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Abstract

A clear physical understanding of atmospheric particle nucleation mechanisms is criti-
cal in assessing the influences of aerosols on climate and climate variability. Currently,
several mechanisms have been proposed and are being employed to interpret field
observations of nucleation events. Roughly speaking, the two most likely candidates
are neutral cluster nucleation (NCN) and ion-mediated nucleation (IMN). Detailed nu-
cleation event data has been obtained in boreal forests. In one set of analyses of
these measurements, NCN was suggested as the dominant formation mode, while in
another, it was IMN. Obviously, information on the electrical charge distribution carried
by the nucleating clusters themselves is the key to identifying the relative contributions
of neutral and ion-mediated processes under various conditions. Fortunately, 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
pathway. In the present study, the size-dependent “apparent” formation rates and frac-
tions of charged and neutral particles are simulated with a detailed kinetic model. We
show that the predicted “apparent” formation rates of charged and neutral particles at
2 nm agree well with the corresponding values derived from the boreal forest data,
but the “apparent” contribution of ion-based nucleation increases by up to ~one or-
der of magnitude as the size of particles decreases from 2nm to ~ 1.5nm. It appears
that most of the neutral particles detected at sizes around 2nm 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 neutral 2-nm particles might seem to be
dominated by a neutral clustering process, in fact those particles are largely the result
of an ion-induced nucleation mechanism. This point is clarified when the formation
rates of smaller particles (e.g., ~ 1.5nm) are explicitly analyzed (noting that measure-
ments at these smaller sizes are not yet available), showing that IMN dominates NCN
processes under typical circumstances in the boreal forest.
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1 Introduction

Aerosol particles formed in the atmosphere influence climate directly through scatter-
ing and absorption of radiation, and indirectly by acting as cloud condensation nuclei
(CCN) that affect cloud properties and precipitation. New particle formation has been
observed to occur frequently in many regions of troposphere (e.g., Kulmala et al., 2004;
Yu et al., 2008) and contributes significantly to global particle concentrations 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 con-
trolling parameters suggest important physical feedback mechanisms to climate varia-
tion associated with changes in particle and precursor emission rates, solar variability,
CCN and other factors, through aerosol indirect radiative forcing (e.g., Yu, 2010). In
order to accurately assess 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 nucleation 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 uncertainties
concerning atmospheric nucleation mechanisms. For example, the relative importance
of neutral cluster nucleation (NCN) processes versus ion-mediated nucleation (IMN),
under different ambient conditions, remains unresolved. As a case in point, in a boreal
forest setting quite different conclusions have been derived from the same measure-
ments regarding the dominance of neutral versus ion-based nucleation. In one series
of studies, NCN was identified as the main pathway, with only a small contribution
(~10% or less) from IMN (e.g., Laakso et al., 2007; Kulmala et al., 2007, 2010; Gagné
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 field data, with the goal of reconciling observations and theory in
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relation to aerosol formation in boreal forests. As will be demonstrated below, the likely
source of misinterpretation appears to originate in the transitory nature of the nucle-
ation process, and the co-evolution of particle embryo sizes and electrical charges. 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 at-
mosphere. Section 3 then provides a detailed analysis of the size-dependent apparent
formation rates of charged and neutral particles using a model that is capable of resolv-
ing the complex physical relationships involved. 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 nucleation events at a boreal forest site (Hyytiala, 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 Mobil-
ity Analyzer (BSMA), an Air lon Spectrometer (AIS), and the Neutral Cluster and Air lon
Spectrometer (NAIS). This set of coordinated observations provides the most compre-
hensive data available to date to constrain nucleation theories. Based on their analysis
of the electrical-charge states of nucleation mode particles (~ 3—15 nm diameter) mea-
sured with the ion-DMPS, Laakso et al. (2007) and Gagné et al. (2008) concluded that,
while nucleation mode particles were significantly overcharged (relative to the ambient
equilibrium charge level resulting from diffusional charging by background ionization)
during most of the nucleation events observed (>~ 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 analyti-
cal 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.

