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Abstract

Atmospheric aerosols play critical roles in air quality, public health, and visibility. In
addition, they strongly influence climate by scattering solar radiation and by changing
the reflectivity and lifetime of clouds. One major but still poorly understood source of
atmospheric aerosol is new particle formation, which consists of the formation of ther-
modynamically stable clusters from trace gas molecules (homogeneous nucleation)
followed by growth of these clusters to a detectable size (~3nm). Because freshly
nucleated clusters are most susceptible to loss due to high rate of coagulation with
pre-existing aerosol population, the initial growth rate strongly influences the rate of
new particle formation and ambient aerosol population. Whereas many field obser-
vations and modeling studies indicate that organics enhance the initial growth of the
clusters and therefore new particle formation, thermodynamic considerations would
suggest that the strong increase of equilibrium vapor concentration due to cluster sur-
face curvature (Kelvin effect) may prevent ambient organics from condensing on these
small clusters. Here the initial condensational growth of freshly nucleated clusters is
described as heterogeneous nucleation of organic molecules onto these clusters. We
find that the strong gradient in cluster population with respect to its size lead to positive
cluster number flux, and therefore driving the growth of clusters substantially smaller
than the Kelvin diameter, conventionally considered as the minimum particle size that
can be grown through condensation. The conventional approach neglects this con-
tribution from the cluster concentration gradient, and underestimates the rate of new
particle formation by a factor of up to 60.

1 Introduction

Atmospheric aerosols have adverse effects on air quality and human health (Pope
et al., 2002). They also contribute to urban and regional haze, leading to reduction
in visibility (Hinds, 1999). On both regional and global scales, atmospheric aerosols
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strongly influence climate by scattering solar radiation and by serving as Cloud Con-
densation Nuclei (CCN) to change the reflectivity, lifetime, and coverage of clouds
(Twomey, 1977; Albrecht, 1989; Finlayson-Pitts and Pitts, 2000; Seinfeld and Pandis,
2006). New particle formation in the atmosphere significantly influences the concen-
tration of atmospheric aerosols, and therefore their impact on climate (Kerminen et al.,
2005; Laaksonen et al., 2005; Spracklen et al., 2008). Model simulations show that
nearly half of the global cloud condensation nuclei (CCN) in the atmospheric bound-
ary layer may be formed through new particle formation (Merikanto et al., 2009). New
particle formation is a two-stage process consisting of formation of thermodynami-
cally stable clusters from trace gas molecules (homogeneous nucleation) followed by
growth of these clusters to a detectable size of ~3nm (McMurry et al., 2005; Kuang
et al., 2010). Due to the high coagulation rate of clusters smaller than 3 nm with the
pre-existing aerosol population, for new particle formation to take place, these clusters
need to grow sufficiently fast to escape removal by coagulation (Kuang et al., 2010).

It is generally accepted that homogeneous nucleation in the troposphere involves
sulfuric acid (Weber et al., 1996; Riipinen et al., 2007; Kuang et al., 2008). However,
the concentration of gaseous sulfuric acid, while sufficient for the first step of homo-
geneous nucleation, is often insufficient to grow the resulting clusters (here, particles
smaller than 3 nm are also referred to as clusters) fast enough to survive the coag-
ulation scavenging by pre-existing aerosol population (Kuang et al., 2010). Observed
growth rates of nucleated particles are often much greater than those based only on
the condensation of sulfuric acid and associated inorganic compounds (Weber et al.,
1997; Makela et al., 2001; O’'Dowd et al., 2002; lida et al., 2008; Kuang et al., 2010),
and modeling studies have indicated that condensation of low-volatility organic vapors
contribute significantly to the initial growth of the clusters (Kulmala et al., 2004c; Paa-
sonen et al., 2010). This enhancement is also supported by field measurements that
show organics are often the dominant component of newly formed particles (Smith
et al., 2008, 2010). However, thermodynamic considerations suggest that for 1-2 nm
newly formed clusters, the strong increase of equilibrium vapor concentration due to
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cluster surface curvature (Kelvin effect) would prevent ambient organics from condens-
ing on these small clusters (Zhang and Wexler, 2002; Kulmala et al., 2004a). Since
freshly nucleated clusters are most susceptible to loss below 3 nm due to the high co-
agulation rate, the initial growth strongly influence the rate of new particle formation
and ambient aerosol population. Here, we extend the methodology of classical nucle-
ation theory to describe the initial condensational growth of freshly nucleated clusters
by organic vapor. The initial growth is treated as heterogeneous nucleation of organic
molecules onto the clusters, and the number flux of clusters through a given size is
examined using the same statistical thermodynamics treatment as in nucleation the-
ory. We find that the strong gradient in cluster population with respect to size lead to
positive cluster number flux, and therefore driving the growth of clusters substantially
smaller than the Kelvin diameter, which is the critical embryo size for heterogeneous
nucleation and is conventionally considered as the minimum particle size that can be
grown through condensation. The conventional approach, which neglects this contri-
bution from the cluster concentration gradient, substantially underestimates the initial
growth of the clusters and the rates of new particle formation and the subsequent pro-
duction of CCN.

