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Abstract. Atmospheric aerosols play critical roles in air 1 Introduction

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 ma- Atmospheric aerosols have adverse effects on air quality and
jor but still poorly understood source of atmospheric aerosolduman health (Pope et al., 2002). They also contribute to
is new particle formation, which consists of the formation of Urban and regional haze, leading to reduction in visibility
thermodynamically stable clusters from trace gas molecule$Hinds, 1999). On both regional and global scales, atmo-
(homogeneous nucleation) followed by growth of these clus-Spheric aerosols strongly influence climate by scattering so-
ters to a detectable size-@ nm). Because freshly nucleated lar radiation and by serving as cloud condensation nuclei
clusters are most susceptible to loss due to high rate of coagdCCN) to change the reflectivity, lifetime, and coverage of
lation with pre-existing aerosol population, the initial growth clouds (Finlayson-Pitts and Pitts, 2000; Seinfeld and Pandis,
rate strongly influences the rate of new particle formation and2006; Twomey, 1977; Albrecht, 1989).

ambient aerosol population. Whereas many field observa- New particle formation in the atmosphere significantly
tions and modeling studies indicate that organics enhance thifluences the concentration of atmospheric aerosols, and
initial growth of the clusters and therefore new particle for- therefore their impact on climate (Kerminen et al., 2005;
mation, thermodynamic considerations would suggest that-a@ksonen et al., 2005; Spracklen et al., 2008). Model sim-
the strong increase of equilibrium vapor concentration due tg/lations show that nearly half of the global cloud conden-
cluster surface curvature (Kelvin effect) may prevent ambi-Sation nuclei (CCN) in the atmospheric boundary layer may
ent organics from condensing on these small clusters. Herd?e formed through new particle formation (Merikanto et al.,
the contribution of organics to the initial cluster growth is 2009). New particle formation is a two-stage process consist-
described as heterogeneous nucleation of organic moleculd8g of formation of thermodynamically stable clusters from
onto these clusters. We find that the strong gradient in clusirace gas molecules (homogeneous nucleation) followed by
ter population with respect to its size leads to positive clustedrowth of these clusters to a detectable size-@&nm (Mc-
number flux. This positive flux drives the growth of clusters Murry et al., 2005; Kuang et al., 2010). Due to the high co-
substantially smaller than the Kelvin diameter, convention-agulation rate of clusters smaller than 3nm with the pre-
ally considered the minimum particle size that can be grown€Xisting aerosol population, for new particle formation to
through condensation. The conventional approach neglectike place, these clusters need to grow sufficiently fast to es-
the contribution from the cluster concentration gradient, andc@pe removal by coagulation (Kuang et al., 2010).
underestimates the cluster survival probabilities by a factor It is generally accepted that homogeneous nucleation in
of up to 60 if early growth of clusters is due to both con- the troposphere involves sulfuric acid (Weber et al., 1996; Ri-

densation of sulfuric acid and heterogeneous nucleation ofinen etal., 2007; Kuang et al., 2008). However, the concen-
organic vapors. tration of gaseous sulfuric acid, while sufficient for the first

step of homogeneous nucleation, is often insufficient to grow
the resulting clusters (here, particles smaller than 3nm are
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also referred to as clusters) fast enough to survive the coagung species far from the particle surfacg; is the saturation
lation scavenging by pre-existing aerosol population (Kuangconcentration over a flat surface, and &R is the conven-
etal., 2010). Observed growth rates of nucleated particles arBonal condensational growth rate. The enhancement of the
often much greater than those based only on the condensatiagurface vapor concentration due to particle curvature (Kelvin

of sulfuric acid and associated inorganic compounds (Webegffect) is described by the factor ee%vr), whereo is sur-

etal., 1997; Kuang et al., 2010, 2012akek et al., 2001, face tensionk is the Boltzmann constant, arfdis absolute

