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Abstract

A dimensionless theory for new particle formation (NPF) was developed, using an
aerosol population balance model incorporating recent developments in nucleation
rates and measured particle growth rates. Based on this theoretical analysis, it was
shown that a dimensionless parameter LΓ, characterizing the ratio of the particle scav-5

enging loss rate to the particle growth rate, exclusively determined whether or not NPF
would occur on a particular day. This parameter determines the probability that a nu-
cleated particle will grow to a detectable size before being lost by coagulation with the
pre-existing aerosol. Cluster-cluster coagulation was shown to contribute negligibly to
this survival probability under conditions pertinent to the atmosphere. Data acquired10

during intensive measurement campaigns in Tecamac (MILAGRO), Atlanta (ANAR-
ChE), Boulder, and Hyytiälä (QUEST II, QUEST IV, and EUCAARI) were used to test
the validity of LΓ as an NPF criterion. Measurements included aerosol size distributions
down to 3 nm and gas-phase sulfuric acid concentrations. The model was applied to
seventy-seven NPF events and nineteen non-events (characterized by growth of pre-15

existing aerosol without NPF) measured in diverse environments with broad ranges in
sulfuric acid concentrations, ultrafine number concentrations, aerosol surface areas,
and particle growth rates (nearly two orders of magnitude). Across this diverse data
set, a nominal value of LΓ=0.7 was found to determine the boundary for the occur-
rence of NPF, with NPF occurring when LΓ<0.7 and being suppressed when LΓ> 0.7.20

Moreover, nearly 45% of measured LΓ values associated with NPF fell in the relatively
narrow range of 0.1<LΓ<0.3.

1 Introduction

Atmospheric aerosols contribute significantly to the net radiative forcing that drives the
earth’s energy balance, directly through the scattering and absorption of incident solar25

radiation, and indirectly through their role as potential cloud condensation nuclei (CCN)
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(Charlson et al., 1992). New particle formation (NPF), an important source of atmo-
spheric particles, occurs frequently in diverse locations (Kulmala et al., 2004b), and is
also an important source of CCN, as demonstrated in various measurement campaigns
(Kerminen et al., 2005; Laaksonen et al., 2005) and modeling efforts (Spracklen et al.,
2008; Kuang et al., 2009). Since the highest uncertainties in the current estimates5

for global radiative forcing are associated with these direct and indirect aerosol effects
(Chin et al., 2009), it is essential to understand processes that determine new particle
formation (NPF) rates.

NPF occurs when nucleated particles grow to a size that can be detected. Until re-
cently, the minimum detectable size was about 3 nm (Stolzenburg and McMurry, 1991),10

but recent developments have extended detection limits to sizes below 2 nm (Kulmala
et al., 2007; Iida et al., 2008a; Sipilä et al., 2009). While nucleation potentially occurs
every day, NPF only occurs when particle growth to the detection limit dominates over
particle losses from coagulation with the pre-existing aerosol. Analysis with aerosol
dynamics models (McMurry and Friedlander, 1979; McMurry, 1983; Kerminen and Kul-15

mala, 2002) have indicated that conditions favorable to NPF include high growth rates
and low concentrations of pre-existing aerosol (low scavenging rates). These condi-
tions have also been correlated with measured NPF events observed in diverse field
campaigns (Fiedler et al., 2005; McMurry et al., 2005). The development of a sim-
ple and universal criterion for NPF would form an important component of predictive20

models for aerosol formation, and would also quantify the relative importance of these
processes that influence aerosol dynamics as they pertain to NPF.

Past and recent efforts to model NPF from the gas-phase have focused on simulating
the dynamics of a nucleating aerosol growing through condensation and coagulation
(McMurry, 1983; Lehtinen and Kulmala, 2003; Korhonen et al., 2004; Gaydos et al.,25

2005). In light of the broad range (nearly two orders of magnitude) in the measured
nucleation rates, in the pre-existing aerosol surface areas, and in the particle growth
rates associated with NPF, it is logical to take a non-dimensional approach in modeling
NPF so as to obtain universally applicable results. This approach was used by McMurry

493

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/491/2010/acpd-10-491-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/491/2010/acpd-10-491-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 491–521, 2010

An improved criterion
for new particle

formation

C. Kuang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

et al. (1983) in developing a simple dimensionless loss parameter L, which is the ratio
of the particle loss rate due to scavenging to the particle growth rate, determining
whether or not NPF can occur. This parameter L was then calculated for NPF events
measured in the sulfur-rich environment of Atlanta where it was shown that NPF was
observed when L<1 but not when L>1 (McMurry et al., 2005).5

This original NPF criterion, however, was derived assuming a steady-state, single-
component system which greatly limits its application when modeling ambient multi-
component aerosols. Cluster concentrations may not reach steady-state since atmo-
spheric new particle formation is photochemically driven and therefore diurnal and dy-
namic. The derivation of this L criterion assumed that both nucleation and growth are10

single-component processes, where every monomer-monomer collision generates a
stable cluster (collision-limited nucleation), and where condensation of the monomer
(gas-phase sulfuric acid) accounts for all the particle growth. A collision-limited model
for nucleation, however, yields particle formation rates that are several orders of mag-
nitude larger than observations (Weber et al., 1996; Kuang et al., 2008). Also, sulfuric15

acid condensation accounts for only 10% of the measured particle growth (Weber et
al., 1997; Mäkelä et al., 2001; O’Dowd et al., 2002; Wehner et al., 2005; Iida et al.,
2008b; Smith et al., 2008). Not only are nucleation and growth multi-component pro-
cesses, but species that are responsible for the growth of newly formed particles are
likely different from those that participate in nucleation. In these environments, the old20

L criterion greatly underestimates the particle growth rate and consequently underes-
timates the nucleated particle survival probability and subsequent frequency of NPF.

