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 Recent observations have shown that new 
particle formation (NPF) occurs frequently in many 
regions of the atmosphere (Kulmala et al., 2004).  
NPF has been observed in polluted urban areas, above 
boreal forests, downwind of exposed tidal zones, in 
plumes from combustion sources, and in cloud 
outflows.  Both biogenic and anthropogenic 
precursors apparently play a role this process.  
Particles formed by nucleation can increase total 
particle concentrations by several hundred percent, 
thereby affecting size distributions.  NPF can also 
increase the concentrations of cloud condensation 
nuclei (CCN) (Ghan et al., 2001; Kerminen et al., 
2005; Laaksonen et al., 2005).  Therefore, NPF can 
have both direct and indirect radiative effects, and 
there is a need to account for this process in global 
climate models. 
 Evidence suggests that the chemical processes 
responsible for nucleation are different from those 
responsible for subsequent particle growth (Kulmala 
et al., 2000; Stolzenburg et al., 2005; Kulmala et al., 
2006).  There is strong evidence that sulfuric acid 
vapor often participates in particle formation, but the 
condensation of sulfuric acid and its associated water 
and ammonia may account for only a small fraction 
of the observed growth (Stolzenburg et al., 2005).  It 
is essential to have models both for particle formation 
rates (nucleation) and growth.  Nucleation rates 
determine the number of particles formed, while 
growth rates determine the time required for them to 
grow to CCN sizes as well as the probability that this 
will occur before they are scavenged by preexisting 
particles (Weber et al., 1997; Kerminen and Kulmala 
2002; McMurry et al., 2005).  The chemical processes 
responsible for nucleation and growth likely differ 
with time and location, and these differences need to 
be understood. 
 The most important climatic impact of new 
particle formation is probably on cloud formation and 
the associated radiative effects. It is essential that 
more work be done to quantify the impact of new 
particle formation on CCN concentrations and cloud 
properties. 
 This is the second international workshop on the 
formation and growth of atmospheric aerosols.  The 
first was held at Hyytiälä, Finland (August 15-17, 
2005).  The purpose of the workshop is to bring 
together atmospheric scientists and others who have 
diverse perspectives on approaches that might be used 

to resolve the issues summarized above.  Our goal is to 
develop models that are adequate for use in global 
climate models.  
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INTRODUCTION 
 Sulfuric acid is a key component in atmospheric 
aerosol formation. Several nucleation mechanisms, 
including binary, ternary and ion-induced nucleation, 
are likely to involve sulphuric acid. Some, if not the 
major, fraction of the particle growth can be explained 
by sulphuric acid condensation, especially in the 
smallest particle sizes. Sulphuric acid might also play a 
role in the so-called activation process, in which stable 
clusters containing sulphuric acid molecules will be 
activated for growth (Kulmala et al., 2005). It is 
therefore important to measure sulphuric acid 
concentrations and aerosol relevant parameters at the 
same time in order to quantify the contribution of 
sulphuric acid to both particle formation and growth. 
 The present study was inspired by the observation 
that on new particle formation days, the temporal 
evolution of the number concentration of nucleation 
mode particles seems to follow the concentration of 
sulphuric acid. In view of this, we reanalysed the data 
from the measurement campaign QUEST 2. The main 
goal of the QUEST-project (Quantification of Aerosol 
Nucleation in the European Boundary Layer) has been 
the qualitative and quantitative analysis of particle 
nucleation and growth in three European regions. 
During the QUEST 2 campaign in Hyytiala (17 March 
to 13 April 2003), sulphuric acid concentrations and 
particle number size distributions were measured 
continuously on 23 days. From these data various 
quantities, such as the formation and growth rate of 
aerosol particles, were calculated.  
 The general goal of this study is to get information 
about the aerosol formation processes below 3nm 
diameter, which is the lower limit of current 
instruments for measuring neutral atmospheric 
particles. More specifically, we aim to address the 
following questions: i) how sulphuric acid and 
nucleation mode particle concentrations are related to 
each other, ii) how large is the particle growth rate 
from 1 to 3nm and what is the reason for its variability, 
iii) which particle formation mechanism explains the 
measurement data best, and iv) how large are relevant 
activation/kinetic constants associated with the 
different particle formation mechanisms and how the 
values of these 15 constants vary as a function of 
measured parameters?  

 The investigation is based on a thorough 
correlation analysis of observed data as well as aerosol 
dynamics medelling studies using the UHMA model 
(Korhonen et al., 2003). The particle growth rate from 
1 to 3nm will be estimated from the observed time shift 
between increasing sulphuric acid and ultrafine 
particles number concentration. Two different particle 
formation mechanisms will be tested, the recently-
developed activation theory (Kulmala et al., 2005) and 
kinetic (barrierless) nucleation theory (McMurry and 
Friedlander, 1979). 
 