11284

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
11, 11281-11309, 2011

The size-dependent
charge fraction of
sub-3-nm particles

F. Yu and R. Turco

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/11281/2011/acpd-11-11281-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/11281/2011/acpd-11-11281-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Similarly, based on an analysis of four days of multiple-instrument measurements of
neutral and charged nanometer-sized cluster concentrations in Hyytiala in spring 2006,
Kulmala et al. (2007) concluded that neutral nucleation dominates over ion-induced
nucleation, at least under the conditions in a boreal forest. However, Yu et al. (2008,
and in published replies to referee’s comments), reanalyzed the same observations,
finding that a substantial contribution from IMN could not be ruled out. Aiming to re-
solve these conflicting conclusions with regard to the importance of IMN, Yu and Turco
(2008) carried out a more constrained case study of nucleation events characterized in
Hyytiala, utilizing a kinetic nucleation model that accounts for the size-dependent mi-
crophysics of neutral and charged clusters. They demonstrated 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 particles. 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 in boreal forests.

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 covering 54 nucleation event days), and showed that IMN contributed
only ~ 10% to new particle formation during that period. Using calculated 2-nm particle
formation rates at three ground-based measurement sites (Hyytiala, Finland; Hohen-
peissenberg, Germany; and Melpitz, Germany) based on NAIS and AlS data, Kulmala
et al. (2010) concluded that the overall contribution of ion-induced nucleation to atmo-
spheric aerosol formation is small, being typically much less than 10%. Even more
recently, Gagné et al. (2010) analyzed 2 years and 7 months (May 2005 to December
2007) of ion-DMPS data and compared the derived fractions attributed to ion nucle-
ation to fractions calculated using formation rates of charged and neutral particles at
2nm 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 measurements
is generally consistent with the fraction of ion-induced particles inferred using NAIS
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measurements, and 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 Kulmala and
colleagues may have underestimated the importance of IMN by treating all of the neu-
tral clusters <2 nm, including those produced by ion-ion recombination (an important
channel for IMN, according to Yu and Turco, 2008), as attributable to a purely neutral
nucleation process. Yu (2010) also argued that ion-DMPS data indicate a greater signif-
icance of IMN if when the electrical states of ~ 1-nm particles are used as a constraint
instead of those of particles ~2nm (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 interpretation of the Hyytiala nucleation data appears to be
related to the size-dependent evolution of ionic and neutral clusters in the size range
below 2 nm, where nucleation is actually 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 apparent rate is not
the actual nucleation rate, inasmuch as nucleation occurs mainly at embryo sizes well
below 2 nanometers. 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 signa-
ture of the nucleation pathway with greater fidelity. Accordingly, the methodology for
extrapolating observations 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
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charged and neutral), and pre-existing particles (Fig. 1). lons, which are generated
continuously and ubiquitously in the atmosphere by cosmic radiation and radioactive
decay, interact strongly with common nucleation precursors and thus are insepara-
ble 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 treatment of physical, chemical and
thermodynamic processes in the kinetic IMN model employed here. This model effec-
tively 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 various sizes, vapor molecules, and pre-existing parti-
cles. The differential equations governing the evolution of neutral and charged clusters,
along with algorithms to calculate size-dependent rates for various microphysical pro-
cesses (condensation, evaporation, coagulation, and charge recombination) can be
found in Yu (2006). Below, we describe some of the aspects of the IMN simulation 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 particles at any given diameter (d), and hence the apparent fraction of nucleation
due to ion (FJS"). FJ3" is defined as

Ji+J3 g

JEds + S0 I 4 SO

FJon =

(1)

where J; , Jg, and J are, respectively, the apparent formation rates (or net fluxes)
of positively charged, neutral, and negatively charged particles at a given diameter, d.
Jf” = J; + J  is the total apparent formation rate of charged particles of diameter d.
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In addition, the IMN model can track various product and loss terms for particles
within given size ranges,

0,+ 0,+ 0,+ 0,+
de1—d2 _ aNd1—d2 aNd1—d2 aNd1—d2
dt ot ot ot
grow recomb coag
= pPL2* +PLY*  4pLOE @)
- grow recomb coag

where N21_d2 and N3,_,, are the concentrations of neutral and charged particles
within the size range spanning dy and d,. PLya,, PLY* and PLos . are production
or loss rates associated with growth (including evaporation), recombination, and coag-
ulation, respectively. Recombination, a special case of coagulation, leads to the loss of
two oppositely charged clusters/particles while generating one neutral cluster/particle.
The attachment of ions/charged clusters to neutral particles, which transforms the neu-
tral particles into charged ones, is included in PL(C)(’)*;Q. PLg(f;g also takes into account
self-coagulation and coagulation scavenging of small clusters by pre-existing particles

of same type. PL%* describes the net fluxes of particles crossing d; and d, and is
related to apparent particle formation rates (Jdo’*) as,