O’Dowd et al., 2002; lida et al., 2008), and modeling stud- 2. .
ies have indicated that condensation of low-volatility Organictemperature. In Eq. (1), the terﬁ’g (Dp + Dm) Is included

vapors contribute significantly to the initial growth of the to account for the increase in collision diameter, which be-
clusters (Kulmala et al., 2004c; Paasonen et al., 2010). Thi§omes non-negligible when the sizes of the particle and con-
enhancement is also supported by field measurements th&ensing molecule are comparable (Nieminen et al., 2010).
show organics are often the dominant component of newlyHere we assume condensed organics do not form a solution
formed particles (Smith et al., 2008, 2010). However, ther-With existing species in the particle (i.e., the Raoult’s effect
modynamic considerations suggest that the strong increasen equilibrium organic vapor pressure is neglected). Previ-
of equilibrium vapor concentration due to cluster surface cur-0us studies indicate that the early growth is often dominated
vature (Kelvin effect) would prevent ambient organics from by organics during NPF events, suggesting particles con-
condensing on these small clusters (Kulmala et al., 2004asisting mostly of organics. Therefore, the Raoult’s effect on
Zhang and Wexler, 2002). Since freshly nucleated clustergquilibrium organic vapor pressure may be modest over the
are most susceptible to loss below 3nm due to the high coparticle size range of interest (Riccobono et al., 2012). The
agulation rate, the initial growth strongly influences the rate Kelvin factor increases exponentially with decreasingand
of new particle formation and ambient aerosol population.  is huge for newly formed 1-2 nm clusters, reaching as high as
Here, we extend the methodology of classical nucleationlO for typical ambient organic species (Zhang and Wexler,
theory to describe the initial condensational growth of freshly2002; Kulmala et al., 2004a). As a result, the concentration
nucleated clusters by organic vapor. The contribution of or-difference Coo — Cﬁxp(%) in Eq. (1) becomes nega-
ganics to the initial growth is treated as heterogeneous nuclesve, preventing organics from condensing onto the clusters

ation of organic molecules onto the clusters, and the numbe{zhang and Wexler, 2002). The particle diameter at which
flux of clusters through a given size is examined using the 4ov_\ equals zero is referred to as

o . i . _the quantit —Cgsex (
same statistical thermodynamics treatment as in nucleatlorl1 qK Wi 3500 S Tﬁ krlep' di hich icall
theory. We find that the strong gradient in cluster populationt€ Kelvin diameter. The Kelvin diameter, which s typically

with respect to size leads to positive cluster number flux, ancgreater ‘haf‘ 2nm fﬁf a;]mblentlorganlck\j/apors, Lepreshents the
therefore drives the growth of clusters substantially smaller’(?'mmu_m size a’;_vv Ic é)am; e? Wﬁ.u g(;(_)\_/v t Togg con-
than the Kelvin diameter, which is the critical embryo size for ensation according to Eg. (1). In this traditional view, con-

heterogeneous nucleation and is conventionally consideref€nSation of organic vapors cannot contribute to the growth

as the minimum particle size that can be grown through conOf clusters smaller than the Kelvin diameter, and the result-

densation. This conventional approach, which neglects thd"9 Particle number flux, derived afond= c?_L};IpGRCO”d' 1S
contribution from the cluster concentration gradient, substanzero or even negative, Whe%\ip is the particle number size
tially underestimates the initial growth of the clusters and thedistribution, andV is the number concentration of particles
survival probabilities of these clusters to 3nm or CCN sizes.with diameters less thaBy,. It has been suggested that other
mechanisms, such as the lowering of vapor pressure through
Raoult’'s law (Kulmala et al., 2004a, b) (nan@iler the-
ory), heterogeneous chemical reactions (Zhang and Wexler,

Conventionally, the growth rate (GR) due to condensation is2002): and adsorption of organics on cluster surface (Wang
calculated from the difference between the concentrations ofd Wexler, 2013) may help to overcome this large Kelvin
condensing species far from and at the particle surface cor(-EffGCt by facilitating growth to above the Kelvin diameter, at

rected for the effect of particle curvature (Seinfeld and Pan-Vhich point the organic vapor can condense conventionally

2 Methods

dis, 2006): according to Eq. (1).