To address these limitations, we have developed a new aerosol population bal-
ance model that predicts new particle formation in a time-dependent system, incor-
porating recent developments in nucleation rates, parameterizing them as power-law25

functions of sulfuric acid concentration, (Kulmala et al., 2006; Sihto et al., 2006; Ri-
ipinen et al., 2007; Kuang et al., 2008), and recent work in determining the contri-
bution of sulfuric acid condensation to measured nanoparticle growth rates (Stolzen-
burg et al., 2005; Sihto et al., 2006; Riipinen et al., 2007; Iida et al., 2008b). This
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model adapts a single-component formulation for aerosol dynamics to include a multi-
component representation through the use of measured nucleation and growth rates.
This model explicitly incorporates the competition between particle loss due to cluster
self-coagulation and scavenging by the pre-existing aerosol and particle gain due to
measured growth, using measured aerosol size distributions and sulfuric acid concen-5

trations. Model analysis yielded a new dimensionless parameter LΓ, characterizing
the ratio of the particle loss rate to the measured particle growth rate, which deter-
mined whether or not NPF would occur on a particular day. This criterion was validated
against seventy-seven NPF events and nineteen non-events (characterized by growth
of pre-existing nanoparticles without observed NPF) measured during various cam-10

paigns.

2 Methods

2.1 Measurements

This analysis utilized measurements of aerosol size distributions and gas-phase sulfu-
ric acid concentrations from seventy-seven new particle formation events and nineteen15

non-events observed during environmentally diverse measurement campaigns: MILA-
GRO (Tecamac, Mexico) (Iida et al., 2008b), ANARChE (Atlanta, Georgia) (McMurry
et al., 2005), Boulder, CO (Iida et al., 2006), QUEST II (Hyytiälä, Finland) (Sihto et
al., 2006), QUEST IV (Hyytiälä , Finland) (Riipinen et al., 2007), and an intensive ob-
servation period related to the EUCAARI project (Hyytiälä, Finland) (Manninen et al.,20

2009). Aerosol measurements from the QUEST II, QUEST IV, and EUCAARI cam-
paigns (Kulmala et al., 2009) at the SMEAR II station in Hyytiälä (Hari and Kulmala,
2005) were acquired by the research team from the University of Helsinki while the
other aerosol measurements were carried out by the research team from the University
of Minnesota. Measurements of gas-phase sulfuric acid concentration were acquired25

by Frank Arnold of the Max Planck Institute for Nuclear Physics during QUEST II (Sihto
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et al., 2006) and QUEST IV (Riipinen et al., 2007), by Lee Mauldin of the National Cen-
ter for Atmospheric Research (NCAR) during EUCAARI (Petäjä et al., 2009), and by
Fred Eisele of NCAR for the remaining campaigns (Kuang et al., 2008). Descriptions
of the physical and meteorological conditions at Tecamac, Atlanta, and Boulder as well
as a summary of the pertinent aerosol and gas-phase instrumentation can be found in5

Kuang et al. (2008).

2.2 Model development

Currently, the photochemical nucleation and growth of stable atmospheric clusters is
believed to occur through multi-component processes that often include sulfuric acid.
New particle formation occurs when these nucleated clusters grow to a detectable10

size, typically about 3 nm (Stolzenburg and McMurry, 1991). The probability of these
clusters surviving to 3 nm depends on the relative rates of cluster growth and loss
due to cluster-cluster coagulation and scavenging by the pre-existing aerosol. For a
steady-state system, McMurry (1983) developed a simple, limiting criterion for whether
or not new particle formation would occur by comparing rates at which clusters grow15

by condensation and are lost by coagulation with the pre-existing aerosol. It is the goal
of this work to extend this criterion to more environmentally diverse systems where
other gas-phase species besides sulfuric acid may contribute to growth and nucleation
by developing a cluster balance model that explicitly incorporates measurements and
observationally constrained parameterizations for growth and nucleation, respectively.20

The dynamics of an aerosol driven by simultaneous nucleation, condensation, and
coagulation can be described by a set of dimensional population balance equations for
discrete cluster sizes k (McMurry, 1983; Lehtinen and Kulmala, 2003):

dNk†

dt
=J †−β1k†N1Nk†−Nk†

∞∑
i=k†

βk†iNi−
c̄1AFuchs

4

Nk†
√
k†

(1)
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dNk

dt
=N1

(
β1k−1Nk−1−β1kNk

)
−Nk

∞∑
i=k

βkiNi+
1
2

k−k†∑
i≥k†

βi jNiNj−
c̄1AFuchs

4

Nk√
k

(2)

i+j=k

where Eq. (1) is the balance equation for the nucleating critical cluster (k=k†) and
Eq. (2) is the balance equation for clusters larger than the critical cluster (k>k†). In
these equations, Nk is the number concentration for newly formed k-sized clusters, N15

is the number concentration of the condensing vapor-phase species, βi j is the colli-
sion frequency function between clusters of size i and j (the free-molecular expression
is used since the particles of interest are much smaller than the mean free path of
air), AFuchs is the pre-existing aerosol surface area corrected for diffusion to transition
regime particles (Fuchs and Sutugin, 1971) and is calculated according to McMurry10