 
METHODS 
 Particle number size distributions of atmospheric 
aerosol particles from 3 to 500nm were measured 
continuously, with 10-min time resolution, by a DMPS 
(Differential Mobility Particle Sizer) setup. The setup 
consists of two parallel differential mobility analyzers 
(DMAs) that classify particles in size ranges 3–10nm 
and 10–500 nm, the total number of size classes being 
32. The sulphuric acid concentration was measured by 
a chemical ionization mass spectrometer (CIMS) built 
by the MPI-K Heidelberg (see Hanke et al., 2002). The 
sulphuric acid detection limit was 1×105 cm−3 and the 
relative measurement error 30%. 
 From the size distribution measurements, apparent 
formation rates at 3 nm J3 were estimated based on 
changes in the fine particle concentrations between 3 
and 6 nm N36. These values were compared with the 
time evolution of the sulfuric acid concentration, 
aiming at finding simple power law type relationships. 
Then, by studying the power law exponents, one can 
obtain hints of the prevailing nucleation mechanism(s). 
The theories behind our correlation studies were tested 
using detailed aerosol dynamics modelling with the 
UHMA code. With known nucleation and iniitial 
growth mechanims and rates and an aerosol dynamics 
code one can generate useful test data for correlation 
studies and theoretical analyses. 
 
 
 RESULTS AND DISCUSSION 
The concentration of 3–6nm particles was found to 
have approximately a power-law dependence on the 
sulphuric acid concentration, with an exponent value 
between 1 and 2. The results imply and activation type 



or kinetic nucleation mechanism, or a combination of 
the two mechanims.  
 Using time shift analysis based on this correlation, 
the growth rate from 1nm to 3nm has been determined. 
The mean value was 1.2 nm/h and a large fraction of it, 
on average about 50%, can be explained by the 
condensation of sulphuric acid. 
 From fittings to particle measurement data 
empirical nucleation coefficients were determined. The 
mean values of the activation and kinetic coefficients 
were 1.7×10−6 s−1 and 0.6×10−12 cm3s−1, respectively, 
being of the same order of magnitude as chemical 
reaction rate coefficients in the gas phase with vapour 
concentrations around 106–108 cm−3. 
 The main conclusion from the UHMA studies is 
that drawing conclusions from exponents resulting 
from correlation studies of experimental data alone 
may be misleading and needs to be done with care. The 
same nucleation mechanism, but at different conditions 
(vapor and background aerosol profiles) may lead to 
surprisingly different power law exponents, when a 
correlation between sulfuric acid and fine particle 
concentrations is investigated.  
 
Keywords: Sulfuric acid, barrierless nucleation, 
activation, aerosol dynamics 
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 Usual nucleation theory treats the situation where 
one or more supersaturated vapors condense to grow 
stable nuclei of a new phase, where the condensation is 
implicitly a physisorption process, i.e. does not involve 
making or breaking chemical bonds. 
 However under many conditions nucleation in the 
gas phase occurs even without the presence of any one 
specific supersaturated vapor, and the growing cluster 
may have a different chemical composition than any of 
the vapor phase species that contribute to its growth.  
An obvious example is carbon soot formation in 
flames, which under most conditions is not driven by 
condensation of monatomic carbon vapor.  Rather the 
driving force for nucleation is the departure of the 
overall system from chemical equilibrium, i.e. the de-
parture of the system from the minimum in its Gibbs 
free energy at given pressure and temperature.  In this 
case the path to nucleation is that CnHm molecules grow 
by chemical reactions with other hydrocarbons, adding 
carbon atoms while often eliminating hydrogen back to 
the gas phase, and can shrink by oxidation. 
 Usual nucleation theory is obviously inadequate to 
treat this situation, yet such “chemical nucleation” sce-
narios are arguably commonplace.  Any system in 
which a film is grown on a macroscopic substrate by 
chemical vapor deposition can be considered a candi-
date for chemical nucleation of particles in the gas 
phase.  For example, silane, activated either thermally 
or by a plasma, is used to grow silicon thin films, and is 
also known to be prone to gas-phase nucleation.  Under 
most conditions it can be shown that particle formation 
from silane is unlikely to be caused by condensation of 
monatomic silicon vapor.  Rather it occurs via sequen-
tial growth reactions involving various silicon hydride 
molecules and radicals (and, in the plasma case, ions). 
 We have developed detailed chemical kinetic mod-
els for nucleation in silane, driven both thermally (Swi-
hart and Girshick, 1999) and by plasma (Bhandarkar et 
al., 2000).  These models involve large coupled sets of 
chemical rate equations, including species containing 
up to some arbitrary number (e.g. 10) of silicon atoms.  
They require rational schemes for the estimation of 
reaction rate parameters and thermodynamic properties 
for large molecules and radicals, as in general these are 
known only for the smallest molecules.  Reaction rate 
parameters for larger molecules and radicals are esti-
mated by grouping silicon hydrides and their reactions 
into a few classes, and then using appropriate scaling 
laws. 