' Here we do not attempt to dispute or ascertain the relative
dDp 1 2 dov importance of various mechanisms for the early growth of
— = — (Dp+ D Coo — CseX . . . .

dr 2D§ (Dp+ Din)” v [ 0TS p<kTDp)i| nucleated clusters described in previous studies. Instead, we
= GReond (1)  focus on an alternative mechanism that has not been consid-

ered. We show that the particle number flux calculated using
Here, Dy is the particle diameten, is the diameter of the  the conventional condensational growth rate represents the
condensing moleculg;, is the mean relative speed of the total number flux only when the particle size is substantially
particle and condensing molecule,is the volume of the  greater than the Kelvin diameter. When the cluster size is
condensing molecule&;, is the concentration of condens-
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smaller than or close to the Kelvin diameter, heterogeneoug\s shown later, below the Kelvin diameter, the drift term re-
nucleation of organic vapors onto the clusters makes a seconglilts in evaporation to a smaller size sir((@ — yg) <0;
contribution that drives growth even for clusters smaller thanin this size regime, only the diffusion term makes a posi-
the Kelvin diameter. This second contribution is due to thetive contribution to the number flux. Conventional growth
gradient in cluster concentration with respect to cluster sizerate calculations consider only the drift term, which under-
It is not accounted for in conventional growth rate calcula- estimates the full growth rate because the diffusion contribu-
tions, although it is included in classical nucleation theory. tion to growth is positive during new particle formation. This
During the heterogeneous nucleation of organic vapors, theontribution becomes especially significant near or below the
net flux from clusters witly condensed organic molecules to Kelvin diameter.

those withg 41, J, is (Seinfeld and Pandis, 2006):

Jo=Bgfe — Ve+1Se+1, 2
where f, is the corresponding number concentration of the
initial clusters (i.e., seed) plusmolecules of condensaigy  The particle growth rate and its contributions from both drift

is the size-dependent per-particle condensation rateyaisd  and diffusion with respect to cluster size are calculated using
the size-dependent per-particle evaporation rate. Equation (arameters of gas-phase organic species (Table 1) that are
can be rewritten to separate contributions to the flux fromyithin the typical ranges observed in earlier studies. Previous
drift and diffusion in cluster size-space (detailed derivation analyses of field measurements indicate ambient organic va-

3 Results and discussions

given in Appendix Al): por concentrations(,.) between 1x 107 and 3x 108 cm—3
DIFFUSIONIN CLUSTER SIZE SPACE (Paasonen et al., 2010; Kulmala et al., 2001), and saturation
DRIFT (B 1 72) vapor concentration&s) less than~ 10° — 10° cm—3 (Kul-
Jo = fo(Be —ve) -V, [g—ygfg} . (3) mala et al., 1998; Kerminen et al., 2000; Anttila and Ker-
2 minen, 2003). The conventional growth rate from Eq. (1),

As OV _ _fi rewriing the particle flux asJ, = (GReong), the effective growth rate (GRR) based on the total

dDp — Vg Dp’ flux J, and its resolution into the distinct contributions from
(?—g;)GReff = Vj'DpGReff defines an effective growth rate drift and diffusion (GRyit and GRyir) are shown in Fig. 1 as
GRef: a function of cluster diameter. The total fluxs derived from
DRIET equilibrium cluster distribution and, (Seinfeld and Pandis,
Jg S 2006). GRyit agrees well with the commonly used &Ry
GReff = (e /VeDp) = (V¢ Dp) (Bs — ve) based on Eq. (1). Both GG.qand GRyix decrease with de-

