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Abstract. A clear physical understanding of atmospheric
particle nucleation mechanisms is critical in assessing the in-
fluences of aerosols on climate and climate variability. Cur-
rently, several mechanisms have been proposed and are be-
ing employed to interpret field observations of nucleation
events. Roughly speaking, the two most likely candidates
are neutral cluster nucleation (NCN) and ion-mediated nu-
cleation (IMN). Detailed nucleation event data has been ob-
tained in boreal forests. In one set of analyses of these mea-
surements, NCN was suggested as the dominant formation
mode, while in another, it was IMN. Information on the elec-
trical charge distribution carried by the nucleating clusters is
one key for identifying the relative contributions of neutral
and ion-mediated processes under various conditions. Fortu-
nately, ground-breaking measurements of the charged states
or fractions of ambient nanometer-sized particles soon after
undergoing nucleation are now available to help resolve the
main pathways. In the present study, the size-dependent “ap-
parent” formation rates and fractions of charged and neutral
particles in a boreal forest setting are simulated with a de-
tailed kinetic model. We show that the predicted “apparent”
formation rates of charged and neutral particles at 2 nm for
eight representative case study days agree well with the cor-
responding values based on observations. In the simulations,
the “apparent” contribution of ion-based nucleation increases
by up to∼one order of magnitude as the size of “sampled”
particles is decreased from 2 nm to∼1.5 nm. These results
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suggest that most of the neutral particles sampled in the field
at sizes around 2 nm are in reality initially formed on ionic
cores that are neutralized before the particles grow to this
size. Thus, although the apparent rate of formation of neu-
tral 2-nm particles might seem to be dominated by a neutral
clustering process, in fact those particles may be largely the
result of an ion-induced nucleation mechanism. This point is
clarified when the formation rates of smaller particles (e.g.,
∼1.5 nm) are explicitly analyzed (noting that measurements
at these smaller sizes are not yet available), indicating that
IMN dominates NCN processes under typical circumstances
in the boreal forest cases investigated.

1 Introduction

Aerosol particles formed in the atmosphere influence climate
directly through scattering and absorption of radiation, and
indirectly by acting as cloud condensation nuclei (CCN) that
affect cloud properties and precipitation. New particle for-
mation has been observed to occur frequently in many re-
gions of troposphere (e.g., Kulmala et al., 2004a; Yu et al.,
2008) and contributes significantly to global particle concen-
trations and CCN abundances (e.g., Spracklen et al., 2008;
Pierce and Adam, 2009; Yu and Luo, 2009; Kazil et al.,
2010). The sensitivities of nucleation rates to changes in a
number of controlling parameters suggest important physical
feedback mechanisms to climate variation associated with
changes in particle and precursor emission rates, solar vari-
ability, CCN and other factors, through aerosol indirect ra-
diative forcing (e.g., Yu, 2010). In order to accurately assess
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the influences of aerosols on climate, interpret climate his-
tory, and project future changes, it is critical to achieve a
clear physical understanding of atmospheric particle nucle-
ation mechanisms and key controlling parameters.

Although nucleation phenomena have been intensively
studied over the past several decades, and significant
progress has been achieved, there are still major uncertain-
ties concerning atmospheric nucleation mechanisms. For ex-
ample, the relative importance of neutral cluster nucleation
(NCN) processes versus ion-mediated nucleation (IMN), un-
der different ambient conditions, remains unresolved. As a
case in point, in a boreal forest setting quite different conclu-
sions have been derived from the same measurements regard-
ing the dominance of neutral versus ion-based nucleation. In
one series of studies, NCN was identified as the main path-
way, with only a small contribution (∼10 % or less) from
IMN (e.g., Laakso et al., 2007; Kulmala et al., 2007, 2010;
Gagńe et al., 2008, 2010; Manninen et al., 2009), whereas in
another set of analyses using the same data, IMN was found
to be clearly dominant (Yu and Turco, 2007, 2008; Yu et al.,
2008; Yu, 2010).

In the present study, we seek to identify the reasons for
the striking differences in past interpretations of these spe-
cific field data, with the goal of reconciling observations and
theory in relation to aerosol formation in boreal forests. As
will be demonstrated below, the likely source of differing in-
terpretations appears to originate in the transitory nature of
the nucleation process, and the co-evolution of particle em-
bryo size and electrical charge. In Sect. 2, an overview is
given of previous attempts to interpret what, up to this point,
is the most comprehensive set of data characterizing aerosol
nucleation in the lower atmosphere. Section 3 then provides
a detailed analysis of the size-dependent apparent formation
rates of charged and neutral particles using a model that con-
sistently represents the complex physical relationships in-
volved. The implications of these new results with respect
to the relative contributions of neutral versus ion-mediated
nucleation are also presented in this section. Conclusions are
given in Sect. 4.

2 Past studies of the dominant nucleation mechanism
in a boreal forest

Kulmala and colleagues (e.g., Kulmala et al., 2007) have
carried out a detailed, long-term characterization of nucle-
ation events at a boreal forest site (Hyytiälä, Finland) us-
ing a suite of instruments including a chemical ionization
mass spectrometer (CIMS), a Differential Mobility Particle
Sizer (DMPS), an ion-DMPS, a Balance Scanning Mobility
Analyzer (BSMA), an Air Ion Spectrometer (AIS), and the
Neutral Cluster and Air Ion Spectrometer (NAIS). This set
of coordinated observations provides the most comprehen-
sive data available to date to constrain nucleation theories.
Based on their analysis of the electrical-charge states of nu-

cleation mode particles (∼3–15 nm diameter) measured with
the ion-DMPS, Laakso et al. (2007) and Gagné et al. (2008)
concluded that, while nucleation mode particles were sig-
nificantly overcharged (relative to the ambient equilibrium
charge level resulting from diffusional charging by back-
ground ionization) during most of the nucleation events ob-
served (>∼80 % of the nucleation event days), the average
contribution of IMN to total particle formation was relatively
small (<∼10 % of the new particles). By contrast, Yu and
Turco (2007), applying a different analytical methodology to
the same data, found that the observed level of overcharging
of particles in the 3–5 nm range pointed to a more significant
IMN contribution.