et al. (2005), and c1=
√

(8kT )/(πρυ1) (mean monomer thermal speed) where υ1 is
the molecular volume of the condensing species. While the Fuchs surface area AFuchs
has been used in Eqs. (1) and (2) to model cluster scavenging, cluster loss to the pre-
existing aerosol can also be modeled equally well with the condensation sink CS which
uses vapor properties (Kerminen and Kulmala, 2002), or with the coagulation sink Co-15

agS which uses particle properties (Lehtinen et al., 2007). The relationship between
AFuchs and CS is detailed in McMurry et al. (2005). In Eq. (1), formation of the critical
cluster is defined by the nucleation rate J †, while depletion occurs through condensa-
tional growth past the critical cluster size, cluster-cluster coagulation, and coagulation
with the pre-existing aerosol. In Eq. (2), cluster production processes include con-20

densational growth and coagulation of smaller clusters while loss mechanisms include
condensational growth of the cluster, cluster-cluster coagulation, and coagulation with
the pre-existing aerosol.

In order to model the cluster dynamics of observed nucleation events, recent de-
velopments regarding nucleation rates and growth rates are incorporated into Eqs. (1)25

and (2). For atmospheric boundary layer nucleation, studies have shown that the nu-
cleation rate can be modeled as a power-law function of the gas-phase sulfuric acid
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concentration [H2SO4]:

J † =K [H2SO4]P (3)

where K is a measurement campaign-specific pre-factor and the exponent P has been
shown to vary between 1 and 2 (Weber et al., 1996; Sihto et al., 2006; Riipinen et
al., 2007; Kuang et al., 2008). Based on the work of Kuang et al. (2008), a value of5

P=2 and the corresponding pre-factor K are used in this analysis and this power-law
expression for nucleation is substituted for J † in Eq. (1). Growth rates based solely
on sulfuric acid vapor condensation have been shown to significantly underestimate
the measured growth rate (Weber et al., 1997), largely because organic compounds
are responsible for up to 90% of the growth (Mäkelä et al., 2001; O’Dowd et al., 2002;10

Iida et al., 2008b; Smith et al., 2008). A growth enhancement factor Γ is included in
Eqs. (1) and (2) as a multiplier of the condensational growth rate due to sulfuric acid
in order to capture the condensation of other vapor-phase species that contribute to
the measured particle growth rate. The growth enhancement factor Γ is obtained by
dividing the measured growth rate GRMEAS, by the growth rate assuming free-molecule15

condensation of sulfuric acid GRSA, defined by the equation (Weber et al., 1997):

GRSA=
1
2
υ1N1c1 (4)

where N1 is the number concentration of gas-phase sulfuric acid, υ1 is the corre-
sponding monomer volume estimated to be 1.7×10−22 cm3 (the volume occupied by
a hydrated H2SO4 molecule), and c1 is the mean thermal speed of the condensing20

monomer. This yields the following cluster population balance equations:

dNk†

dt
=KN2

1−Γβ1k†N1Nk†−Nk†

∞∑
i=k†

βk†iNi−
c1AFuchs

4

Nk†
√
k†

(5)
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dNk

dt
=ΓN1

(
β1k−1Nk−1−β1kNk

)
−Nk

∞∑
i=k†

βkiNi+
1
2

k−k†∑
i≥k†

βi jNiNj−
c̄1AFuchs

4

Nk√
k
. (6)

i+j=k

While the growth enhancement factor Γ incorporates the effects of multi-component
condensation, Eqs. (5) and (6) are still based on a single-component formulation since
Γ is calculated assuming a condensing molecular volume of hydrated sulfuric acid. The5

growth enhancement factor Γ essentially becomes a multiplier of the sulfuric acid con-
centration. It is assumed in this analysis that particles throughout the nucleation mode
undergo the same enhancement to growth, even though Γ is obtained from aerosol
measurements larger than 3 nm and there is evidence that growth rates might depend
on particle size (Kulmala et al., 2004a; Hirsikko et al., 2005).10

With the appropriate dimensional scaling following a method analogous to that of
McMurry and Friedlander (1979), Eqs. (5) and (6) can be cast into dimensionless form
by making the following substitutions:

Nk=Nk

√
K (Nm)2

β11
(7)

t=τ

√
1

K (Nm)2β11

(8)15

βi j=ci jβ11 (9)

N1=N1Nm (10)

L1=
c1AFuchs

4
√
K (Nm)2β11

(11)
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where K is the pre-factor associated with the nucleation exponent P=2, Nm is the peak
value of [H2SO4] during the nucleation event, and L1 is a dimensionless parameter
characterizing the scavenging rate scaled by the maximum nucleation rate K (Nm)2.
The variables Nk , τ, ci j , and N1 are the dimensionless analogues of Nk , t, βi j , and
N1, where ci j is defined in McMurry and Friedlander (1979); β11 is the monomer-5

monomer coagulation coefficient and is calculated assuming a molecular volume of
hydrated sulfuric acid. The dimensionless forms of Eqs. (5) and (6) are then:

dNk†

dτ
=
(
N1

)2
−Γ

√
β11

K
c1k†N1Nk†−Nk†

∞∑
i=k†

ck†iN i−L1
Nk†
√
k†

(12)

dNk

dτ
=Γ

√
β11

K
N1

(
c1k−1Nk−1−c1kNk

)
−Nk

∞∑
i=k†

ckiN i+
1
2

k−k†∑
i≥k†

ci jN iNj−L1
Nk√
k

(13)

i+j=k10

where the processes of nucleation, growth, and scavenging are fully decoupled and
their effects on the concentration of newly formed particles can be explored. Scaling
Eqs. (5) and (6) by the maximum nucleation rate not only reduces the computational
load during simulation but also reveals two key dimensionless parameters, L1 and Γ1,
where Γ1 is defined as:15