PLO,i B % 0, y 0,:!:_ w 0,+ g 0.+
o = \dd Jgq \dt ) gy \dd /gp \dt /g
dN\%* | ox [AN\®F | 0. 0x 04
- (&), - (@), oree =% o

grow

where % is the particle size distribution and GF{g,’i is the net particle growth rate at d.
By combining Egs. (2) and (3) and rearranging terms, we get,

a1 dt recomb dd
11288
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dNtOt dNO dNi
tot 0 + d1-d2 tot RO R*

The formula connecting apparent particle formation rates at d; =2nm (J¥", J&) with
observed number concentrations of charged and total particles between 2—-3 nm (NZ*_3

and N;"_ta) (Kulmala et al., 2007; Manninen et al., 2009) can be derived (with approxi-
mations discussed below) as,

+ +

Jion — ANz PL* PL: —NZ_SGR* 6
2 T At " “recomb ~ ' —coag + 1 nm 3 (6)
Ntot tot
2-3 2-3
St = N Plgag + T GR; (7)

Here, NZ*_3 is the 2—-3 nm charged particle concentration from the AIS and BSMA mea-

surements; N;c’_t3 is the 2—3 nm total (charged + neutral) particle number concentration
from the NAIS measurements; and GR§ is the growth rate of charged sub-3 nm parti-
cles which can be derived from BSMA and AIS ion spectrum (Manninen et al., 2009).
Because the field instruments were not able to measure the growth rate of neutral sub-
3-nm particles (GRg), the same growth rate for neutral and charged sub-3-nm particles

(i.e, GRg = GRg) has been assumed in Eq. (7), an approximation previously used to
derive J, " and J;°t from measurements (Kulmala et al., 2007; Manninen et al., 2009).

With Jy" and Jy derived from measurements according to Egs. (6) and (7), the ap-
parent fraction of 2-nm particle formation due to ion processes is readily calculated as
FJI" = " /U3 The values of FJ5" can also been derived, completely independently,
from ion-DMPS measurements of the charge states of freshly nucleated nanoparticles
~3-5nm (Laakso et al., 2007). The conclusion of Kulmala and colleagues concerning
the dominance of neutral nucleation processes is mainly based on their derived F J;’”
values. However, with the IMN model, which resolves the dynamic evolution of both
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charged and neutral clusters/particles, F Ji(‘;” values can be derived at other sizes, re-
vealing the size-dependence of the apparent ion nucleation fraction, leading to a test
of the validity of the apparent fraction at 2 nm as a gauge for the relative importance of

ion versus neutral processes.
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 boreal forest site (Hyytiala, 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 ob-
served air masses were relatively homogeneous. That study focused on comparisons
between IMN model predictions and measured particle number concentrations and the
overcharge ratio (OR) of freshly nucleated particles (with diameters ~3—-6nm). The
size-dependent overcharge ratio is the average number of unit electrical charges car-
ried by particles of a given size divided by the equilibrium number of charges particles
of that size would carry under ambient conditions due to background ionization rates.
In the present study, we calculate the time series of the apparent formation rates of
particles at various diameters, d, and the apparent fraction of nucleation due to ions
(FJZ’”), based on the simulated evolution of the size distribution of neutral and charged
cluster/particles as described in Yu and Turco (2008). The model predicted J5", J5,
and F J'j” are compared to corresponding measured values reported recently in the lit-
erature. Since the particle diameters reported in the papers of Kulmala and colleagues
correspond to Millikan mobility diameters, we have converted the model mass diame-
ters to mobility diameters following the relationship given in Ku and de la Mora (2009);
hence, all the diameters discussed below are equivalent Millikan mobility diameters.
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Figure 2 shows the predicted evolution of apparent neutral and charged particle for-
mation rates (Jg or J5°""®, and J") and the corresponding FJ'" values at d = 1.5,
1.7, 2, 2.5, and 3 nm for a nucleation event observed in Hyytiala on 17 April 2005. The
simulations, as detailed in Yu and Turco (2008), were constrained by observed time se-
ries of temperature, relatively humidly, [H,SO,], and the size distribution of pre-existing
particles. The ionization rate is based on the median value derived from long-term di-
rect measurements reported in Gagné et al. (2010). Figure 2 presents results between
09:00 a.m. and 03:00 p.m. when the air mass was relatively homogeneous, as indicated