creasingDp and reach zero at a Kelvin diameter-efl.9 nm
determined by the parameter values in Table 1. Therefore,
V,Dp (ﬂg +Vg) according to the conventional formula, the smallest parti-
- 1 g 2 fe 4) cle size that can be grown through the condensation of or-
& ganic vapors is 1.9nm in this case. The contribution from
The lead term on the right side of Eq. (4) describes the driftinthe diffusion term GRy is determined by cluster size dis-
the force field given by the gradient of the cluster free energytribution f and the gradient off, with respect tog (i.e.,
with respect to cluster size, and is essentially the conventhe 2nd term on the RHS of Eq. 4). The cluster size distribu-
tional condensational growth rate described by Eq. (1) (detion (Fig. A1, Appendix A3) is derived from, andy, under
tails given in Appendix A2). The second term on the right is steady state (McGraw, 2001), a reasonable assumption for
related to the gradient in cluster concentration with respeckizes near or below the critical embryo size of the heteroge-
to cluster size. Note that traditional molecular diffusion the- neous nucleation (i.e., Kelvin diameter) (Seinfeld and Pandis,
ory describes the tendency of molecules to spread in spacgo06), where GRy is significant. Based on the method from
and is due to the gradient of concentration with respect toshj et al. (1990) and parameters from Table 1, the character-
the space coordinate. As an analogy to traditional moleculafstic time to reach steady state is calculated as 87 s, which
diffusion, the second term is referred to as the contributionjs substantially shorter than the typical time scale for varia-
due to diffusion in cluster size space, with the size-dependenfion of organic vapor concentration or the initial cluster (i.e.
diffusion coefficientﬂg% (McGraw, 2001, Goodrich, 1964, seed) population. Becausg appears in both the numera-
Friedlander, 2000; Lifshitz and Pitaevskii, 1981). Similarly, tor and denominator, only the shape fif (i.e., steady state
this diffusion due to the concentration gradient spreads theluster size distribution) is required to derive gR As Dp
cluster population along the size coordinate. The second terrdecreases, the negative gradientfinwith respect tog be-
is significant when the cluster size distribution is steep (i.e.,comes stronger, and therefore ggRincreases drastically.
strong gradient iry, with respect to cluster size), which oc- As a result, the overall growth rate GRremains 5% and
curs for clusters below or near the Kelvin diameter (conven-1% of the maximum growth rate (i.e., 11 nm* occurs at
tional critical embryo size of the heterogeneous nucleation)3.5nm in this case) at sub-Kelvib, of 1.68 and 1.57 nm,

DIFFUSIONINCLUSTERSIZE SPACE
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Table 1. Parameter values for model organic species used in calcu-

) : Traditional view:
lation of particle fluxes and growth rates. (a) Traditional vie
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Fig. 1. Comparison of growth rates. The conventional growth rate
(GReond based on Eq. (1), the effective growth rate (@R and  Fig. 2. (a) In traditional view, particles below the Kelvin diameter
the contributions to GRs due to drift (GRysi#t) and diffusion in  evaporate and only particles with diameter greater than the Kelvin
cluster size space (G) as functions of cluster size. Ghgand  diameter can grow through condensati@iny based on heteroge-
GRyrift vanish at the Kelvin diameter, and the difference betweenneous nucleation theory, even particles below the Kelvin diameter
GRefr (red) and GRong (black) is essentially the contribution from  can overcome the energy barrier and grow to larger sizes due to the
diffusion GRyj (green). All growth rates are derived using the pa- net forward number flux.
rameters listed in Table 1.