Similarly, based on an analysis of four days of multiple-
instrument measurements of neutral and charged nanometer-
sized cluster concentrations in Hyytiälä in spring 2006, Kul-
mala et al. (2007) concluded that neutral nucleation domi-
nates over ion-induced nucleation, at least under the condi-
tions studied. However, Yu et al. (2008, and in published
replies to referee’s comments), reanalyzed the same obser-
vations, finding that a substantial contribution from IMN
could not be ruled out. Aiming to resolve these conflict-
ing conclusions with regard to the importance of IMN, Yu
and Turco (2008) carried out a more constrained case study
of nucleation events characterized in Hyytiälä, utilizing a ki-
netic nucleation model that accounts for the size-dependent
microphysics of neutral and charged clusters. They demon-
strated that good agreement could be achieved between the
IMN predictions and field data for a wide range of the key
parameters, including the overcharging ratio of 3–7 nm par-
ticles. On this basis, it was concluded that IMN is likely
to be the dominant nucleation mechanism in at least a large
fraction of nucleation events at the observational site.

Manninen et al. (2009) extended the analytical approach
of Kulmala et al. (2007) to study a more comprehensive
set of data lasting∼ 4 months (between 6 March and 30
June, 2007, including 54 nucleation event days), and showed
that IMN contributed only∼10 % to new particle formation
during that period. Using calculated 2-nm particle forma-
tion rates at three ground-based measurement sites (Hyytiälä,
Finland; Hohenpeissenberg, Germany; and Melpitz, Ger-
many) based on NAIS and AIS data, Kulmala et al. (2010)
further concluded that the overall contribution of ion-induced
nucleation to atmospheric aerosol formation is small, being
typically much less than 10 %. Along similar lines, Gagné
et al. (2010) analyzed 2 years and 7 months (May 2005 to
December 2007) of ion-DMPS data and compared the de-
rived fractions attributed to ion nucleation to fractions calcu-
lated using formation rates of charged and neutral particles
at 2 nm as described in Kulmala et al. (2007) and Manninen
et al. (2009), when both ion-DMPS and NAIS measurements
were available (∼44 event days). Gagné et al. (2010) showed
that the charge-state classification based on ion-DMPS mea-
surements is generally consistent with the fraction of ion-
induced particles inferred using NAIS measurements, and
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Figure 1. 

 

  

Fig. 1. Schematic illustration of the kinetic processes (condensation, evaporation, coagulation, and recombination) controlling the evolution
of positively charged, neutral, and negatively charged clusters/particles that are explicitly simulated in the size-, composition-, and type-
resolved ion-mediated nucleation (IMN) model.J+

d
, J0

d
, andJ−

d
are, respectively, the “apparent” formation rate (or net flux) of positively

charged, neutral, and negatively charged particles at a given diameter (d). Modified from Yu (2006).

that the two independent measurements indicated∼5–15 %
of ion-induced formation of 2-nm particles.

Yu (2010) briefly reviewed these differing studies and
pointed out that the importance of IMN would be sys-
tematically underestimated when all of the neutral clusters
<2 nm, including those produced by ion-ion recombination
(an important channel for IMN, according to Yu and Turco,
2008), are attributed to a purely neutral nucleation process.
Yu (2010) also argued that ion-DMPS data point to a greater
significance of IMN when the electrical states of∼1-nm par-
ticles are used as a constraint instead of those of particles
∼2 nm (which tend to be dominated by neutralized ionic
clusters, making interpretation of the origin of the particles
more difficult). Thus, a key source of differences in the inter-
pretation of the Hyytïalä nucleation data appears to be related
to the size-dependent evolution of ionic and neutral clusters
in the narrow size range below 2 nm, where nucleation is ac-
tually occurring but observations are most difficult. In the
following discussion, we refer to the “apparent” nucleation
rate of 2-nm particles; this is the rate at which particles of 2-
nm size are being formed under local conditions, regardless
of the state of electrical charge of those particles. The appar-
ent rate is not the actual nucleation rate, inasmuch as nucle-
ation occurs mainly at embryo sizes well below 2 nanome-
ters. Moreover, it is obvious that the charge state of 2-nm
particles is not the same as for newly nucleated particles,
which would carry the electrical signature of the nucleation
pathway with greater fidelity. Accordingly, the methodology

for extrapolating observations taken in the 2-nm range into
the smaller size range characterizing the nucleation process
itself is critical in interpreting instrumental data.

3 Size-dependent apparent ion and neutral particle
formation rates

3.1 Theoretical consideration

As already noted, new particle formation in the atmosphere
is a dynamic process involving various interactions among
precursor gas molecules, small clusters (both charged and
neutral), and pre-existing particles (Fig. 1). Ions, which
are generated continuously and ubiquitously in the atmo-
sphere by cosmic radiation and radioactive decay, interact
strongly with common nucleation precursors and thus are in-
separable components of the atmospheric nucleation system.
Yu and Turco (2001) developed a kinetic approach to study
this dynamic system involving neutral and charged clusters,
while Yu (2006) substantially improved the detailed treat-
ment of physical, chemical and thermodynamic processes in
the version of this model employed here. The model ef-
fectively integrates neutral and ionic nucleation processes
starting from single molecules, using a discrete-sectional
bin structure to represent the size spectra of molecular clus-
ters/particles while accounting for the complex interactions
among ions, neutral and charged molecular clusters of vari-
ous sizes, vapor molecules, and pre-existing particles. The
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differential equations governing the evolution of neutral and
charged clusters, along with algorithms to calculate size-
dependent rates for various microphysical processes (con-
densation, evaporation, coagulation, and charge recombina-
tion) can be found in Yu (2006). Below, we describe some of
the aspects of these ion mediated nucleation (IMN) simula-
tions that are relevant to the present study.