 Thermodynamic properties (enthalpy and entropy) 
are needed so that, given a forward rate constant for a 
reaction, the reverse rate constant can be determined.  
We use group additivity to build on what is known 
about small molecules and radicals so as to estimate 
thermodynamic properties for larger species.  In this 
approach, enthalpies and entropies are assigned to spe-
cific bonding configurations (“groups”).  The total en-
thalpy or entropy for a molecule is estimated by sum-
ming the group addivity values for all the groups of 
which that molecule is composed.  Group additivity has 
proven to be a powerful approach for estimating the 
properties of hydrocarbons (O’Neal and Benson, 1969) 
and partially halogenated hydrocarbons (Benson, 
1976), and it is well suited to the silicon hydride sys-
tem.  We are currently developing a group additivity 
scheme for fluorocarbons (VanOtterloo et al., 2005). 
 As regards nucleation theory, the salient point is 
that chemical nucleation involves growing clusters by 
making and breaking chemical bonds, and any realistic 
model must account for corresponding free energy 
changes.  In the future ab initio computational chemis-
try will become sufficiently powerful to calculate prop-
erties and reactivities for clusters of large sizes for 
many chemical species.  However for most systems of 
interest in chemical nucleation this is not yet practical, 
and methods such as group addivity provide a powerful 
tool for making realistic estimates. 
 In many cases of chemical nucleation one does not 
know a priori what are the dominant pathways to nu-
cleation, and it is therefore necessary to solve a large 
set of coupled rate equations.  The size of this set can 
usually be substantially reduced using methods of 
chemical mechanism reduction.  But in some cases it is 
likely that nucleation can be described by a simple se-
quence of reversible reactions.  In that case, we have 
shown that the mathematical formalism of classical 
nucleation theory can be used to derive a simple ex-
pression for the nucleation rate (Girshick, 1997), 
analagous to the “summation” form of the classical 
expression for the rate of homogeneous nucleation. 
 In the context of atmospheric aerosols, soot forma-
tion in flames is of obvious importance, but otherwise 
it is not clear whether chemical nucleation is an impor-
tant mechanism in the atmosphere.  Nevertheless, it is 
clear that classical approaches to nucleation (i.e. ap-
proaches that make the approximation that properties 
such as surface tension of small clusters are identical to 
that of the bulk condensed phase) are inadequate to 
provide a quantitive description of nucleation for even 



the simplest scenarios.  Given this predicament, it 
should be noted that even “physically” driven nuclea-
tion (involving cluster growth by physisorption rather 
than chemical reactions) can be viewed as simply a 
special case of chemical nucleation.  It is thus the case 
that “usual” condensation/evaporation-based self-
nucleation, binary nucleation and ion-induced nuclea-
tion can all be viewed within the framework of chemi-
cal kinetics theory.  As more accurate data on the prop-
erties of small clusters become available, one can there-
fore anticipate that these various types of nucleation 
will all be treated within a common framework, that 
utilizes an entirely atomistic approach to modeling nu-
cleation in terms of a set of chemical reactions, where 
all species and reactions are assigned their own unique 
properties and rate parameters. 
 
Keywords: Chemical nucleation, group additivity 
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Dynamical Nucleation Theory: A Molecular-Level Approach to New Particle Formation 

Bruce C. Garrett, Shawn M. Kathmann, and Gregory K. Schenter 
Chemical Sciences Division, Pacific Northwest National Laboratory 

Vapor-phase nucleation is a dynamical rare event process in which the macroscopic process 
of new particle formation is controlled by the dynamics of nanoscale clusters. The goal of 
molecular theories of nucleation is to obtain nucleation rates starting from the molecular 
interaction potential. A reliable molecular-level treatment of nucleation requires (i) accurate 
descriptions of the interaction potentials, (ii) a consistent theoretical approach that connects the 
interaction potential to the nucleation rate, and (iii) adequate simulation procedures to evaluate 
quantities of interest. This presentation will focus on the development of Dynamical Nucleation 
Theory (DNT),1-3 which addresses issue (ii), and what this new theoretical framework has taught 
us about new particle formation. We will discuss issues (i) and (iii) as they relate to the 
requirements of computational chemistry and molecular simulation methods for use within this 
framework. We restrict our discussion to nucleation in aqueous systems. 