The main mechanism for the growth of the particles
respectively. This indicates that the conventional approachthrough heterogeneous nucleation is also illustrated in Fig. 2.
substantially overestimates the minimum size of the particlesThe conventional approach (i.e., @Ry takes into consider-
that grow through condensation of organics. Furthermoreation only the drift term, which is negative below the Kelvin
even at particle sizes just above the Kelvin diameterzdggR  diameter, sincéﬁg — yg) < 0. Therefore, in the conventional
remains much smaller than the overall &sRAs shown later,  view, particles below the Kelvin diameter will evaporate be-
this translates into a significant underestimation of the clus-cause it is energetically favorable, and only particles above
ter survival probabilities calculated using &Rq alone. It the Kelvin diameter (i.e., larger than the critical embryo size
is worth noting that while GRs depends only on the spec- of the heterogeneous nucleation) can grow through conden-
tral shape off,, the corresponding particle number flux and sation. In heterogeneous nucleation theory, for an individ-
the total fluxJ are linearly proportional t¢f,. Assuming the  ual particle that is smaller than the Kelvin diameter, the per
cluster growth is dominated by the heterogeneous nucleatioparticle evaporation rate is greater than the per particle con-
of organics, we calculate the concentrations of sub-Kelvindensation rate, i.ey, > B,. Therefore it is more likely for
clusters between 1.5 and 1.7 nm, and between 1.7 and 1.9 nthe individual particle to evaporate than to grow. However,
as 5000 cm® and 250 crm3, respectively, to reproduce the because of the strong (negative) gradient in cluster popu-
average new particle formation rate f0.5cm3s1 ob- lation with respect to sizef}, > f,+1), the total condensa-
served from 14 March to 16 May 2011 in Hyak, south-  tion flux (i.e., 8, f,) is greater than the total evaporation flux
ern Finland (Kulmala et al., 2013). The magnitude of these(i.e., y,11f,+1) and the resulting net flux is positive (i.e.,
cluster concentrations is broadly consistent with the average/, = B, fg — yg+1fg+1 > 0). This net forward flux induced
measurements in these size ranges (Kulmala et al., 2013). by heterogeneous nucleation can move sub-Kelvin particles
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over the energy barrier and allow them to grow to larger ,
sizes. The impact of the gradient in the cluster size distribu-
tion on the number flux is previously established in both het-
erogeneous and homogeneous nucleation theories (Frenke ¢
1946; Goodrich, 1964; Shizgal and Barrett, 1989; Rucken- o2
stein and Nowakowski, 1990), and it is the very same prin-
ciple in which gas phase molecules can overcome the en-
ergy barrier and form larger thermodynamically stable clus- L _
ters during homogeneous nucleation (i.e., the first step ofnew  *° e, m? 10 o
particle formation).

It is worth noting that given the positive heterogeneous nu-
cleation flux, GRy is greater than zero at all cluster sizes.
Here we defineDp iower as the particle size at which GR
is 1% of its maximum value (the maximum @Roccurs at
3.5nm in the above case), alifh ypperas the particle size at
which the relative difference between gRand GRgng de- rates were determined exclusively from coagulation with the
creases to 10 % (2.24 nm for the above case). The size rangwe-existing aerosol, modeled with a size distribution typi-
from Dy jower 10 Dp upperr€presents where the overall growth cal of an urban aerosol (Jaenicke, 1993), and scaled to give
rate may be substantially underestimated if the contributiona Fuchs surface arealfuchy of 330 pnfcm 3, the aver-
from GRyjf is not taken into consideration. Figure 3a shows age value for NPF events observed in Mexico City during
Dp jower, Dp,uppes and the Kelvin diameter as the ambient the MILAGRO measurement campaign (Kuang et al., 2010).
organic vapor concentratiofis, increases from ¥ 10 to The effects of reduced cluster concentrations (due to co-
3 x 108 cm=3, a representative range suggested from earliemgulation) on the diffusion contribution to growth are ne-
studies (all other parameters remain the same, as listed in Taflected in this calculation. Early work on the multistate ki-
ble 1). Similarly, the dependencies of the three diameters ometics of nucleation in the presence of background aerosol
surface tension are presented in Fig. 3b ferranging from  (McGraw and Marlow, 1983) provides a model-tested crite-
0.03to 0.06 Nml. As expected, the Kelvin diameter, or the rion for when these effects are important. Empirically, it was
critical embryo size for heterogeneous nucleation, decreasefound that whemAgychd/ f1a1 < 1, herefi is the concentra-
with increasingC,, or decreasing . The relative differences tion of monomer and; the surface area per monomer, clus-
betweenDp jower, Dp,uppes and the Kelvin diameter increase ter scavenging can be neglected, and classical nucleation the-
as the Kelvin diameter decreases, suggesting a stronger inory, based on the same condensation and evaporation fluxes,
pact from the diffusion term Gfg; (i.e., steeper gradient in applies even with scavenging by background aerosol present.
cluster concentration respective to cluster sizes) for systemén equivalent dimensionless parameter,was introduced
with smaller Kelvin diameter. Calculations are also carriedby McMurry et al. (2005) for a different purpose, namely
out by varying the organics saturation vapor concentrationas a criterion for new particle formation in the sulfur-rich
and molar volume, and show similar results. Atlanta atmosphere: new particle formation was typically