by consistency in the SMPS data. It is clear from Fig. 2 that Ji,on and FJZ’n decrease

significantly as d increases from 1.5nm to 3nm. In contrast, JS first increases and
then decreases as d increases from 1.5nm to 3nm. The dramatic decrease in Jg’”

and F ../'5” values as d increases is due to the rapid recombination of charged clusters
by oppositely charged small ion clusters. Under the conditions encountered, the neu-
tral H,SO,4-H,O binary nucleation rate is predicted to be essentially zero. Thus, neutral
particles are formed solely by recombination processes. It is interesting to note that
J?.s is negative, which is a result of evaporation of 1.5-nm neutral clusters generated
ion _ J(i;m

a = gon 4 0
matically be larger than 100%. Figure 2b shows that FJ;" decreases from > 100%
at d =1.5nm, to 30-70% at d =1.7nm, to 3-25% at d =2nm, and below 6% at
d=25nm. The FJ," value averaged over the nucleation period, as derived from
ion-DMPS measurements (Laakso et al., 2007), is ~19% for this day (assuming an
equilibrium charged particle fraction of 0.45% for 2nm particles; Yu and Turco, 2008).
It is clear from Fig. 2b that the model predicted FJg’n values are fully consistent with
the ion-DMPS measurements. If one only compares observed and predicted FJ;’n
values, and assumes that the original ionic charge survives as a new particle grows to
2nm, then one wrongly concludes that only ~ 19% of the apparent total 2-nm particle

formation rate is due to ion-based processes. This error becomes obvious when the

can mathe-

by recombination. Because of negative values for S, FJ
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FJ'C‘,)n values at d =~ 1.5nm are considered, since this is much closer to the critical
embryo sizes under the conditions sampled. Indeed, IMN clearly dominates particle
formation during this event.

The kinetic IMN model allows the dynamical evolution of neutral and charged clusters
of different sizes to be investigated, and the contributions of different microphysical
processes to be quantified (i.e., Fig. 1, Egs. 2 and 3). For the nucleation event on 17
April 2005, Fig. 3 gives the simulated number concentrations of neutral and charged
particles in two sizes ranges (1.5—-2 nm and 2-3 nm), and the corresponding fractions
of the total number of particles that are charged. In Fig. 3b, the 1.5-2nm and 2-3nm
size ranges are further divided into four size ranges (1.5-1.7, 1.7-2, 2-2.5, 2.5-3nm)
to show more clearly the dependence of charged particle fractions on size. The change
in N°? generally follows that of J{°¢ (Fig. 2a), and the peak N, value reaches
~425cm™~3, with charged particles accounting for ~ 50% of the total (Fig. 3b). N;‘itg'

has a peak concentration of ~ 625 cm~2 and is dominated by neutral particles (> 90%)
at all times. The high sensitivity of the charged particle fraction to size can be seen
more clearly in Fig. 3b. During the main nucleation periods, the fraction of charged
particles (FNY] ,,) decreases from ~ 70% for 1.5—-1.7 nm sizes, to ~ 20-35% for 1.7—
2nm particles, to ~5-10% for 2-2.5nm sizes, and to ~2-3.5% for those 2.5-3 nm.
It is not surprising that FNyy ,, values (Fig. 3b) are close to the FJ" (Fig. 2b) for
particles of similar sizes as the apparent particle formation rates are proportional to
particle number concentrations (Eq. 3).