Γ1=Γ

√
β11

K
. (14)

The parameters L1 and Γ1 characterize the scavenging and growth processes, re-
spectively, in Eqs. (12) and (13). In subsequent sections, it will be shown that these
two parameters provide a strategy to develop a simple, robust criterion for new particle
formation.20
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2.3 Model application

Analysis begins by verifying that the set of dimensionless cluster balance Eqs. (12) and
(13) can adequately model the measured number concentration N3−4, at the detection
limit (3–4 nm) during a new particle formation event. For a particular event, measured
inputs into the model include the peak sulfuric acid concentration Nm, the correspond-5

ing scaled sulfuric acid concentration profile N1, the growth enhancement factor Γ, the
Fuchs surface area AFuchs, and the nucleation rate pre-factor K . While the pre-factor K
is campaign specific, the growth enhancement factor Γ is event-specific and is obtained
by dividing the measured growth rate by the growth rate assuming only the condensa-
tion of sulfuric acid at concentration Nm. The measured growth rate is estimated from10

the time delay between [H2SO4] and measured ultrafine particle concentrations (We-
ber et al., 1997; Fiedler et al., 2005; Sihto et al., 2006; Riipinen et al., 2007; Kuang
et al., 2008). Growth rates from two events in MILAGRO were calculated by analyzing
size-dependent charge fractions of 3–25 nm aerosol (Iida et al., 2008b). The Fuchs
surface area is calculated by integrating over the measured aerosol size distribution15

according to the method of McMurry et al. (2005). The nucleation rate pre-factor K for
each analyzed campaign is obtained from a least-squares fitting of measured [H2SO4]
with nucleation rates extrapolated from the particle production rate at the detection limit
(Sihto et al., 2006; Riipinen et al., 2007; Kuang et al., 2008). The mass diameter of the
critical cluster was assumed to be 1 nm.20

Equations (12) and (13) are then solved with the initial condition of N̄k=0 (k≥k†). The
output dimensionless number concentrations Nk are then dimensionalized according to
Eq. (7) for comparison with concentration measurements of 3–4 nm mobility diameter
particles. The corresponding range in mass diameter is approximately 2.7–3.7 nm,
based on the work of Ku and de la Mora (2009). This conversion between mobility25

and geometric diameter is necessary when comparing measured and modeled results.
Assuming spherical clusters, the cluster sizes k corresponding to this geometric size

501

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/491/2010/acpd-10-491-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/491/2010/acpd-10-491-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 491–521, 2010

An improved criterion
for new particle

formation

C. Kuang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

range are calculated according to the relation (McMurry, 1980):

Dp =
(

6kυ1

π

)1/3

. (15)

The analysis is simplified by focusing only on the peak values of N3−4 when comparing
measured and modeled number concentrations. Sensitivity of the modeled N3−4 to
the peak sulfuric acid concentration Nm is explored by using a range of concentrations5

taken 15 min before and after the peak sulfuric acid concentration. Uncertainty in the
measured peak N3−4 is calculated as Poisson error from the finite number of particles
detected by the instruments in the corresponding size range. It is expected that the
modeled and measured values of peak N3−4 would be in qualitative agreement since
the nucleation expression that drives the cluster balance in Eq. (5) is parameterized10

from measured values of N3−4.
After model verification, the competing effects of scavenging and growth on new par-

ticle formation were explored by calculating the peak dimensionless particle flux J3
(3 nm) as a function of parameters L1 and Γ1, which were calculated from the mea-
sured ranges in AFuchs, Nm, and growth enhancement factor Γ for each measurement15

campaign. J3 is defined as:

J3=Γ

√
β11

K
c1k3

N1Nk3
(16)

where k3 is the cluster size associated with the detection limit at 3 nm (see Eq. 15).
Critical values of L1 and Γ1 at which new particle formation was effectively suppressed
were identified from this model analysis and compared with earlier work (McMurry,20

1983; McMurry et al., 2005). A dimensionless parameter was then derived based on
these critical values of L1 and Γ1, and was subsequently validated as an NPF criterion
against measurements of both NPF events and non-events. In this analysis, non-events
are characterized by periods where growth of pre-existing nanoparticles was observed
but new particle formation was not.25
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2.4 Solution procedure

Following the methods of Rao and McMurry (1989) and Wu and Flagan (1988),
Eqs. (12) and (13) are solved via a discrete-sectional method so as to reduce the com-
putational burden when solving a system of cluster population balance equations. In
this study, discrete equations were solved for clusters of size k≤100 (calculated to over-5

lap with the lower detection limit at 3 nm), and a sectional representation was used for
larger clusters (Gelbard et al., 1980). Numerical diffusion associated with condensation
is mitigated by the use of a number conserving expression for condensation fluxes be-
tween adjacent sections following the method of Warren and Seinfeld (1985). Accuracy
of the discrete-sectional method when applied to Eqs. (12) and (13) was checked by10

comparing the numerical and analytical results for the time-dependent cluster number
concentrations for the special case of a size-independent collision frequency function.
Agreement was within 0.01%. Aerosol dynamic simulations required a typical simula-
tion time of 5 s per nucleation event. This short computational time enables the efficient
exploration of the fairly large parameter space for L1 and Γ1 needed to satisfactorily15

explore the sensitivity of the particle flux to the measured ranges in scavenging rates
and growth rates.