The evolution of neutral and charged cluster/particle size
distributions in the IMN model allows us to calculate the time
series of apparent formation rates (or net fluxes,J ) of par-
ticles at any given diameter (d). The apparent fraction of
nucleation related to ions,FJion

d is defined as

FJion
d =

J+

d + J−

d

J+

d + J−

d + J 0
d

=
J ion

d

J ion
d + J 0

d

(1)

whereJ+

d , J 0
d , andJ−

d are, respectively, the apparent forma-
tion rates (or net fluxes) of positively charged, neutral, and
negatively charged particles at a given diameter,d. J ion

d =

J+

d +J−

d is the total apparent formation rate of charged parti-
cles of diameterd.

In addition, the IMN model can track various product and
loss terms for particles within given size ranges,

dN
0,±
d1 d2

dt
=

∂N
0,±
d1 d2

∂t

∣∣∣∣∣
grow

+
∂N

0,±
d1 d2

∂t

∣∣∣∣∣
recomb

+
∂N

0,±
d1 d2

∂t

∣∣∣∣∣
coag

= PL0,±
grow+PL0,±

recomb+PL0,±
coag (2)

whereN0
d1 d2 andN±

d1 d2 are the concentrations of neutral
and charged particles within the size range spanningd1 and
d2. PL0,±

grow, PL0,±
recomb, and PL0,±

coagare production or loss rates
associated with growth (or evaporation), recombination, and
coagulation, respectively. Recombination, a special case of
coagulation, leads to the loss of two oppositely charged clus-
ters/particles while generating one neutral cluster/particle.
The attachment of ions/charged clusters to neutral particles,
which transforms the neutral particles into charged ones,
is included in PL0,±

coag. PL0,±
coag also takes into account self-

coagulation and coagulation scavenging of small clusters by
pre-existing particles of same type. PL0,±

grow describes the net
fluxes of particles crossing bin size boundariesd1 andd2, and
is related to apparent particle formation rates (J

0,±
d ) as,

PL0,±
grow=

(
dN

dd

)0,±

d1

(
dd

dt

)0,±

d1
−

(
dN

dd

)0,±

d2

(
dd

dt

)0,±

d2

=

(
dN

dd

)0,±

d1
GR0,±

d1 −

(
dN

dd

)0,±

d2
GR0,±

d2

= J
0,±
d1 −J

0,±
d2 (3)

where dN
dd

is the particle size distribution and GR0,±
d is the

net particle growth rate atd.

By combining Eqs. (2) and (3) and rearranging terms, we
have,

J
0,±
d1 =

dN
0,±
d1 d2

dt
−PL0,±

recomb−PL0,±
coag+

(
dN0,±

dd

)
d2

GR0,±
d2 (4)

J tot
d1 = J 0

d1+J±

d1 =
dN tot

d1 d2

dt
−PLtot

coag+

(
dN0

dd

)
d2

GR0
d2

+

(
dN±

dd

)
d2

GR±

d2 (5)

The formula connecting apparent particle formation rates at
d1=2 nm (J ion

2 , J tot
2 ) with observed number concentrations of

charged and total particles between 2–3 nm (N±

2−3 andN tot
2−3)

(Kulmala et al., 2007; Manninen et al., 2009) can be derived
(with approximations discussed below) as,

J ion
2 =

1N±

2−3

1t
−PL±

recomb−PL±
coag+

N±

2−3

1 nm
GR±

3 (6)

J tot
2 =

1N tot
2−3

1t
−PLtot

coag+
N tot

2−3

1 nm
GR±

3 (7)

Here, N±

2−3 is the 2–3 nm charged particle concentration
from the AIS and BSMA measurements;N tot

2−3 is the 2–
3 nm total (charged + neutral) particle number concentration
from the NAIS measurements; and GR±

3 is the growth rate
of charged sub-3 nm particles which can be derived from
BSMA and AIS ion spectrum (Manninen et al., 2009). Be-
cause the field instruments were not able to measure the
growth rate of neutral sub-3-nm particles (GR0

3), the same
growth rate for neutral and charged sub-3-nm particles (i.e,
GR0

3 = GR±

3 ) has been assumed in Eq. (7), an approximation
previously used to deriveJ ion

2 andJ tot
2 from measurements

(e.g., Kulmala et al., 2007; Manninen et al., 2009).
With J ion

2 andJ tot
2 derived from measurements according

to Eqs. (6) and (7), the apparent fraction of 2-nm particle for-
mation due to ion processes is readily calculated asFJion

2 =
J ion

2 /J tot
2 . The values ofFJion

2 can also been derived, com-
pletely independently, from ion-DMPS measurements of the
charge states of freshly nucleated nanoparticles∼3–5 nm us-
ing a reverse analytical approach (Laakso et al., 2007). The
conclusions of previous studies concerning the dominance
of neutral nucleation processes are mainly based on the de-
rived FJion

2 values. By contrast, with the IMN model, which
resolves the dynamic evolution of both charged and neutral
clusters/particles,FJion

d values can be derived at other sizes,
revealing the size-dependence of the apparent ion nucleation
fraction, leading to a test of the validity of the apparent frac-
tion at 2 nm as a gauge for the relative importance of ion
versus neutral processes.
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Figure 2.  

  

Fig. 2. (a)Predicted evolution of the apparent neutral and charged particle formation rates (J0
d

orJneutral
d

, andJ ion
d

) and(b) the corresponding

FJion
d

values at five diameters (1.5, 1.7, 2, 2.5, and 3 nm) for a nucleation event observed in Hyytiälä on 27 April 2005. The star symbols in

panel(b) represent the averageFJion
2 nm value derived from ion-DMPS measurements over the indicated nucleation period on 27 April 2005

(Laakso et al., 2007).