The contribution from GR can have a significantimpact observed wherl. was less than unity but not whdan was
on the overall GRs and therefore on the time required for greater. The combination of these independent findings sug-
clusters to grow to detectable sizes. The growth time directlygests that when new particle formation is observed to occur,
controls the survival probability of freshly formed clusters, i.e., L ~ Arychd f1a1 < 1, so that the time scale for nucle-
which is defined as the probability that a cluster will grow to ation is less than the time scale for cluster scavenging, the
a detectable size (hominally 3 nm) before being scavenged biatter process can be neglected. Conversely, when the scav-
the pre-existing aerosol (McMurry et al., 2005; Weber et al.,enging rate is high and needs to be included, it is unlikely
1997; Kerminen and Kulmala, 2002). Because freshly nuclethat new particle formation will occur anyway.
ated clusters are most susceptible to loss below 3 nm, the sur- Here we assume that early growth of clusters is due to both
vival probability strongly influences the direct impact of at- condensation of sulfuric acid and heterogeneous nucleation
mospheric nucleation on the ambient aerosol population. A®f organic vapors during new particle formation events, and
shown in Fig. 1, GRis contributes substantially to the overall the survival probabilities are derived using &R GRcond
growth rate GR for clusters near or smaller than the Kelvin and GRsa+ GResr, where GRa represents the growth rate
diameter. To examine its impact on the survival probability, attributed to sulfuric acid condensation, and &Gig and
we numerically solved the aerosol general dynamic equatiorGReff are the conventional growth rate and the effective
for an aerosol population growing through simultaneous con-growth rate due to organics presented in Fig. 1. Earlier field
densation and coagulation (Friedlander, 2000; Gelbard andtudies show that the growth enhancement fattadefined
Seinfeld, 1978; Kuang et al., 2008, 2009), explicitly account-as (GRsa+ GRcond/GRsa, measured at 3 nm mostly ranges
ing for the size-dependent growth rates in Fig. 1. Aerosol lossfrom 5 to 20 (Kuang et al. (2010); also note that &#g and

a — Dy jower

—Kelvin Diameter

3 —D
Pp.upper

—D
plover
Kelvin Diameter

—D
P.upper

0.04 0.05 0.06
o (N/m)

Fig. 3. Variation of Dp jower Dp,upper and the Kelvin diameter over

representative ranges @iy, (a) ando (b). All other parameters
remain the same as listed in Table 1.
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Table 2. The ratio of the cluster survival probability derived from gRo that based on GR,qunder sulfuric acid and organics concentra-
tions representative of NPF events. The survival probability is calculated for 1.5 nm thermodynamically stable clusters growing to form 3nm
particles.

Case # Cxo Cs [HoSOy], Growth rate AFuchs Ratio in cluster
(organics, cri3)  (organics,cm3)  (cm™3)  enhancement (ufrcm—3)  survival probability
1 (urban) 1.0< 108 1.0x 108 5.4x 107 5 330 1.6
2 (urban) 1.0« 108 1.0x 108 2.4x 107 10 330 4.6
3 (urban) 1.0< 108 1.0x 108 1.1x 107 20 330 62
4 (remote) 1.0< 107 1.0x 10° 5.4x 100 5 335 1.6
5 (remote) 1.0¢ 107 1.0x 10° 2.4x 100 10 335 4.7
6 (remote) 1.0< 107 1.0x 10° 1.1x 108 20 335 66

GReff are essentially the same at 3nm). The calculations argiven new particle formation event, the ratio of survival prob-

carried out for three sulfuric acid concentrations (.40, abilities to 3 nm also represents the ratio in production rates

2.4x 107, and 1.1x 10’ cm~3), which correspond t&" val- of particles at larger sizes, such as cloud condensation nuclei

ues of 5, 10, and 20 for the value of @Ryshown in Fig. 1.  (CCN, ~ 100 nm), because G&,gand GRy are essentially

For thermodynamically stable clusters of 1.5 nm (Kulmalathe same for particles larger than 3 nm.

et al., 2007), the ratio of the cluster survival probability de-

rived from GRy to that based on Gfgngis given in Table 2.