3 Results and discussion

Relevant model inputs were obtained from measured aerosol size distributions and
[H2SO4] for each analyzed NPF event and are listed in Table 1: Γ (event-specific20

growth enhancement factor), Nm (peak [H2SO4] during NPF event), and AFuchs (Fuchs
aerosol surface area averaged over duration of NPF event). The calculated values
of the growth enhancement factor Γ span the range from 1 (ANARChE) to over 100
(EUCAARI), illustrating the multi-component nature of particle growth where, depend-
ing on location, the condensation of sulfuric acid accounts only for a fraction of the25

measured particle growth. The values of the remaining input parameters also span
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a wide range (1×106 cm−3<Nm<4×108 cm−3; 7 µm2 cm−3<AFuchs<570 µm2 cm−3); the
resulting peak nucleation rate, calculated according to Eq. (3), spans several orders of
magnitude. This wide range in the magnitude of source and sink processes empha-
sizes the need for a dimensionless theory that quantifies the relative contributions of
nucleation, cluster growth, cluster-cluster coagulation, and cluster scavenging by the5

pre-existing aerosol.

3.1 Model verification

The modeled and measured peak values of N3−4 for each of the analyzed new particle
formation events are compared in Fig. 1, with vertical bars representing the sensitivity
of the modeled peak N3−4 to the measured peak sulfuric acid concentration and with10

horizontal bars representing the uncertainties associated with particle counts. The
modeled and measured peak values of N3−4 are in qualitative agreement with each
other spanning three orders of magnitude in number concentration for the analyzed
measurement campaigns; results from the EUCAARI campaign were not included in
Fig. 1. This agreement between model and measurement is somewhat expected since15

the power-law nucleation model used to drive the aerosol dynamics simulation was
parameterized from measured ultrafine particle concentrations. Scatter in the mod-
eled peak N3−4 (under and over-estimations of the measured N3−4) can be partially
attributed to the use of a single campaign-specific nucleation rate pre-factor K , which
has an associated confidence interval (Sihto et al., 2006; Riipinen et al., 2007; Kuang20

et al., 2008). Underestimations of the measured peak N3−4 by the model can also be
due to the contributions of particle source processes not accounted for in the model
(e.g. ion-induced nucleation). In spite of this scatter, this model verification result is
significant in that the use of a single campaign-specific K value can reasonably model
the peak ultrafine particle concentrations observed at a particular location.25
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3.2 NPF criterion development

After model verification, the effect of scavenging and growth on new particle formation
was investigated, focusing primarily on the dimensionless particle flux J3 as a function
of the dimensionless quantities L1 (scavenging parameter) and Γ1 (growth parameter),
calculated from measured ranges in AFuchs, Nm, and growth rates. By definition, J3 is5

equal to the dimensional particle production rate J3 scaled by the dimensional peak
nucleation rate, which is a representative value for the probability that a nucleated
particle will grow to the detection limit. A contour plot of the modeled peak J3 as a
function of L1 and Γ1 is shown in Fig. 2 for the MILAGRO campaign. This result was
obtained using the average of the peak sulfuric acid concentrations measured during10

the campaign.
Generally, the peak values of J3 are seen to increase with growth parameter Γ1 at a

given value of scavenging parameter L1, and to decrease with L1 at a given value of Γ1.
These trends are expected as growth and scavenging are source and sink processes,
respectively, for ultrafine particles. From Fig. 2, contours of constant peak J3 were15

identified along with their corresponding values of L1 and Γ1. The linearity of each
contour over the ranges in L1 and Γ1 suggests a linear log-log relationship between
L1 and Γ1 for a given value of J3 : log L1=M logΓ1+B, where M and B are least-

squares fit parameters obtained for each value of J3. Least-squares analysis yielded
an average M value of 1.03±0.02 (95% confidence) over the range of modeled peak20

J3. With M essentially equal to one, the parameter B is then equal to log(L1/Γ1). Since

each line of constant J3 has a unique intercept B, J3 is then seen to depend only on

log(L1/Γ1) or, alternatively, on the ratio L1/Γ1. Each value of J3 has a unique value of
L1/Γ1, and vice versa. This result suggests that the effect of cluster-cluster coagulation
(as both a source and sink process from Eqs. 12 and 13) contributes negligibly to the25

evolution of the cluster distribution. Identical behavior was also observed in the model
results for the other measurement campaigns. The apparent inconsistency of this result
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with the observation that substantial coagulation was observed in Atlanta (Stolzenburg
et al., 2005) and Mexico City (Kuang et al., 2009) is resolved by noticing that the
contribution of coagulation is a strong function of cluster size. The contribution of
cluster-cluster coagulation would be nearly negligible up to the detection limit, yet would
be significant at larger sizes. A more detailed analysis of the contribution of cluster-5

cluster coagulation to the cluster survival probability will be included in a subsequent
paper focusing on intercomparisons between nucleation rate parameterizations (Weber
et al., 1997; Kerminen and Kulmala, 2002; Lehtinen et al., 2007).