3.2 Kinetic simulation and comparison with
measurements

Yu and Turco (2008) reported case studies of nucleation
events observed during an intensive field campaign at a bo-
real forest site (Hyytïalä, Finland) in the spring of 2005. Out
of the 22 days of the campaign on which nucleation events
were observed, eight major events were selected for detailed
analysis on the basis of indications that the observed air
masses were relatively homogeneous. These selected case
study days are representative of the period in terms of me-
teorological conditions as well as the ranges of H2SO4 va-
por concentrations ([H2SO4]), apparent particle formation
rates, charging ratios, and so on. In a previous study (Yu
and Turco, 2008), attention focused on comparisons between
IMN model predictions and measured particle number con-
centrations and the “overcharge ratio” (OR) of freshly nucle-
ated particles (with diameters∼3–6 nm). The size-dependent
overcharge ratio is the average number of unit electrical
charges carried by particles of a given size divided by the
equilibrium number of charges that particles of the same size
would carry under ambient conditions associated with back-
ground ionization rates. In the present study, we calculate the
time series of the apparent formation rates of particles at var-
ious diameters,d, and the apparent fraction of nucleation due
to ions (FJion

d ), based on the simulated evolution of the size
distribution of neutral and charged clusters/particles as de-
scribed in Yu and Turco (2008). The model predicted values
of J ion

2 , J tot
2 , andFJion

d are compared to corresponding mea-
surements reported recently in the literature. Since the parti-
cle diameters given in the papers of Kulmala and colleagues
correspond to Millikan mobility diameters, we have con-

verted the model mass diameters to mobility diameters fol-
lowing the relationship found in Ku and de la Mora (2009);
hence, all the diameters discussed below are equivalent Mil-
likan mobility diameters.

Figure 2 shows the predicted evolution of apparent neu-
tral and charged particle formation rates (J 0

d andJ ion
d ) and

the correspondingFJion
d values atd = 1.5, 1.7, 2, 2.5, and

3 nm for a nucleation event observed in Hyytiälä on 27 April
2005. The simulations, as detailed in Yu and Turco (2008),
were constrained by observed time series of temperature, rel-
atively humidity, [H2SO4], and the size distribution of pre-
existing particles. The ionization rate is based on the median
value derived from long-term direct measurements reported
in Gagńe et al. (2010). Figure 2 presents results between
9 am and 3 pm when the air mass was relatively homoge-
neous, as indicated by consistency in the SMPS data. It is
clear from Fig. 2 thatJ ion

d andFJion
d decrease significantly

as d increases from 1.5 nm to 3 nm. In contrast,J 0
d first

increases and then decreases asd increases from 1.5 nm to
3 nm. The dramatic decrease inJ ion

d andFJion
d values asd

increases is due to the rapid recombination of charged clus-
ters by oppositely charged small ion clusters. Under the con-
ditions encountered, the neutral H2SO4-H2O binary nucle-
ation rate is predicted to be essentially zero. Thus, neutral
particles are formed solely by recombination processes in
this instance, although theapparentneutral particle forma-
tion rate dominates at 2 nm. It is interesting to note thatJ 0

1.5
is negative, which is a result of evaporation of 1.5-nm neutral
clusters generated by recombination (based on the thermody-
namic properties of very small neutral sulfuric acid droplets,
which comprise most of the nucleation embryos prior to the
reactive uptake of other vapors). Because of negative values
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Figure 3.  

 

 

  

Fig. 3. Corresponding to Fig. 2, IMN simulations for the nucleation event observed in Hyytiälä on 27 April 2005, showing:(a) the number

concentrations of neutral, charged, and total particles (Nneutral
d1 d2 , N

ion
d1 d2,andN total

d1 d2) in two sizes ranges (1.52 nm and 23 nm); and(b) the

charged fraction of the total number of particles (FNion
d1 d2) in 6 six size ranges.

for J 0
d , FJion

d =
J ion
d

J ion
d + J 0

d

can mathematically be larger than

100 %. Figure 2b shows thatFJion
d decreases from>100 %

at d=1.5 nm, to 30-70 % atd=1.7 nm, to 3-25 % atd=2 nm,
and below 6 % atd=2.5 nm. TheFJion

d value averaged over
the nucleation period, as derived from ion-DMPS measure-
ments (Laakso et al., 2007), is∼19 % for this day (assuming
an equilibrium charged particle fraction of 0.45 % for 2 nm
particles; Yu and Turco, 2008). It is clear from Fig. 2b that
the model predictedFJion

2 values are consistent with the ion-
DMPS measurements. If one only compares observed and
predictedFJion

2 values, and assumes that the original ionic
charge survives as a new particle grows to 2 nm, then one
may conclude, incorrectly, that Jion

2 only ∼19 % of the ap-
parent total 2-nm particle formation rate is due to ion-based
processes. This discrepancy becomes obvious when theFJion

d

values atd =∼1.5 nm are considered, since this is much
closer to the critical embryo sizes under the conditions sam-
pled. Indeed, IMN then is clearly seen to dominate particle
formation as simulated for this event.

The kinetic IMN model allows the dynamical evolution of
neutral and charged clusters of different sizes to be investi-
gated, and the contributions of different microphysical pro-
cesses to be quantified (i.e., Fig. 1, Eqs. 2 and 3). For the
nucleation event on 27 April 2005, Fig. 3 gives the simu-
lated number concentrations of neutral and charged particles
in two sizes ranges (1.5–2 nm and 2–3 nm), and the corre-
sponding fractions of the total number of particles that are
charged. In Fig. 3b, the 1.5–2 nm and 2–3 nm size ranges are
further divided into four size ranges (1.5–1.7, 1.7–2, 2–2.5,
2.5–3 nm) to show more clearly the dependence of charged
particle fractions on size. The change inN total

1.5 2 generally
follows that of J ion

1.5 (Fig. 2a), and the peakN total
1.5 2 value

reaches∼ 425 cm−3, with charged particles accounting for
∼50 % of the total (Fig. 3b).N total

2 3 has a peak concentration
of ∼625 cm−3 and is dominated by neutral particles (>90 %)
at all times. The high sensitivity of the charged particle frac-
tion to size can be seen more clearly in Fig. 3b. During
the main nucleation periods, the fraction of charged particles
(FNion

d1 d2) decreases from∼70 % for 1.5–1.7 nm sizes, to
∼20–35 % for 1.7–2 nm particles, to∼5–10 % for 2–2.5 nm
sizes, and to∼2–3.5 % for those 2.5–3 nm. It is not surpris-
ing thatFNion

d1 d2 values (Fig. 3b) are close to those ofFJion
d

(Fig. 2b) for particles of similar sizes, as the apparent particle
formation rates are proportional to particle number concen-
trations (Eq. 3).

