et al, 1991 Viisanen et al.1997). However when 0 the sizes expected from the rate of collision between clus-
the sulphuric acid was generated in situ by photolysis ofters and sulphuric acid, meaning that detachment of sulphuric
ozone and subsequent oxidation of . SBe limit was found acid played an important role. It was also shown that growth
to be around 106cm=3 which corresponds to atmospheric Was more effective for negative than for positive clusters. A
levels Kazil et al, 2006 Weber et al.20018. No expla- later study using the same setupofokin et al. 2006 de-
nation for this low limit for nucleation was given, but INU as termined the hydration constants for the clusters and using
well as ternary nucleation was ruled out, the former due to théhe obtained data together with data frénoyd and Lovejoy
lack of a significant charged particle fractioSorokin and (20033 the authors simulated the obtained mass spectra.
Arnold (2007 argued, by considering the time required for
aerosol growth in the flow tube, that the sulphuric acid con-
centration must have been larger in the experiment (around
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