The negligible contribution of cluster-cluster coagulation to the evolution of the size
distribution and the result that J3 depends only on the ratio L1/Γ1 (hereafter renamed10

LΓ) indicates that LΓ is the controlling parameter that exclusively determines the prob-
ability that a nucleated particle grows to the detection limit. LΓ is the ratio of the scav-
enging loss rate to the growth rate and, from Eqs. (11) and (14), is defined as:

LΓ=
c1AFuchs

4Γβ11Nm
=
L
Γ

(17)

where L is the expression given by McMurry (1983). L was reasonably successful in15

predicting the occurrence of NPF in the sulfur-rich environment of Atlanta during the
ANARChE measurement campaign. There, it was shown that sulfuric acid condensa-
tion accounted for nearly all of the growth early in the nucleation event. Under those
conditions, the growth enhancement factor Γ is equal to one (see Table 1) and the
parameters LΓ and L become identical. The advantage of this new parameter LΓ is20

that it is derived from a more general form of the aerosol population balance equations
that explicitly incorporates the observed ranges in experimentally parameterized nucle-
ation rates and measured growth rates. It is worth noting that LΓ is independent of the
nucleation rate pre-factor K and nucleation exponent P from Eq. (3). Therefore, any
nucleation rate expression of the form J †=K [H2SO4]P can be used.25

With LΓ as the controlling parameter, the results from Fig. 2 can then be recast in a
more compact form, where the modeled peak J3 is now plotted only as a function of LΓ
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for each measurement campaign, as shown in Fig. 3. The results from each campaign
at each value of LΓ are nearly identical, deviating by less than 5% from each other.
This similarity is a remarkable result given that the measured inputs into the model
vary over several orders of magnitude across the different campaigns. This location-
independent result further indicates that the contribution of cluster-cluster coagulation5

up to 3 nm is nearly negligible, even in polluted environments like Tecamac and Atlanta,
where significant coagulation might have been expected to occur. From Fig. 3, J3 is
seen to asymptotically approach unity in the limit of LΓ�1, which is consistent with the
fact that at fast enough growth rates (Γ1�L1), nearly all nucleated particles survive to
3 nm and the particle flux at the detection limit approaches the nucleation rate. J3 is10

also seen to decrease with increasing LΓ (L1�Γ1), approaching a survival probability
of 0.2% at LΓ=1, where new particle formation is effectively suppressed. Based on this
model result, new particle formation would then occur only for values of LΓ<1.

This limiting criterion was then tested against measured new particle formation
events by calculating LΓ from the scavenging and growth parameters, L1 and Γ1, re-15

spectively, associated with the peak N3−4 for each of the seventy-seven new particle
formation events that were analyzed. The LΓ values for each analyzed NPF event are
included in Table 1, ranging from 0.0075–0.66. LΓ values were also calculated for nine-
teen non-events where nanoparticle growth of the pre-existing aerosol was observed
but NPF was not. Only nineteen of these non-events were identified due to the analysis20

requirement of measurable growth of the pre-existing aerosol mode so that a growth
enhancement factor Γ could be obtained. Relevant measured parameters and resulting
LΓ values for these non-events are detailed in Table 2, with values of the growth en-
hancement factor Γ ranging from 3–100, Nm ranging from 6×104–2×106 cm−3, AFuchs

ranging from 10–300 µm2 cm−3, and LΓ ranging from 0.76–9.4. The importance of25

these non-events where pre-existing aerosol growth occurs without detectable NPF
has not been discussed in the literature and represents a crucial subset of aerosol
measurements against which the LΓ>1 criterion (where NPF is suppressed) can be
tested. Without such observations, only half of the NPF criterion can be verified. The
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results from this analysis are shown as a histogram in Fig. 4, where LΓ values associ-
ated with NPF events and non-events are displayed. The range in LΓ values for NPF
events (0.0075–0.66) correspond to survival probabilities in the range 2–100%, while
LΓ values for non-events (0.76–9.4) correspond to survival probabilities much less than
1%. The majority of LΓ values associated with NPF events fell well below the LΓ=0.75

boundary, where the model predicts NPF should occur. Conversely, the majority of
LΓ values associated with non-events fell well above the boundary LΓ=0.7, where the
model predicts NPF should be suppressed. This universal behavior across different
measurement campaigns for both NPF events and non-events indicates that LΓ is a
robust parameter that can be used to predict the frequency and relative strength of10

NPF events.
LΓ values for nearly 45% of the NPF events span the relatively narrow range

0.1<LΓ<0.3, corresponding to a probability between 10% and 50% that a nucleated
particle will grow to 3 nm. This narrow range suggests a self-regulating process in the
boundary layer where high growth rates for sub 3 nm particles, which enhance survival15

probability, are often accompanied by a large pre-existing aerosol surface area, which
depletes the newly formed particle population and decreases the survival probability,
as observed in Tecamac and vice versa as observed in Hyytiälä. Analogous self-
regulating behavior for the production of CCN (∼100 nm) from newly formed particles
was observed in simulation results (Spracklen et al., 2008) and constrained models20

(Kuang et al., 2009).
To accurately predict NPF, it is imperative to incorporate the measured enhancement

to the particle growth rate Γ (the ratio of the measured growth rate to the growth rate
assuming only sulfuric acid condensation), since LΓ scales with 1/Γ. Assuming that
sulfuric acid condensation is responsible for all the growth (Γ=1) leads to an overes-25

timation of LΓ by a factor of 10, since Γ is typically ∼10 for measured NPF events.
For NPF events with LΓ values greater than 0.07 (∼80% of analyzed NPF events),
assuming that sulfuric acid condensation accounts for all the growth (Γ=1) yields LΓ
values that are greater than 0.7, where NPF is not predicted to occur. The systematic
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division of the data based on LΓ also indicates that at the studied sites, the growth of
freshly-nucleated particles practically always needs to be enhanced by other compo-
nents than sulfuric acid – even at particle sizes smaller than 3 nm – in order for NPF
to be detected. In the case of Hyytiälä, this observation is consistent with sub-3 nm
growth rate observations (Hirsikko et al., 2005) as well as the indirect observations of5

the water-affinity of the sub – 3 nm particles in Hyytiälä (Riipinen et al., 2009). There-
fore, assuming that sulfuric acid accounts for all the measured growth leads to a dra-
matic underestimation of both the frequency of NPF events and the associated particle
production rates.