Figure 4 shows the contributions of different processes
(growth, coagulation, and recombination) to changes in the
neutral and charged particle concentrations in the 1.5–2 nm
and 2–3 nm size ranges,N1.5 2 and N2 3. For charged
1.5–2 nm particles, growth or nucleation is the only source,
while recombination is the main sink. By contrast, for neu-
tral 1.5–2 nm particles, recombination is the only source,
while growth is the main sink. It should be noted that
|PL0

recomb| > |PL±

recomb|, which is a result of the produc-
tion of 1.5–2 nm neutral particles by the recombination of
two sub-1.5 nm oppositely charged particles. PLgrow for
neutral 1.5–2 nm particles is negative because of the evap-
oration of 1.5 nm particles (i.e., negativeJ o

1.5 values; see
Fig. 2a) while at the same time there is growth-driven re-
moval atd=2 nm (i.e., positiveJ o

2 values; also see Fig. 2a).
The PLcoag values are negative for both charged and neutral
1.5–2 nm particles, although their magnitudes (peak values
∼ −0.05–−0.1 cm−3 s−1) are much smaller than those of
PLrecomb (−0.45 and +0.65 cm−3 s−1) and PLgrow (0.6 and
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Figure 4.  

  Fig. 4. The contributions of specific processes (i.e., growth, coagulation and recombination) to the changes in neutral and charged particle
concentrations in the 1.5–2 nm and 2–3 nm size ranges (refer to Figs. 2 and 3, and the text).

−0.5 cm−3 s−1). The net rates of change, dN/dt , fluctuate
around zero with an aptitude of∼0.05 cm−3 s−1, leading to
a net increase or decrease in N1.5−2, as shown in Fig. 3a.
As the particles grow from 1.5–2 nm to 2–3 nm, the mag-
nitudes of PLgrow and PLrocomb decrease by a factor of 4–
10. For charged 2–3 nm particles, growth or nucleation is
still the main source, and recombination is the main sink.
One interesting point is that, despite coagulation scaveng-
ing by larger aerosols, PLcoag for charged 2–3 nm particles
is slightly positive around noon. Our analysis indicates that
this is a result of attachment of small ions to neutral parti-
cles. For neutral 2–3 nm particles, recombination is still a
strong source but PLgrow becomes a more important source
(i.e., PLgrow >PLrecomb) during the main nucleation period
(∼10 am–noon). In contrast to PLgrow for charged 2–3 nm
particles, which is positive during the entire period, PLgrow
for neutral 2–3 nm particles becomes negative around 12:30
pm becauseJ o

3 > J o
2 (i.e., more particles growing above 3 nm

than are growing above 2 nm; see Fig. 3a). PLcoag is a major
sink for neutral 2–3 nm particles during the entire nucleation
period.

Figure 4 shows clearly that neutral particles growing into
the 2-nm size range, which are identified with the apparent
formation rate of neutral particles atd = 2 nm, were actu-
ally generated initially through ion-mediated processes. As
before, it must be concluded that the relative importance
of ion versus neutral nucleation processes cannot be deter-
mined solely on the basis of derived apparent neutral and
charged particle formation rates atd = 2 nm. Figures 2–4
present detailed size-dependent formation rates and number
concentrations of sub-3-nm particles for 27 April 2005 (Ju-
lian day 117). A similar analysis can be carried out for the
other case study days (Julian days # 102, 103, 108, 122,
123, 132, and 136) described in Yu and Turco (2008). Fig-
ure 5 gives theFJion

2 values as a function of hours after sun-
rise for all 8 of those case study days. For comparison,
the symbols represent median values ofFJion

2 derived from
AIS and NAIS measurements in the spring of 2006 and 2007
on 28 days when particle overcharging was observed (stars)
and 8 days with undercharging (diamonds) (from Fig. 2a of
Gagńe et al., 2010). Undercharging can occur in the pres-
ence of rapid neutral nucleation, as particle charging by back-
ground ionization will generally lag the equilibrium charge
distribution. It should be emphasized that, in Fig. 5, the
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Figure 5.  

 

  Fig. 5. The apparent fraction of 2-nm particles formed on ions
(FJion

2 ) as a function of hours after sunrise for all 8 case study days
described in Yu and Turco (2008). Symbols represent the observed
median values ofFJion

2 obtained by Gagńe et al. (2010) (stars: over-
charged days; diamonds: undercharged days).

simulations correspond to 8 nucleation events in the Spring
of 2005, while the median values were derived for Spring
of 2006 and 2007. IMN model results presented in Fig. 5
show significant day-to-day variations inFJion

2 , ranging from
a few percent to a few tens of percent. Figure 5 also re-
veals substantial variations inFJion

2 with local time, imply-
ing the sensitivity of averagedFJion

2 values to the averaging
period and air-mass inhomogeneity. The median values of
simulatedFJion

2 for the 8 case study days are∼5–15 % at
different local times (or hours after sunrise), and are in rea-
sonable agreement with the observations reported by Gagné
et al. (2010). Accordingly, interannual variability does not
seem to be a major factor in the comparisons in Fig. 5.