The survival probability and therefore the rate of new particle4 Conclusions

formation are significantly underestimated when the conven-

tional growth rate GRyngis applied to organics. This under- We have shown that for typical organic vapors in the atmo-

estimation of the survival probability becomes more severesphere, the diffusion of clusters in size space {gRcan

with increasingl’, as the relative contribution of organics to have a significant positive contribution to the overall parti-

total growth increases, reaching factors of 1.6, 4.8, and 62 fogle growth during new particle formation events. This dif-

I' values of 5, 10, and 20, respectively. fusion contribution can lead to substantial growth for sub-
In a second set of calculations we examine the impactKe|Vin clusters, which may be one of the mechanisms that

of the growth due to diffusion in size space (&R on allows ambient organics to contribute to the growth of freshly

the survival probability under more pristine conditions. In formed clusters despite the strong Kelvin effect. The conven-

these calculations, theJ 80, concentrations in the above tional approach, which neglects this diffusion contribution,

calculations are reduced by a factor of 10 to %.40°, underestimates the early growth rate of clusters. Assuming

2.4x 108, and 1.1x 10° cm3, respectively. The concentra- €arly growth of clusters is due to both condensation of sul-

tion 1.1x 1P cm™23 is near the lower end of sulfuric acid furic acid and heterogeneous nucleation of organic vapors,

concentration ranges observed during new particle formatiowve show the growth rate calculated using the conventional

events in remote locations (Kuang et al., 2010). The con-approach may lead to an underestimation of cluster survival

centration and saturation concentrations of organic vapor ar@robability to 3nm or CCN size by a factor of up to 60. Given

also reduced by a factor of 10 to maintain the same growtHts importance, this contribution of cluster diffusion in size

rate enhancemeit. If the original organics concentrations space to initial particle growth needs to be included when

are maintained, the growth rate enhancement will be toonodeling the rate of new particle formation and the subse-

large and inconsistent with field observations, and the impacgluent production of CCN — a critical determinant of aerosol

due to GRi will be even greater, as the growth due to organ- indirect effects on climate.

ics 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 withAppendix A

a typical shape of a rural aerosol (Jaenicke, 1993), but scaled

to give an average Fuchs surface area of 33.5qm13 for o ]

the new particle formation events observed at Hyfiitidur- Al Contributions to heterogeneous nucleation flux

ing QUEST IV campaign (Kuang et al., 2010). For thermo- ) , )

dynamic stable clusters of 1.5nm, the ratio of the survival‘-‘rh‘,e ”separflt_lon _Of the heterog'eneous n”ucleat!on _flux into

probability derived from GB to that based on GRag is drift” and “diffusion in cluster size space” contributions is

similar to that under a more polluted environment, and range§lescribed in a number of earlier works in classical nucleation
from 1.6 to 66 ag" increases from 5 to 20. Importantly, for a theory (Frenkel, 1_946; Goodrich, 196.4; Shizgal and Barrett,
1989; Ruckenstein and Nowakowski, 1990) and textbooks
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(Friedlander, 2000; Seinfeld and Pandis, 2006). A similar 5
separation is also given in McGraw (2001). The separation
of the flux following earlier works is briefly described below ,
(Goodrich, 1964; Ruckenstein and Nowakowski, 1990). The 0} °
net flux from clusters witty condensed molecules to those

containingg + 1 condensed molecules is (Seinfeld and Pan- &

dis, 2006): & °
T 107 o
Jo = Bgfg — Ve+1fo+1- (A1) .
Based on the continuum approximatiohjs approximated ° .
as a continuous function qf, and the gradient i/, with ° % o
reSpeCt th IS glven by 101.5 1?6 1j7 158 159 2

dJ, Cluster size (nm)
dg Fig. A1. An example of steady state cluster size distribution at sub-