2 Methods

Conventionally, the growth rate (GR) due to condensation is calculated from the differ-
ence between the concentrations of condensing species far from and at the particle
surface corrected for the effect of particle curvature (Seinfeld and Pandis, 2006):

dD 1 4ov
p 2 -
ra E (Dp + Dm) cuv [Coo —Csexp <kTDp = GRong- (1)

Here Dp is the particle diameter, D,,, is the diameter of the condensing molecule, 5;1 is
the mean relative speed of the particle and condensing molecule, v is the volume of
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the condensing molecule, C, is the concentration of condensing species far from the
particle surface, Cg is the saturation concentration over a flat surface, and GR,,,4 is the
conventional condensational growth rate. The enhancement of the surface vapor con-

centration due to particle curvature (Kelvin effect) is described by the factor exp ( k“T“DV )
P

where o is surface tension, k is the Boltzmann constant, and T is absolute temperature.

In Eq. (1), the term # (Dp + Dm)2 is included to account for the increase in collision
p

diameter, which becomes non-negligible when the sizes of the particle and condensing

molecule are comparable (Nieminen et al., 2010). The Kelvin factor increases expo-

nentially with decreasing D, and is huge for newly formed 1-2nm clusters, reaching
as high as 10° for typical ambient organic species (Zhang and Wexler, 2002; Kulmala

et al., 2004a). As a result, the concentration difference C_, — Cgexp <k4TL[‘)’) in Eq. (1)
p

becomes negative, preventing organics from condensing onto the clusters (Zhang and

Wexler, 2002). The particle diameter at which the quantity C, — C5exp <k47LDVp> equals
zero is referred to as the Kelvin diameter. The Kelvin diameter, which is typically greater
than 2 nm for ambient organic vapors, represents the minimum size at which particles
would grow through condensation according to Eq. (1). In this traditional view, conden-
sation of organic vapors cannot contribute to the growth of clusters smaller than the
Kelvin diameter, and the resulting particle number flux, derived as J, g = %Gand,

is zero or even negative, where g_[)\i,is the particle number size distribution, and N is the
number concentration of particles with diameters less than D,,. It has been suggested
that other mechanisms, such as the lowering of vapor pressure through Raoult’'s law
(Kulmala et al., 2004a,b) (nano-Kohler theory) and heterogeneous chemical reactions
(Zhang and Wexler, 2002) may help to overcome this large Kelvin effect by facilitating
growth to above the Kelvin diameter, at which point the organic vapor can condense
conventionally according to Eq. (1).

Here we don’t attempt to dispute or ascertain the relative importance of various

mechanisms for the early growth of nucleated clusters described in previous studies.
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Instead, we focus on an alternative mechanism that has not been considered. We show
that the particle number flux calculated using the conventional condensational growth
rate represents the total number flux only when the particle size is substantially greater
than the Kelvin diameter. When the cluster size is smaller than or close to the Kelvin
diameter, heterogeneous nucleation of organic vapors onto the clusters makes a sec-
ond contribution that drives growth even for clusters smaller than the Kelvin diameter.
This second contribution is due to the gradient in cluster concentration with respect to
cluster size. It is not accounted for in conventional growth rate calculations, although it
is included in classical nucleation theory. During the heterogeneous nucleation of or-
ganic vapors, the net flux from clusters with g condensed organic molecules to those
with g + 1, J,,, is (Seinfeld and Pandis, 2006):

Jg = Bgfg = Vgs1fg1 (2)

where f, is the corresponding number concentration of the initial clusters (i.e. seed)
plus g molecules of condensate, S, is the size-dependent per-particle condensation
rate, and y, is the size-dependent per-particle evaporation rate. Equation (2) can be
rewritten to separate contributions to the flux from drift and diffusion in cluster size-
space (detailed derivation given in the Supplement):

DIFFUSION IN CLUSTER SIZE SPACE

-V, [(ﬁg + Vg) fg] (3)

DRIFT
e e,

Jg =Ty (By = Vg) >

o , f, : .
Rewriting the particle flux as J,; = STNGReﬁ = 75 GRef defines an effective growth rate
3 g-p
GRg:

DIFFUSION IN CLUSTER SIZE SPACE

"V.D (By+vy) 1
vag[ g gfg]

= (VgDp) (Bg=Vg) - 7 >
22818
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The lead term on the right side of Eq. (4) describes the drift in the force field given
by the gradient of the cluster free energy with respect to cluster size, and is essen-
tially the conventional condensational growth rate described by Eq. (1) (details given
in the Supplement). The second term on the right is related to the gradient in clus-
ter concentration with respect to cluster size. Note that traditional molecular diffusion
theory describes the tendency of molecules to spread in space and is due to the gradi-
ent of concentration with respect to the space coordinate. As an analogy to traditional
molecular diffusion, the second term is referred to as the contribution due to diffusion in

cluster size space, with the size-dependent diffusion coefficient @ (Goodrich, 1964;
Lifshitz and Pitaevskii, 1981; Friedlander, 2000; McGraw, 2001). This term is signifi-
cant when the cluster size distribution is steep (i.e. strong gradient in f, with respect
to cluster size), which occurs for clusters below or near the Kelvin diameter, the critical
embryo size of the heterogeneous nucleation. As shown later, below the Kelvin diame-
ter, the drift term results in evaporation to a smaller size since (,Bg - yg) < 0; in this size
regime only the diffusion term makes a positive contribution to the number flux. Con-
ventional growth rate calculations consider only the drift term, which underestimates
the full growth rate because the diffusion contribution to growth is positive during new
particle formation. This contribution becomes especially significant near or below the
Kelvin diameter.

3 Results and discussions

The particle growth rate and its contributions from both drift and diffusion with respect
to cluster size are calculated using parameters of gas-phase organic species (Table 1)
that are within the typical ranges observed in earlier studies. Previous analyses of field
measurements indicate ambient organic vapor concentrations (C,,) between 1 x 10’
and 3 x 108 cm™3(Kulmala et al., 2001; Paasonen et al., 2010), and saturation vapor
concentrations (C) less than ~ 10°-10°cm™2 (Kulmala et al., 1998; Kerminen et al.,
2000; Anttila and Kerminen, 2003). The conventional growth rate from Eq. (1) (GR;onq)s
22819
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the effective growth rate (GRgx) based on the total flux J, and its resolution into the
distinct contributions from drift and diffusion (GRy,;#x and GRy) are shown in Fig. 1
as a function of cluster diameter. GR,;; agrees well with the commonly used GR;;4
based on Eg. (1). Both GR,ng and GRy decrease with decreasing D, and reach
zero at a Kelvin diameter of ~ 1.9 nm determined by the parameter values in Table 1.
Therefore, according to the conventional formula, the smallest particle size that can be
grown through the condensation of organic vapors is 1.9 nm in this case. The contri-
bution from the diffusion term GRyj is determined by cluster size distribution 7, and
the gradient of fg with respect to g. The cluster size distribution is derived from ,Bg
and y, under steady state (McGraw, 2001), a reasonable assumption for sizes near
or below the critical embryo size of the heterogeneous nucleation (i.e. Kelvin diameter)
(Seinfeld and Pandis, 2006), where GR is significant. Because f, appears in both the
numerator and denominator, only the shape of the cluster size distribution is required to
derive GRy;. As D, decreases, the negative gradient in 7, with respect to g becomes
stronger, and therefore GR; increases drastically. As a result, the overall growth rate
GR¢ remains substantial even at D, as small as ~1.5nm. This indicates that the
conventional approach substantially overestimates (by 20 % in this case) the minimum
size of the particles that grow through condensation of organics. Furthermore, even at
particle sizes just above the Kelvin diameter, GR_,,q remains much smaller than the
overall GR.4. As shown later, this translates into a significant underestimation of the
new particle formation rate calculated using GR_,,q alone.