Figure 6 illustrates the mean size-dependent appar-
ent formation rates for both charged (J ion

d ) and neutral
(J 0

d ) particles, and the correspondingFJion
d values for all

eight nucleation events studied by Yu and Turco (2008).
The symbols represent the observed median values of
J ion

2 = 0.08 cm−3 s−1 (including the formation of> 2-3 nm
particles via ion-ion recombination),J 0

2 (= J tot
2 − J ion

2 =

0.57 cm−3 s−1), and FJion
2 for the Spring of 2007 offered

by Manninen et al. (2009). The simulated formation rates
and FJion

d on given days are average values during the pe-
riods when nucleation was occurring (J tot

1.5 >0.01 cm−3 s−1).
Both J ion

d and FJion
d decrease exponentially as the particle

size increases, a result of the rapid recombination of charged
species. For example,J ion

d decreases by up to∼one order of
magnitude asd increases from 1.5 nm to 2 nm.J 0

1.5 is gen-
erally very small and is negative for 6 out of the 8 cases but
it increases quickly as a result of increase in neutral clus-

ters from ion-ion recombination.J 0
d and J ion

d are compa-
rable atd = 1.6–1.8 nm.J 0

d dominates atd >∼ 1.8 nm and
is a factor of 5-10 higher thanJ ion

d at d=2 nm for most of
the cases. The predicted median value ofJ ion

2 for the 8
case study days is close to the observed value, although the
prediction is for Spring 2005 while the observations were
made in Spring 2007. The predicted median value ofJ 0

2 is
∼0.1 cm−3 s−1 larger than the observed value, but is within
the uncertainty range of simulations and observations. The
modeledFJion

2 values for the 8 case study days range from
7.6 % to 32.7 %, with a median value of∼13 %, which is
very close to the median of∼12.5 % deduced by Manni-
nen et al. (2009), considering possible uncertainties in both
modeling and field observation. For 5 out of 8 case study
days,FJion

2 is within the range of 7–15 %. On day 123,FJion
2

reaches∼32 %. It is interesting to note that both NAIS and
ion-DMPS measurements show thatFJion

2 can be up to 30–
50 % on some days, although the two methods identify differ-
ent specific days having large fractions,FJion

2 (refer to Fig. 2b
in Gagńe et al., 2010).

The analysis above indicates that, overall, IMN model pre-
dictions forJ ion

2 , J 0
2 , andFJion

2 are consistent with equiva-
lent parameters derived from available measurements. Im-
portantly, the inference that the contribution of IMN to par-
ticle formation is small (∼10 %) in a boreal forest setting
seems to be based on the assumption that the derived “ap-
parent” neutral particle formation rate at∼2 nm represents
the actual neutral nucleation rate. It has been shown above,
however, that while IMN indeed contributes∼10 % to the
apparent formation rate of 2-nm particles, the actual IMN
contribution to particle formation is much greater, and actu-
ally dominates nucleation under many common conditions
(in instances where the experimental data are homogeneous
enough to allow a meaningful time series analysis to be con-
ducted). As pointed out by Yu (2010), and demonstrated in
detail in the present study, most of the neutral particles grow-
ing into the 2-nm size range can be formed via ion-based pro-
cess – in other words, they originate at the molecular embryo
level via ion-mediated processes. To properly understand
aerosol formation, and determine the contributions of vari-
ous nucleation mechanisms, an analysis must consider the
charged and neutral processes occurring at sizes correspond-
ing to critical embryos, which are generally in the∼1.5 nm
size range (for the Hyytiälä experiments; Kulmala et al.,
2007; Yu and Turco, 2008). The exponential decrease of
FJion

d as particle size increases fromd = 1.5 to 2 nm (Fig. 6b)
indicates the significant discrepancy that can arise in basing
conclusions about nucleation sources on observations at sizes
even slightly larger than the critical embryo (e.g., at 2 nm
rather than 1.5 nm). In the present case studies, it happens
that the ion-mediated mechanism may account for close to
100 % of all the new particle formation under the conditions
of the observations.
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Figure 6.  

 Fig. 6. Mean size-dependent apparent formation rates for both charged (J ion
d

) and neutral (Jneutral
d

or J0
d
) particles, and the corresponding

FJion
d

values, for all eight nucleation events studied by Yu and Turco (2008). The symbols indicate the corresponding observed median values
derived by Manninen et al. (2009).

In interpreting the field measurements, proper considera-
tion of ion-ion recombination is critical, since this process
effectively determines the rate of neutralization of growing
embryos formed on ions, and the stability regime of the re-
combination clusters, thus affecting the overall contribution
of IMN to new particle formation. It should be noted that
Manninen et al. (2009) considered ion-ion recombination in
their analysis, but only the recombination of ions in the size
range of 2-3 nm with ions of opposite sign smaller than 3 nm
(refer to Eq. (2) in Manninen et al., 2009). As shown in the
present study, however, most ions may be neutralized be-
fore reaching∼2 nm size. Manninen et al. (2009) further
assumed that all of the neutral particles<2 nm are formed
by neutral nucleation processes whereas detailed simulations
suggest these particles are dominated by ion recombination
processes (for the corresponding case studies treated here).
It turns out that these distinctions are critical to the determi-
nation of the actual source of the 2-nm neutral particles, and
explains to a large degree inconsistencies between the two
interpretations of the intensity of ion-mediated nucleation.

3.3 Analytical interpretation

Under certain assumptions, analytical expression describing
the evolution of the charging states of nanometer particles
can be derived (Kerminen et al., 2007). The exponential de-
crease ofFJion

d from 1.5 to 2 nm shown in Fig. 6, which ap-
pears to be the key toward understanding the dominant nu-

cleation path, has a sound and straightforward physical ba-
sis that can be approximately represented using a simplified
analytical model. Let us assume that both ion and neutral
nucleation processes create thermodynamically stable parti-
cles at rates,J ion

d0 andJ 0
d0, respectively, at an initial diam-

eter,d = d0. The fraction of new particles that are initially
charged (or due to ion nucleation) atd = d0 would be given
by,

FJion
d0 = J ion

d0 /(J ion
d0 +J 0

d0) (8)

The particles nucleated on ions are subsequently neutral-
ized due to charge recombination during their initial growth
phase. Thus, as the particles increase in size fromd0 to
d1 > d0, the fraction originally nucleated on ions that re-
main charged is roughly,e−αC1t (also refer to the interactive
comments posted by Hellmuth, 2011), whereα is the ion-
ion recombination coefficient for a small ion with a charged
nanoparticle of opposite sign,C is the total concentration of
small (negative or positive) ions, and1t = (d1−d0)/GR is the
time needed to grow particles fromd0 to d1 at a fixed growth
rate (GR).