Performing a second order Taylor expansion of the 2nd andelvin size range derived using parameters from Table 1.
third term of the right hand side of Eq. (A2) gives

= Jg - Jgfl = ﬂgfg - )’g+1fg+l - ,Bgflfgfl + ngg- (A2)

1 42 Letting Ds denote the size of the initial cluster, the size of

d d
Ve+1fe+1 =V fg + s (Ve fe) + 208 (ve fs) the growing cluster is:
1 d2 3 3 1/3

Given its small volume, addition of a monomer leads to a
small increase in cluster diameter. Employing the continuum

d
Be-1fe-r=Befe = 7 (Be fo) +

Combining Egs. (A2) and (A3) gives

dJ d 1 d2 d approximation at large, we have
_g:_(ﬁgfg)_‘_z(ﬁgfg)__()’gfg) (A4)
dg dg 2dg dg 3 3\%3
ag—ae_1=Vea=V,|m(Ds+ gD (A8)
R (AT I (R S N
—> s (vefe) = = [(Be = ve) fel = 575 [(Bs +7e)
2 2\/8J8 8 8)J8 2 2 8 8)J8 2 -1/3 1 -1/3
dg dg dg =5 (Dg—i—gD%) D} =4 D}, (D§+gD§n)
Integrating the above Eq. (A4) gives the desired separation 4
of the flux into contributions from the drift in the force field = —.
and diffusion in cluster size space: Dyp
14 Similarly, the gradient of the size of the growing cluster is
Jo=1g (Bg—Vs) T2dg [(Be+ve) fel (A5)  givenby
1/3 1 —2/3
orier  DIFFUSIONINCLUSTER SIZE SPACE V,Dp=V, [(Dg + ngn> :| =3 (Dg +gD§n> D?
e e 1
= fe (Bs = ) _évg[(ﬂg‘f')’g) fel - D} v

TTIp2” TIp? (A9)
A2 Comparison of GRyit and GReond 27p 2P
Inserting Eq. (A8) into Eq. (A7)y,can be written as

The size-dependent per-particle condensationggegiven

by (Seinfeld and Pandis, 2006): _ Pe1Cs oVga\  BsCs oVga
y ( ) Ve e o P 57
T 2_
By =7 (Dp+ Dm)"8Cox. (A6) _ BCs exp[ 4o ] , (A10)
Coo PLKTD,

The size-dependent per-particle evaporation rate is related t

the condensation rate by (Seinfeld and Pandis, 2006): 8ombining Egs. (AB), (A9), and (A10), we can show that the

traditional condensation growth rate is essentially the contri-
} bution of drift term to the total growth rate:

A7
( ) GRarift = (VgDp) (ﬁg - Vg) (All)

. . - 1 4o
wherea, is the surface area of the growing cluster consisting=_— (Dp + Dm)zE,Lv [Coo—csexp( v >] =GReond
of the initial cluster (seed) ang monomers of condensate. 2Dp kT Dp

_1C —dg_
.= ,Bg 1ts exp o (ag dg 1)
Coo kT
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A3 Steady state cluster size distributiorf

The steady state cluster size distributifinis derived from
B, andy, using parameters from Table 1. It is worth not-
ing that GRy depends only on the spectral shape fof

whereas the corresponding flux and the total flux is linearly

proportional to the value of,. The steady state cluster dis-
tribution shown in Fig. Al corresponds to a total flux of

0.5cm3s71, the average value observed during NPF events

J. Wang et al.: Growth of atmospheric nano-particles

aerosol formation and cloud droplet activation, Geophys. Res.
Lett., 32, L14803, doit0.1029/2005GL02313@005.
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