The main mechanism for the growth of the particles through heterogeneous nucle-
ation is also illustrated in Fig. 2. The conventional approach (i.e. GR.,,q takes into
consideration only the drift term, which is negative below the Kelvin diameter, since
(ﬁg - yg) < 0. Therefore, in the conventional view, particles below the Kelvin diameter
will evaporate because it is energetically favorable, and only particles above the Kelvin
diameter (i.e. larger than the critical embryo size of the heterogeneous nucleation) can
grow through condensation. In heterogeneous nucleation theory, for an individual par-
ticle that is smaller than the Kelvin diameter, the per particle evaporation rate is greater
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than the per particle condensation rate, i.e. v, > B,. Therefore it is more likely for the
individual particle to evaporate than to grow. However, because of the strong (negative)
gradient in cluster population with respect to size (7, > 7, 1), the total condensation flux
(i.e. Byfy) is greater than the total evaporation flux (i.e. y4,17;,1) and the resulting net
flux is positive (i.e. J; = Byfy = Vg+17g+1 > 0). This net forward flux induced by hetero-
geneous nucleation can effectively move sub-Kelvin particles over the energy barrier
and allow them to grow to larger sizes. The impact of the gradient in the cluster size
distribution on the number flux is previously established in both heterogeneous and ho-
mogeneous nucleation theories (Frenkel, 1946; Goodrich, 1964; Shizgal and Barrett,
1989; Ruckenstein and Nowakowski, 1990), and it is the very same principle in which
gas phase molecules can overcome the energy barrier and form larger thermodynam-
ically stable clusters during homogeneous nucleation (i.e. the first step of new particle
formation).

It is worth noting that given the positive heterogeneous nucleation flux, GRy is
greater than zero at all cluster sizes. Here we define D, e, as the particle size at
which GRg is 1% of its maximum value (the maximum GRg4 occurs at 3.5nm in the
above case), and D, ;0 @S the particle size at which the relative difference between
GRg¢ and GR_,,q decreases to 10% (2.24nm for the above case). The size range
from Dy jower 10 Dy yoper represents where the overall growth rate may be substantially
underestimated if the contribution from GRg; is not taken into consideration. Figure 3a
shows D, jowers Dp,uppers @Nd the Kelvin diameter as the ambient organic vapor concen-

tration C, increases from 1 x 10" to 3x 10%cm™, a representative range suggested
from earlier studies (all other parameters remain the same, as listed in Table 1). Sim-
ilarly, the dependencies of the three diameters on surface tension ¢ are presented in
Fig. 3b for o ranging from 0.03 to 0.06 Nm™'. As expected, the Kelvin diameter, or the
critical embryo size for heterogeneous nucleation, decreases with increasing C, or
decreasing o. The fractional differences between Dy oyers Dp yppers @Nd the Kelvin di-
ameter increase as the Kelvin diameter decreases, suggesting a stronger impact from
the diffusion term GR for systems with smaller Kelvin diameter. Calculations are also
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carried out by varying the organics saturation vapor concentration and molar volume,
and show similar results.

The contribution from GRy can have a significant impact on the overall GR.4 and
therefore on the time required for clusters to grow to detectable sizes. The growth time
directly controls the survival probability of freshly formed clusters, which is defined as
the probability that a cluster will grow to a detectable size (nominally 3 nm) before be-
ing scavenged by the pre-existing aerosol (Weber et al., 1997; Kerminen and Kulmala,
2002; McMurry et al., 2005). Because freshly nucleated clusters are most susceptible
to loss below 3 nm, the survival probability quantifies the direct impact of atmospheric
nucleation on the ambient aerosol population. As shown in Fig. 1, GRy contributes
substantially to the overall growth rate GR for clusters near or smaller than the Kelvin
diameter. To examine its impact on the survival probability, we numerically solved the
aerosol general dynamic equation for an aerosol population growing through simulta-
neous condensation and coagulation (Gelbard and Seinfeld, 1978; Friedlander, 2000;
Kuang et al., 2008, 2009), explicitly accounting for the size-dependent growth rates in
Fig. 1. Aerosol loss rates were determined exclusively from coagulation with the pre-
existing aerosol, modeled with a size distribution typical of an urban aerosol (Jaenicke,
1993), and scaled to give a Fuchs surface area (Ag,qns) Of 330 um2 cm™3, the average
value for NPF events observed in Mexico City during the MILAGRO measurement cam-
paign (Kuang et al., 2010). The effect of reduced cluster concentrations (due to coag-
ulation) on the diffusion contribution to growth has been neglected in this calculation.
Since both sulfuric acid and organic vapors contribute to particle growth during new
particle formation events, the survival probabilities are derived using GRga+ GR g
and GRga+ GRgs, Where GRgp represents the growth rate attributed to sulfuric acid
condensation, and GR,,,q4 and GR.4 are the conventional growth rate and the effec-
tive growth rate due to organics presented in Fig. 1. Earlier field studies show that the
growth enhancement factor I, defined as (GRga+ GR;ong)/GRga, measured at 3nm
mostly ranges from 5 to 20 (Kuang et al., 2010, also note that GR,,,q4 and GRy are
essentially the same at 3 nm). The calculations are carried out for three sulfuric acid
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concentrations (5.4 x 107, 2.4 x 107, and 1.1 x 10’ cm™2), which correspond to I" values
of 5, 10, and 20 for the value of GR,,q shown in Fig. 1. For thermodynamically stable
clusters of 1.5nm (Kulmala et al., 2007), the ratio of the cluster survival probability de-
rived from GRg to that based on GR_,.q is given in Table 2. The survival probability
and therefore the rate of new particle formation are significantly underestimated when
applying the conventional growth rate GR,,4 to organics. This underestimation of the
survival probability becomes more severe with increasing I, as the relative contribution
of organics to total growth increases, reaching factors of 1.6, 4.8, and 62 for " values
of 5, 10, and 20, respectively.