Assuming that the neutral clusters have same growth rates
as the charged clusters, and neglecting coagulation scaveng-
ing of clusters as well as ion-neutral attachment, the steady
state “apparent” nucleation flux atd = d1 for charged parti-
cles is,

J ion
d1 = J ion

d0 ×e−αC1t (9)
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Table 1. Fractions of particles that remain charged as particles nucleated on ions atd = 1.5 nm grow tod = 2 nm at different particle growth
rates (GR’s) and concentrations of small ions (C’s).

GR = 1 nm h−1 GR = 1.9 nm h−1 GR = 3 nm h−1

C = 1500 cm−3 1.3 % 10.3 % 23.7 %
C = 1250 cm−3 2.7 % 15.0 % 30.1 %
C = 1000 cm−3 5.6 % 22.0 % 38.3 %
C = 750 cm−3 11.5 % 32.1 % 48.7 %
C = 500 cm−3 23.7 % 46.7 % 61.9 %

and the “apparent” nucleation flux for neutral particles is

J 0
d1 = J 0

d0+J ion
d0 ×(1−e−αC1t ) (10)

Thus, in this simplified model, the apparent ion nucleation
fraction is,

FJion
d1 = J ion

d1 /(J ion
d1 + J 0

d1)

= FJion
d0 ∗e−αC1t

= FJion
d0 ×e−αC(d1−d0)/GR (11)

It is clear from Eq. (11) that the parametersC and GR have a
significant influence on the ratio defining the residual ion-
nucleation-induced charged particle fraction,FJion

d1 /FJion
d0 .

The median GR values for 1.3–3 nm “intermediate” ions
at Hyytiälä in spring 2007 were estimated using ion mo-
bility spectra to be∼1.9 nm h−1 (Manninen et al., 2009).
In the IMN model, growth rates vary physically with time
and particle size, with the overall values remaining consis-
tent with the observed time delay between increasing con-
centrations of H2SO4 in the early morning hours, and the
appearance of freshly nucleated particles (3–6 nm) (Yu and
Turco, 2008). The simulated ion concentrations,C, for the
cases presented in this study are generally in the range of
500–1500 cm−3, with a mean value of∼1000 cm−3. Dur-
ing the corresponding observational period (middle April to
middle May), the measuredC values according to Fig. 3
in Hirsikko et al. (2005) were also generally in the range
of 500–1500 cm−3, with a somewhat lower mean value of
∼850 cm−3. The difference in the observed and simulated
mean ion concentrations (∼15 %) is reasonable, considering
the uncertainties in both simulations and measurements, as
well as additional factors associated with diurnal variations
(of both measured ionization rates and ion concentrations)
and air mass inhomogeneity.

Table 1 summarizes the residual fractions of ion clusters
that would remain charged after growth and recombination
(i.e.,FJion

d1 /FJion
d0 ) for different GR’s andC’s according to the

analytical model above, assumingd1 = 2 nm, d0 = 1.5 nm,
and α = ∼ 1.6×10−6 cm3 s−1. Depending on GR andC,
FJion

2 /FJion
1.5 can range from∼1 % to∼60 %. This sensitivity

to C and GR points to an important source of uncertainty that

can impact the accuracy of field data interpretations. How-
ever, the most useful observations are typically sufficiently
constrained that the actual range of uncertainty for a particu-
lar measurement and corresponding simulation is perhaps in
the range of a factor of 2–3. The mean analytical predictions
for residual ion fractions (or apparent ion nucleation frac-
tions) are also quite consistent with observations, suggest-
ing a fundamental physical consistency in the underlying pa-
rameterized model. Further, the more detailed and internally
self-consistent IMN model, which takes into account vari-
ations in these parameters based on physical principles and
supporting measurements, leads to similar reasonable projec-
tions.

The simplified analytical model discussed above is also
subject to uncertainties associated with the neglect of vari-
ations in most parameters with size, and of secondary pro-
cesses such as differential growth rates, background ioniza-
tion properties, and so on. Further, in real situations,α, and
GR depend on the types of particles (charged or neutral),
while α, C and GR also vary with time during nucleation
events. All of these complexities are taken into account in
the kinetic IMN simulations. Nevertheless, both the simpli-
fied analytical model and the detailed kinetic IMN model in-
dicate that a substantial fraction (up to∼60 %–95 %) of par-
ticles nucleated on ions can be neutralized as they grow from
∼1.5 nm to 2 nm in size. The physics of ion neutralization is
straightforward, leading to lifetimes for charged clusters of
∼10 min, which is generally shorter than the typical time that
it takes such clusters to grow from 1.5 nm to 2 nm (for refer-
ence, refer to the interactive comments by Hellmuth, 2011).

3.4 Other constraints on the analysis

The processes controlling the evolution of nanometer-sized
particles and molecular clusters are complex, depend on
the compositional nature of the clusters, and are influenced
by highly non-linear physical, chemical and thermodynamic
processes, some of which are only crudely known for the
species of interest. Accordingly, there are inherently a sub-
stantial number of sources of uncertainty in any model for
atmospheric nucleation.

For example, as discussed in the previous section, the
growth rates of 1–3 nm ion clusters affect charged particle
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fractions in the 2–3 nm size range. Low volatility organ-
ics are known to contribute significantly (>∼80 %) to the
growth of particles larger than 3–5 nm in boreal forests (e.g.,
Riipinen et al., 2011; Yu, 2011). However, their contribu-
tion to the growth of sub-3 nm particles is less clear. The
condensation properties of these organics depend on their va-
por pressures over very small nuclei, which tend to exhibit a
large Kelvin effect. Because of this, the condensation of low
volatility organics is assumed to be limited to particles larger
than 3 nm in the case studies discussed here (for details, see
Yu and Turco, 2008). This assumption is consistent with es-
timates by Kulmala et al. (2004b) of the particle sizes af-
fected by organics, and with more recent laboratory findings
(e.g., Wang et al., 2010). As noted earlier, growth rates as-
sociated with H2SO4 alone are consistent with the observed
time delay in the appearance of 3–6 nm particles in the morn-
ing hours (see Fig. 3 and Sect. 3.1 in Yu and Turco, 2008).
Nevertheless, low volatility organics could be involved un-
der certain conditions, with the magnitude of the effect de-
pending on the relative contribution of low volatility organ-
ics versus H2SO4 (considering, among other factors, organic
speciation, differing solubility, and Kelvin effects). Once the
contribution, if any, of such species to ion growth is deter-
mined, the analysis reported here can be readily updated to
include that effect. Lacking specific evidence for the role of
organic species at this time, the question of their importance
remains open.