Figure 4 shows the contributions of different processes (growth, coagulation, and re-
combination) to changes in the neutral and charged particle concentrations in the 1.5—
2nm and 2-3 nm size ranges, N, 5 , and N, 5. For charged 1.5-2 nm particles, growth
or nucleation is the only source, while recombination is the main sink. By contrast, for
neutral 1.5-2 nm particles, recombination is the only source, while growth is the main
sink. It should be noted that |PL0 | >|PL: |, which is a result of the production of

i recomb . _recomb '
1.5-2 nm neutral particles by the recombination of two sub-1.5 nm oppositely charged
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particles. PLg,, for neutral 1.5-2nm particles is negative because of the evaporation
of 1.5 nm particles (i.e., negative JfS values; see Fig. 2a) while at the same time there
is growth-driven removal at d =2nm (i.e., positive Jg values; also see Fig. 2a). The
PL;oag Values are negative for both charged and neutral 1.5-2nm particles, although

their magnitudes (peak values ~ —0.05—-0.1 cm™3 3‘1) are much smaller than those
of PL,ecomp (—0.45 and +0.65 cm™s™") and PLgow (0.6 and -0.5 cm™3s7"). The net

rates of change, dN/dt, fluctuate around zero with an aptitude of ~ 0.05 cm s , lead-
ing to a net increase or decrease in Ny 5_5, as shown in Fig. 3a. As the particles
grow from 1.5-2nm to 2-3nm, the magnitudes of PLy,, and PL,,m, 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 co-
agulation scavenging by larger aerosols, PL,4 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 particles. For neutral 2-3 nm particles, recombination is still a strong
source but PLy, becomes a more important source (i.e., PLg, > Pligcomp) during
the main nucleation period (~ 10:00a.m. — noon). In contrast to PLg,, for charged
2-3nm particles, which is positive during the entire period, PLy,, for neutral 2-3nm
particles becomes negative around 12:30 p.m. because Jg > Jg (i.e., more particles
growing above 3nm than are growing above 2 nm; see Fig. 3a). PL,,q is @ 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 at d = 2nm, were
actually generated initially through ion-mediated processes. As before, it must be con-
cluded that the relative importance of ion versus neutral nucleation processes cannot
be determined solely on the basis of derived apparent neutral and charged particle
formation rates at d =2 nm.

Figures 2—4 present detailed size-dependent formation rates and number concen-
trations of sub-3-nm particles for 27 April 2005 (Julian day 117). A similar analysis can
be carried out for the other case study days (Julian days # 102, 103, 108, 122, 123,
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132, and 136) described in Yu and Turco (2008). Figure 5 gives the FJ;" values as
a function of hours after sunrise for all 8 of those case study days. For comparison,
the symbols represent median values of FJ," derived from AIS and NAIS measure-
ments 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 Gagné
et al.,, 2010). Undercharging can occur in the presence of rapid neutral nucleation
as particle charging by background ionization will generally lag the equilibrium charge
distribution. It should be emphasized that, in Fig. 5, the 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 in FJg’”, ranging from a few percent to a few tens of percent. Figure 5
also reveals substantial variations in FJ3" with local time, implying the sensitivity of
averaged FJ;’n values to the averaging period and air-mass inhomogeneity. The me-
dian values of simulated F Jg’” for the 8 case study days are ~5-15% at different local
times (or hours after sunrise), and are in reasonable 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 nucleation rates for both charged (J('f”)

and neutral (J7°"" or J9) particles, and the corresponding FJ" values for all eight

nucleation events studied by Yu and Turco (2008). The symbols represent the ob-
served median values of J;" (including the formation of > 2-3 nm particles via ion-ion
recombination), J3 (= J3' - Jy"), and FJ" for the Spring of 2007 offered by Manninen
et al. (2009). The simulated nucleation rates and FJi(‘;n on given days are average val-
ues during the periods when nucleation was occurring (J% >0.01cm™>s™"). Both J/"
and F Ji(?" decrease exponentially as the particle size increases, a result of the rapid
recombination of charged species. For example, J:f“ decreases by up to ~one order

of magnitude as d increases from 1.5nm to 2nm. J1°_5 is generally very small and is
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negative for 6 out of the 8 cases but it increases quickly as a result of increase in neutral
clusters from ion-ion recombination. Jg and Jg’” are comparable at d =1.6—1.8nm. Jg
dominates at d >~ 1.8nm and is a factor of 5-10 higher than J;" at d =2 nm for most