4 Conclusions10

A dimensionless cluster population balance model was developed to analyze new par-
ticle formation from a nucleating system growing by condensation and coagulation in
the presence of a pre-existing aerosol. The model incorporates recent developments
in nucleation rates parameterized as power-law functions of gas-phase sulfuric acid
and recent work in nanoparticle growth rates. Model results were validated against15

measured new particle formation events, yielding good agreement between modeled
and measured ultrafine particle number concentrations. Model analysis indicated that
nucleated particle survival probability depends only on a simple dimensionless pa-
rameter LΓ. This parameter describes the ratio between scavenging of newly formed
particles by the pre-existing aerosol to the growth rate of newly formed particles. LΓ20

was shown to determine exclusively whether or not new particle formation could occur
on a particular day and was validated against seventy-seven NPF events and nineteen
non-events characterized by measurable growth of pre-existing nanoparticles without
NPF. New particle formation was shown to occur only at values of LΓ<0.7 where low
scavenging rates and high growth rates enabled nuclei to survive to a detectable size.25

NPF was suppressed for values of LΓ>0.7. For NPF events, measured values of LΓ
and corresponding survival probabilities fell in a relatively narrow range, suggesting a
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self-regulating process in the boundary layer where enhancements from high growth
rates are mitigated by depletions from a substantial pre-existing aerosol surface area,
and vice versa. Although the absolute values of LΓ are affected by experimental uncer-
tainties and the assumptions of critical cluster size and condensing vapor properties,
our results show that the same unique criterion for the occurrence of NPF applies in5

diverse environments.
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Table 1. Summary of relevant model parameters derived from measured aerosol size distri-
butions and sulfuric acid concentrations for seventy-seven NPF events acquired during the MI-
LAGRO (Tecamac), ANARChE (Atlanta), Boulder, QUEST II (Hyytiälä), QUEST IV (Hyytiälä),
and EUCAARI (Hyytiälä) measurement campaigns. See text for parameter descriptions and
calculations.

Campaign Date Γ Nm AFuchs LΓ

(mm/dd/yy) (cm−3) (µm2 cm−3)

MILAGRO 03/15/06 14 1.77E+07 217 1.6E-01
03/16/06 4 8.05E+07 571 3.3E-01
03/21/06 4 5.48E+07 350 3.0E-01
03/22/06 7 2.45E+07 361 3.9E-01
03/23/06 5 1.02E+08 441 1.6E-01
03/26/06 11 4.70E+07 336 1.2E-01
03/29/06 5 2.12E+07 207 3.7E-01
03/30/06 25 1.77E+07 208 8.8E-02
03/31/06 7 1.73E+07 256 4.0E-01

ANARChE 07/31/02 1 3.58E+08 356 1.9E-01
08/01/02 4 4.97E+07 267 2.5E-01
08/05/02 1 2.27E+08 266 2.2E-01

Boulder 09/02/04 2 2.94E+07 97 3.1E-01
09/07/04 2 3.16E+07 122 3.6E-01
09/08/04 5 1.69E+07 80 1.8E-01
09/09/04 7 1.24E+07 64 1.4E-01
09/14/04 3 2.03E+07 90 2.8E-01

QUEST II 03/20/03 3 3.35E+06 10 1.9E-01
03/21/03 1 6.34E+06 19 5.6E-01
03/23/03 3 3.06E+06 22 4.5E-01
03/25/03 2 4.77E+06 11 2.2E-01
03/26/03 3 6.91E+06 40 3.6E-01
03/28/03 2 3.49E+06 8 2.1E-01
03/31/03 2 3.20E+06 15 4.4E-01
04/01/03 4 5.02E+06 23 2.1E-01
04/02/03 3 5.23E+06 36 4.3E-01
04/03/03 1 1.85E+07 48 4.9E-01
04/04/03 1 6.41E+06 12 3.5E-01
04/06/03 2 3.02E+06 12 3.7E-01
04/07/03 1 1.32E+07 16 2.3E-01
04/08/03 2 7.16E+06 20 2.6E-01
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Table 1. Continued.

Campaign Date Γ Nm AFuchs LΓ

(mm/dd/yy) (cm−3) (µm2 cm−3)

QUEST IV 04/12/05 6 1.60E+07 21 4.1E-02
04/13/05 2 1.30E+07 27 1.9E-01
04/16/05 6 3.90E+06 23 1.8E-01
04/17/05 9 5.80E+06 18 6.5E-02
04/18/05 1 1.10E+07 23 3.9E-01
04/24/05 3 5.70E+06 55 6.0E-01
04/25/05 2 7.70E+06 35 4.3E-01
04/26/05 1 1.40E+07 50 6.7E-01
04/27/05 4 1.80E+07 66 1.7E-01
04/30/05 4 2.80E+06 25 4.2E-01
05/02/05 1 2.30E+07 41 3.3E-01
05/08/05 8 4.90E+06 31 1.5E-01
05/11/05 12 5.20E+06 29 8.7E-02
05/12/05 1 8.00E+06 23 5.4E-01
05/13/05 20 3.60E+06 25 6.5E-02
05/14/05 20 5.70E+06 24 3.9E-02
05/16/05 4 9.90E+06 50 2.4E-01