Aside from the specific sources of uncertainty mentioned
above, this study focuses on the use of additional constraints
in developing a more comprehensive theoretical framework
for studying nucleation events – in particular the electrical
charge carried by particles under atmospheric conditions, and
the variations in the charge-states between ambient and nu-
cleating aerosols. While additional constraints are generally
helpful, the use of more sophisticated data entails the in-
troduction of variables and parameters that themselves can
be uncertain or difficult to quantify. For example, to deter-
mine the equilibrium charge on ambient aerosols requires
knowledge of the background ionization state, the mobility
spectrum of ambient ions, and the accretion kernels for neu-
tral and charged nanometer clusters. Such information, or
reasonable estimates for the corresponding parameters, are
available, but are not precisely known. Similarly, the coagu-
lation (recombination) kernels for charged clusters/particles
over a broad size range can be calculated using basic physi-
cal principles, if the condensed matter properties of the parti-
cles can be determined. In a long series of papers appearing
in the literature, many of these difficulties and uncertainties
have been addressed by a number of researchers, both exper-
imentally and theoretically. Nevertheless, we recognize that
the additional complexity connected with a combined ion-
neutral treatment of the nucleation problem invites further
sources of uncertainty and error.

The basic line of reasoning that underpins the present anal-
ysis recognizes that ions are ubiquitous in the atmosphere,

that electrical charge naturally promotes the formation of
clusters comprised of the same neutral compounds intimately
associated with new particle formation, that particles in dy-
namic systems will carry electrical charge signatures that can
be used to identify competing evolutionary pathways, and
that the basic physics along these pathways is well known
and long studied under the auspices of classical and quantum
chemistry. It follows that a comprehensive theory of nucle-
ation can be formulated and tested against observations. If
the comprehensive theory provides explanatory results, then
simplified models can be confidently developed by investi-
gating the relative importance of component processes and
isolating the most important ones. The converse is not usu-
ally true. A simplified model, or highly approximate ap-
proach to analysis, cannot generally be extrapolated to re-
veal more detailed information and reach more fundamen-
tal conclusions. Moreover, a comprehensive model can be
employed to carry out sensitivity studies that underscore the
most critical uncertainties and point to the requirements for
new data.

4 Summary and conclusions

Nucleation is widely recognized as an important source of
atmospheric particles. Accordingly, a clear physical under-
standing of atmospheric particle nucleation mechanisms is
critical to assess accurately the influences of aerosols on
climate and to project future climatic change. The rela-
tive importance of neutral cluster nucleation (NCN) and ion-
mediated nucleation (IMN) remains unresolved, even though
such processes are currently being integrated into global
models.

The results discussed here strongly suggest that ambi-
ent atmospheric ionization is intimately involved in the for-
mation of new aerosols under relatively common circum-
stances, and can explain available multi-instrumental obser-
vations of in situ nucleation events. The present investiga-
tion, in particular, considers eight well-characterized parti-
cle formation events in a boreal forest, employing the lat-
est version of a comprehensive IMN model that explicitly
treats NCN as a competitive pathway under atmospheric con-
ditions. The model predicts the size-dependent “apparent”
formation rates of charged and neutral particles (or equiva-
lently, the time dependent particle size and electrical charge
distributions) that can be compared to values derived from
observations. Such comparisons show that, in the cases in-
vestigated where field observations were sufficiently well
defined to allow time-series simulations, ion-based nucle-
ation processes appear to have dominated particle formation.
The analysis also reveals that a clear understanding of the
relative effectiveness of ionic versus neutral processes re-
quires a comprehensive treatment of ion-neutral molecular
interactions at the smallest nucleation embryo sizes, where
measurements are limited and detailed modeling is therefore
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essential. Indeed, the size resolved, charge specific, kinetic
analysis described in this paper demonstrates that field mea-
surements can be more accurately interpreted. The results,
further, shed light on the likely source of earlier conflicting
conclusions regarding the dominance of neutral versus ion-
mediated nucleation in specific instances; that is, differences
in analytical approaches.

While, as noted above, the present analysis is subject
to uncertainties associated with thermodynamics, particle
growth rates and sizes, and inhomogeneities in air-masses,
among other things, these uncertainties are unlikely to alter
the general findings reported here, which are based on the
well-known physics of electrical charge recombination that,
when accounted for in detail, emphasizes the critical role of
ions in mediating nucleation processes. Nevertheless, exten-
sive experimental, field, theoretical, and modeling work is
needed to reduce the uncertainties in the IMN approach and
to assess its ability to explain new particle formation through-
out the troposphere. It is important to note that the present in-
vestigation does not exclude the likely contributions of neu-
tral nucleation under a variety of atmospheric conditions (es-
pecially in highly polluted urban regions), although the exact
nature of these nucleation mechanisms remains to be spec-
ified. The implication that IMN should generally occur be-
fore, and dominate, NCN because of the strong influence of
electrical charge on molecular clustering (e.g., Arnold et al.,
1982; Yu and Turco, 2001; Lovejoy et al., 2004; Yu, 2006) is
tempered, of course, by the limitations associated with ambi-
ent ionization rates.

The present research, which demonstrates that an IMN
mechanism can successfully explain state-of-the-art multi-
instrument field measurements taken in a boreal forest set-
ting, is being applied to other environments. In a recent
global application, predictions suggest that ambient ion pro-
duction rates are large enough to account for many, if not
most, of the nucleation events observed worldwide (Yu et al.,
2008, 2010). Accordingly, IMN should logically be incor-
porated into regional and global climate models to improve
their ability to predict new particle formation and CCN abun-
dances, thereby reducing the number of ad hoc assumptions
adopted to calculate aerosol indirect radiative forcing, among
other particle-related effects.
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