In a second set of calculations we examine the impact of the growth due to diffu-
sion in size space (GRgy) on the survival probability under more pristine conditions.
In these calculations, the H,SO, concentrations in above calculations are reduced by
a factor of 10 to 5.4 x 106, 2.4 x 106, and 1.1 x 108 cm’a, respectively. The concentra-
tion 1.1 x 10° cm™ is near the lower end of sulfuric acid concentration ranges observed
during new particle formation events in remote locations (Kuang et al., 2010). The con-
centration and saturation concentrations of organic vapor are also reduced by a factor
of 10 to maintain the same growth rate enhancement I'. If the original organics concen-
trations are maintained, the growth rate enhancement will be too large and inconsistent
with field observations, and the impact due to GR;; will be even greater, as the growth
due to organics will have an even larger contribution to the total particle growth. For
the pristine conditions, the survival probability is derived using a pre-existing aerosol
size distribution with a typical shape of a rural aerosol (Jaenicke, 1993), but scaled to
give an average Fuchs surface area of 33.5 um2 cm™ for the new particle formation
events observed at Hyytiala during QUEST IV campaign (Kuang et al., 2010). For ther-
modynamic stable clusters of 1.5nm, the ratio of the survival probability derived from
GRg to that based on GR,,,4 is similar to that under a more polluted environment, and
ranges from 1.6 to 66 as I increases from 5 to 20. Importantly, for a given new particle
formation event, the ratio of survival probabilities to 3nm also represents the ratio in
production rates of particles at larger sizes, such as cloud condensation nuclei, (CCN,
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~ 100 nm), because GR,,,q and GR; are essentially the same for particles larger than
3nm.

4 Conclusions

We have shown that for typical organic vapors in the atmosphere, the diffusion of clus-
ters in size space (GRyj) can have a significant positive contribution to the overall par-
ticle growth during new particle formation events. The conventional approach, which
neglects this diffusion contribution, underestimates the rate of new particle formation
and the subsequent production of CCN by a factor of up to 60. In addition, this diffusion
contribution can lead to substantial growth for sub-Kelvin clusters, which may be one
of the mechanisms that allow ambient organics to contribute to the growth of freshly
formed clusters despite the strong Kelvin effect. Given its importance, this contribution
of cluster diffusion in size space to initial particle growth need to be included when
modeling the rate of new particle formation and the subsequent production of CCN,
a critical determinant of aerosol indirect effects on climate.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/12/22813/2012/
acpd-12-22813-2012-supplement.pdf.
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Table 2. The ratio of the cluster survival probability derived from GR4 to that based on GR,,4
under sulfuric acid and organics concentrations representative of NPF events. The survival
probability is calculated for 1.5nm thermodynamically stable clusters growing to form 3nm

particles.
Case # Co Cs [H,SO,], Growth AEuchss Ratio in
(organics, (organics, (cm™) rate (um?cm™)  cluster survival
cm™?) cm™®) enhancement probability
1 (urban)  1.0x10® 1.0x10° 5.4x10’ 5 330 1.6
2 (urban)  1.0x10® 1.0x10° 2.4x10 10 330 4.6
3(urban) 1.0x10® 1.0x10° 1.1x10" 20 330 62
4 (remote) 1.0x10" 1.0x10° 5.4x10° 5 33.5 1.6
5(remote) 1.0x10° 1.0x10° 2.4x10° 10 33.5 47
6 (remote) 1.0x10° 1.0x10° 1.1x10° 20 33.5 66
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Fig. 1. Comparison of growth rates. The conventional growth rate (GR,,,q) based on Eq. (1),
the effective growth rate (GR.;), and the contributions to GR due to drift (GR,) and diffusion
in cluster size space (GRy;) as functions of cluster size. GR,,q and GRy,; vanish at the Kelvin
diameter, and the difference between GR.; (red) and GR,,,4 (black) is essentially the contri-
bution from diffusion GRy; (green). All growth rates are derived using the parameters listed in
Table 1.
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