of the cases. The predicted median value of J'2°n for the 8 case study days is close to
the observed value, although the prediction is for Spring 2005 while the observation
was made in Spring 2007. The predicted median value of Jg is ~0.1cm™3s™" larger
than the observed value_z, but is within the uncertainty range of simulations and observa-
tions. The modeled FJ'2°n 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 observed median of ~ 12.5%
(Manninen et al., 2009), considering possible uncertainties in both modeling and field

observation. For 5 out of 8 case study days, FJL?” is within the range of 7-15%. On

day 123, FJi2°n reaches ~ 32%. It is interesting to note that both NAIS and ion-DMPS
measurements show that F Jg’” can be up to 30-50% on some days, although the two

methods identify different specific days having large fractions, FJi2°n (refer to Fig. 2b in
Gagné et al., 2010). .
The analysis above indicates that, overall, IMN model predictions for J5", J9, and

F J;’” are consistent with equivalent parameters derived from measurements carried
out by Kulmala and co-workers. Importantly, the inference that the contribution of IMN
to particle formation is small (~ 10%) in a boreal forest setting seems to be based on the
assumption that the derived “apparent” neutral particle formation rate at ~ 2 nm repre-
sents 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 actually dominates
nucleation under most common conditions (in instances where the experimental data
are homogeneous enough to allow a meaningful time series analysis to be conducted).
As pointed out by Yu (2010), and demonstrated in detail in the present study, most of
the neutral particles growing into the 2-nm size range can be formed via ion-based
process — in other words, originate at the molecular embryo level via ion-mediated
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processes. To properly understand aerosol formation, and determine the contributions
of various nucleation mechanisms, an analysis must consider the charged and neutral
processes occurring at sizes corresponding to critical embryos, which are generally in
the ~ 1.5nm range (for the Hyytiala experiments; Kulmala et al., 2007; Yu and Turco,
2008). The exponential decrease of F J';,’” as particle size increases from d =1.5 to
2nm (Fig. 6b) indicates the significant discrepancy that can arise in basing conclusions
about nucleation sources on observations at sizes even seemingly a small size incre-
ment above the critical embryo (e.g., at 2 nm rather than 1.5nm). In the present case
studies, it happens that the ion-mediated mechanism can account for ~ 100% of all the

new particle formation under the conditions of the observations.
3.3 Analytical interpretation

Under certain assumptions, analytical expression describing the evolution of the charg-
ing states of nanometer particles can be derived (Kerminen et al., 2007). The expo-
nential decrease of FJ'(?n from 1.5 to 2nm shown in Fig. 6, which appears to be the
key toward understanding the dominant nucleation path, has a sound and straightfor-
ward physical basis that can be approximately represented using a simplified analytical
model. Let us assume that both ion and neutral nucleation processes create thermo-
dynamically stable particles at rates, J5 and J3,5", respectively, at an initial diameter,
d = d,. The fraction of new particles that are initially charged (or due to ion nucleation)
at d = d, would be given by,

Fon=Jgo/ (Jam +55") ®)

The particles nucleated on ions are subsequently neutralized due to charge recombi-
nation during their initial growth phase. Thus, as the particles increase in size from
dy to dy > dy, the fraction originally nucleated on ions that remain charged is roughly,
e—aCAt, where « 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)
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ions, and At = (d; — d,)/GR is the time needed to grow particles from d, to d; at a fixed
growth rate (GR).

Assuming that the neutral clusters have same growth rates as the charged clusters,
and neglecting coagulation scavenging of clusters as well as ion-neutral attachment,
the steady state “apparent” nucleation flux at d = d for charged particles is,

ion _ jion -aC At
Jy =Jdg x€ 9
and the “apparent” nucleation flux for neutral particles is

neu _ gsne ion -aCAt
S5 = IR S0 (1 070CH) (10
Thus, for this simplified model, the apparent ion nucleation fraction is,

ion _ jion ion neuy) _ ion ,—aCAt

FJg1 =g} <J2/1 +Jd1u> =FJgore™ (11)

Under typical conditions, a =~ 1.6 x 10 cm®s™, and C =~ 1000cm™3. The median
growth rates of 1.3—3 nm intermediate ions at Hyytiala in spring 2007 were estimated
using ion mobility spectra to be ~1.9nm h™! (Manninen et al., 2010). If we assume
dy =2nm and dy = 1.5nm, we estimate that, FJ," /FJ: = e 288/CR _ 5 6o, 009,
and 38% with GR=1, 1.9, and 3nm h™', respectively. This result is quite consistent
with the discussion above and earlier findings.