EUCAARI 03/31/07 3 2.68E+06 11 2.6E-01
04/01/07 20 2.75E+06 13 4.4E-02
04/02/07 92 2.97E+06 11 7.5E-03
04/04/07 4 3.29E+06 10 1.4E-01
04/08/07 15 2.60E+06 11 5.3E-02
04/09/07 8 4.12E+06 25 1.4E-01
04/10/07 8 1.08E+07 39 8.5E-02
04/11/07 34 2.67E+06 7 1.4E-02
04/12/07 123 2.21E+06 11 7.6E-03
04/13/07 7 2.47E+06 20 2.2E-01
04/14/07 19 2.87E+06 21 7.2E-02
04/15/07 134 2.03E+06 40 2.8E-02
04/16/07 9 4.67E+06 88 3.9E-01
04/17/07 39 9.97E+05 26 1.3E-01
04/18/07 55 1.65E+06 24 5.0E-02
04/19/07 11 1.97E+06 19 1.6E-01
04/28/07 77 1.18E+06 9 1.9E-02
04/30/07 113 2.40E+06 12 8.3E-03
05/01/07 23 1.48E+06 18 9.9E-02
05/05/07 121 2.25E+06 33 2.3E-02
05/06/07 77 1.77E+06 48 6.6E-02
05/07/07 18 1.53E+06 75 5.1E-01
05/11/07 30 1.15E+06 23 1.3E-01
05/13/07 17 1.09E+06 16 1.6E-01
05/14/07 26 5.15E+06 56 7.8E-02
05/15/07 11 3.12E+06 42 2.3E-01
05/16/07 33 2.75E+06 24 5.0E-02
05/17/07 12 1.38E+06 12 1.4E-01
05/21/07 21 3.30E+06 67 1.8E-01
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Table 2. Summary of relevant model parameters derived from measured aerosol size distri-
butions and sulfuric acid concentrations for nineteen non-events, characterized by the growth
of pre-existing nanoparticles without new particle formation, acquired during the ANARChE
(Atlanta), Boulder, QUEST II (Hyytiälä), QUEST IV (Hyytiälä), and EUCAARI (Hyytiälä) mea-
surement campaigns. See text for parameter descriptions and calculations.

Campaign Date Γ Nm AFuchs LΓ

(mm/dd/yy) (cm−3) (µm2 cm−3)

ANARChE 08/07/02 3 2.01E+06 304 9.5E+00

Boulder 06/11/04 4 6.99E+05 34 2.3E+00

QUEST II 03/30/03 31 2.07E+05 121 3.5E+00
04/05/03 5 4.32E+05 19 1.6E+00

QUEST IV 04/28/05 5 2.56E+06 112 1.6E+00
05/01/05 9 4.78E+05 29 1.3E+00
05/15/05 4 6.16E+05 10 7.6E-01

EUCAARI 03/26/07 15 1.37E+06 131 1.2E+00
04/20/07 26 1.23E+05 18 1.1E+00
04/23/07 19 4.17E+05 44 1.0E+00
04/24/07 23 8.00E+04 38 3.9E+00
04/25/07 87 6.18E+04 46 1.6E+00
05/08/07 10 2.35E+05 55 4.4E+00
05/09/07 43 2.25E+05 63 1.2E+00
05/12/07 24 1.10E+05 21 1.5E+00
05/23/07 35 1.60E+05 54 1.8E+00
05/24/07 50 1.52E+05 54 1.3E+00
05/26/07 107 1.60E+05 146 1.6E+00
05/28/07 83 1.13E+05 117 2.3E+00
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Fig. 1. Comparison of measured and modeled peak ultrafine particle number concentrations
(N3−4) for forty-eight new particle formation events measured during the field campaigns (loca-
tion) listed in the figure legend; results from EUCAARI are not included. The solid diagonal line
represents perfect agreement between model results and measurements. Vertical and horizon-
tal bars represent measured ranges associated with the maximum sulfuric acid concentration
and uncertainties associated with the measured particle counts, respectively.
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Fig. 2. Contour plot of modeled peak J3 (0.05–0.70) as a function of measured ranges in the
dimensionless cluster scavenging parameter L1 and dimensionless cluster growth parameter
Γ1 for the MILAGRO campaign (Tecamac). J3 is equal to the survival probability of a nucleated
particle growing to the detection limit (3 nm).
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Fig. 3. Modeled peak J3 as a function of LΓ (LΓ=L1/Γ1) for the analyzed measurement cam-
paigns (locations), where L1 is the dimensionless cluster scavenging parameter (Eq. 11) and
Γ1 is the dimensionless cluster growth parameter (Eq. 14).
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Fig. 4. Histogram of measured LΓ values associated with seventy-seven NPF events
and nineteen non-events from the MILAGRO (Tecamac), ANARChE (Atlanta), Boulder,
QUEST II (Hyytiälä), QUEST IV (Hyytiälä), and EUCAARI (Hyytiälä) measurement campaigns.
LΓ=L1/Γ1, where L1 is the dimensionless cluster scavenging parameter (Eq. 11) and Γ1 is the
dimensionless cluster growth parameter (Eq. 14). Values of LΓ range from 0.0075–0.66 for
NPF events and from 0.76–9.4 for nonevents, and are listed for each campaign in Tables 1 and
2, respectively.
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