It should be noted that the simplified analytical model is subject to uncertainties as-
sociated with the values of a, C and GR, the neglect of variations in most parameters
with size, and the neglect of secondary processes such as differential growth rates,
background ionization, and so on. Further, in real situations, @, and GR depend on
the types (charged or neutral) of particles, and a, C and GR also vary with time dur-
ing nucleation events. All of these complexities are taken into account in the kinetic
IMN simulations. However, it is clear that both the simplified analytical model and the
detailed kinetic IMN model indicate that a substantial fraction (~ 60—-95%) of particles
nucleated on ions can be neutralized as they grow from ~ 1.5nm to 2nm in size. The
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physics of electrical neutralization is straightforward: charged clusters have a lifetime of
~ 10 min against neutralization, which exceeds the typical time that it takes the clusters
to grow from 1.5nm to 2 nm.

3.4 Uncertainties in the analysis

The processes controlling the evolution of nanometer-sized particles and molecular
clusters are very 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 large number of sources of uncertainty in any model for atmospheric
nucleation. In this study, we have focused on the use of additional constraints in devel-
oping 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 nucleating aerosols. While
additional constraints are generally helpful, the use of such constraining data entails
the introduction of additional variables and parameters that themselves can be un-
certain or difficult to quantify. For example, to determine the equilibrium charge on
ambient aerosols requires knowledge of the background ionization state, the mobilities
of ambient ions, and accretion kernels for neutral and charged nanometer clusters.
These data, or reasonable estimates for these parameters, are available, but are not
precisely known. Similarly, the coagulation (recombination) kernels for charged parti-
cles/clusters over a broad size range can be calculated using basic physical principles,
if the condensed matter properties of the particles 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 experimentally and theoretically.
Nevertheless, we must recognize that the additional complexity connected with an ion-
neutral treatment of the nucleation problem invites further sources of uncertainty and
error.
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The basic line of reasoning that underpins the present analysis recognizes that ions
are ubiquitous in the atmosphere, that ions naturally attract and cluster with the neutral
compounds intimately associated with new particle formation, that particles in dynamic
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 dynamics. It follows that
a comprehensive theory of nucleation can be formulated and tested against observa-
tions. If the comprehensive theory provides explanatory results, then simplified models
can be developed by investigating the relative importance of component processes and
isolating the most important ones. The converse is not usually true. A simplified model,
or highly approximated basis for analysis, cannot generally be extrapolated to reveal
more detailed information and reach more fundamental conclusions. Moreover, a com-
prehensive model can be employed to carry out sensitivity studies that underscore the
most critical uncertainties and point to the requirements for new data.

The results presented above strongly suggest that ambient atmospheric ionization
is intimately involved in the formation of new aerosols under certain typical conditions,
and can explain observations at least under those conditions — here, in a boreal forest.
While there is still much information that must be collected and analyzed before a thor-
ough understanding of particle formation is achieved, the current predictions provide
a solid basis for expanding the enterprise.

4 Summary and conclusions

Nucleation is widely recognized as an important source of atmospheric particles. Ac-
cordingly, a clear physical understanding of atmospheric particle nucleation mecha-
nisms is critical to assess accurately the influences of aerosols on climate and to project
future climatic change. The relative importance of neutral cluster nucleation (NCN)
and ion-mediated nucleation (IMN) remains unresolved, even though such processes
are currently being integrated into global models. To advance our understanding, the
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present investigation considers well-characterized particle formation events in a bo-
real forest, employing the latest version of a comprehensive IMN model that explicitly
treats NCN as a competitive pathway under atmospheric conditions. The model pre-
dicts the size-dependent “apparent” formation rates of charged and neutral particles (or
equivalently, the time dependent particle size and electrical charge distributions) that
can be compared to values derived from observations. Such comparisons show that,
in cases where field observations are sufficiently well defined (in terms of the homo-
geneity of air-masses that allows time series analysis), ion-based nucleation processes
appear to dominate particle formation. When other measures of the relative effective-
ness of ionic processes are utilized — in particular, by calculating the ratio of neutral
and charged particle fluxes across a size range that lies substantially above the actual
nucleation embryonic size — conclusions concerning the contribution of ion-based nu-
cleation must be tempered by an accurate treatment of charge recombination effects,
which is difficult to accomplish without a comprehensive model. The size resolved,
charge specific, kinetic analysis described here shows explicitly how typical measure-
ments may be inadvertently misinterpreted in favor of NCN. Rather than the ~ 10% ion
contribution suggested in some earlier studies, we find that IMN processes account for
closer to 100% of the new particles for the cases investigated.

While, as noted above, the present analysis is subject to uncertainties associated
with thermodynamics, particle growth rates and sizes, and inhomogeneities of air-
masses, among other things, these uncertainties are unlikely to alter the straightfor-
ward physics of electrical charge recombination that, once accounted for in detail,
reveals the actual contribution of ion-mediated nucleation. Nevertheless, additional
experimental, field, theoretical, and modeling work should be carried out to reduce
the uncertainties in IMN theory and assess its ability to explain new particle formation
throughout the troposphere. It is important to note that the present investigation does
not exclude the likely contributions of neutral nucleation under certain atmospheric con-
ditions (especially in highly polluted urban regions), although the exact nature of these
nucleation mechanisms remains to be specified. IMN should generally be favored over
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NCN because of strong electrical influences (e.g., Arnold et al., 1982; Yu and Turco,
2001; Lovejoy et al., 2004; Yu, 2006), notwithstanding, of course, the depletion of am-
bient ionization during intense nucleation events. The present research demonstrates
that an IMN mechanism can successfully and rationally explain a sophisticated set of
state-of-the-art multi-instrument field measurements in a boreal forest setting. Previous
studies, which have applied the basic physics of the IMN mechanism to other environ-
ments, indicate that ambient ion production rates are high enough to account for most
of the nucleation events observed globally (Yu et al., 2008, 2010). Hence, IMN should
logically be incorporated into regional and global climate models to improve their ability
to predict new particle formation and CCN abundances, thereby reducing the number
of ad hoc assumptions adopted to calculate aerosol indirect radiative forcing, among
other particle-related effects.
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Fig. 1. Schematic illustration of the kinetic processes (condensation, evaporation, coagula-
tion, 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;, Jg , and J,, 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).
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Fig. 2. Predicted evolution of the apparent neutral and charged particle formation rates (Jg
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indicated nucleation period on 17 April 2005 (Laakso et al., 2007).
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Fig. 3. Corresponding to Fig. 2, IMN simulations for the nucleation event observed in Hyytiala

on 17 April 2005, showing: (a) the number concentrations of neutral, charged, and total par-
ticles (Ng?‘ir,az', NI;):_dz, and fof"i'dz) in two sizes ranges (1.5-2nm and 2-3nm); and (b) the

charged fraction of the total number of particles (F Nic‘f?_dz) in 6 six size ranges.

11306

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
11, 11281-11309, 2011

The size-dependent
charge fraction of
sub-3-nm particles

F. Yu and R. Turco

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/11281/2011/acpd-11-11281-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/11281/2011/acpd-11-11281-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

I Pngw J— Pmemb —_
0.8 — T LI I I B
0.7 — (a) 1.5_2 nm ion ]
0.6 —]
05 g
Yo 04 9
‘g 03 - &
- S
w 02 ] ®
g o0l = g
g 0p=. = g
5 :| 01~ 0 7= = ’_'/ — —g; :u
pi F o\ m -
g 021\~ =y I 2
0.3 — \ / —]
g‘; — St -
“E [ I T I S N
9 10 11 12 13 14 15
LocalTime (hr)
0.4 T LI I B I B I
[~ (c)2_3 nmion ]
03— —
Y i 1 e
Tn 02— —H =
§ L i §
® ®
§ 0.1 — — §
: L QA,, 1 oz
P~ = g:‘
~ - |
% B \*\ /’ %
0.1 ~ —
02— —
P IR T AR A A
9 10 11 12 13 14 15

LocalTime (hr)

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

ranges (refer to Figs. 2 and 3, and the text).
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