For nucleation in a single component system (e.g., pure water), the starting point is the 
assumption that addition and removal of monomers from clusters adequately describes the 
nucleation kinetics,  

  
N1 + Ni−1

βi−1⎯ → ⎯ ⎯ ⎯ 

αi
← ⎯ ⎯ ⎯ Ni, i=1,2,… 

where N1 is the number of monomers, Ni (i>1) is the number of clusters containing i monomers, 
and αi and βi are evaporation and condensation rate constants, respectively. The nucleation rate 
is obtained by solving the kinetic equations. DNT was the first molecular theory to directly 
calculate the evaporation and condensation rate constants using a consistent molecular theory. 
(Note that DNT can be extended to treat multi-component systems,3 such as those important in 
the atmosphere, and to go beyond the limitation of including only monomer evaporation and 
condensation.) We view the processes of evaporation and condensation as gas-phase dissociation 
and association reactions. This view of nucleation kinetics is quite different than the perspective 
generally encountered in the nucleation literature, which describes nucleation as density 
fluctuations in a supersaturated fluid. Given the large average distance between monomers and 
clusters in the vapor (>104-105 Å for water at a supersaturation of 5), the view of nucleation as a 
gas-phase reaction mechanism is quite reasonable. Variational transition state theory (VTST)4 
provides a consistent and accurate approach to calculate the required reaction rate constants.  

VTST approximates rate constants by calculating the equilibrium one-way flux through a 
dividing surface separating reactants from products. By making the fundamental assumption of 
transition state theory, an inherently dynamical process can be characterized in terms of 
equilibrium statistical mechanical averages, e.g., partition functions that are computed from 
knowledge of the interaction potential. A crucial issue in transition state theory is the definition 
of the dividing surface. In a classical world, the fundamental assumption of transition state 
theory causes the VTST rate constant to be overestimated, and the best estimate of the rate 
constant can be obtained by variationally optimizing the dividing surface. The dividing surface 
that minimizes the reactive flux provides a practical means of identifying the most relevant 
configurations associated with the rare event process.  



Clusters important in nucleation are inherently unstable. For small clusters the evaporation 
rate is higher than the condensation rate. As the cluster size grows the condensation rate 
increases, while the evaporation rate usually decreases. The critical nucleus is defined as the 
cluster size for which the evaporation and condensation rates are approximately equal. Clusters 
larger than the critical nucleus have condensation rates higher than evaporation, and they 
spontaneously grow into the macroscopic phase. The low stability of precritical clusters requires 
the development and application of appropriate molecular simulations that correctly account for 
the anharmonicity of these systems. There are two different types of anharmonicity that are 
important in these systems: global anharmonicity resulting from a large number of local minima 
in these highly fluctuating molecular clusters, and local anharmonicity of the vibrations for a 
given cluster configuration. The need to use statistical mechanical approaches that sample the 
relevant configuration space of these highly anharmonic clusters limits the types of interaction 
potentials that can be used. For small clusters with only a few molecules, it is feasible to use 
electronic structure methods, calculated ‘on-the-fly’ in molecular simulations. However, for most 
of our studies we are interested in more qualitative information about the nucleation process, and 
for those types of studies, it is adequate to use analytical functional forms for the interaction 
potential, which are generally fitted to electronic structure as well as empirical data. 

Our studies have provided understanding of the extreme sensitivity of nucleation rates,2 
which has important implications for the role of trace species in the atmosphere on nucleation of 
new particles.3 By applying sensitivity analysis to the kinetic mechanism of nucleation, we 
showed that the nucleation rate is most sensitive to all precritical cluster rate constants when the 
evaporation and condensation rate constants are treated as independent variables. In contrast, the 
nucleation rate is most sensitive to those clusters near the critical cluster when the evaporation 
rate constant and equilibrium cluster populations are treated as the independent variables. We 
also analyzed the sensitivity of the kinetic parameters and the nucleation rate on the underlying 
interaction potential. We have demonstrated that the sensitivity of nucleation rates to the 
interaction potential is determined primarily by changes in the equilibrium clusters populations, 
which in turn are determined from the cluster Helmholtz free energies. It was shown that 
systematic shifts in the Helmholtz free energies by 0.5 kcal/mol for each cluster lead to changes 
in the nucleation rate by over 10 orders of magnitude. Favorable interactions between water 
molecules and trace components will ultimately lower the absolute free energy. This absolute 
free energy, in turn, will affect the distribution function of the critical cluster. Studies of these 
effects require a molecular approach, such as DNT, in which the influence of the trace species is 
explicitly included via interaction potentials for that species.  

1 G. K. Schenter, S. M. Kathmann, and B. C. Garrett, Phys. Rev. Lett., 82, 3484 (1999). Dynamical Nucleation 
Theory: A New Molecular Approach to Vapor-Liquid Nucleation; G. K. Schenter, S. M. Kathmann, and B. C. 
Garrett, J. Chem. Phys., 110, 7951 (1999). Variational Transition State Theory of Vapor Phase Nucleation; S. M. 
Kathmann, G. K. Schenter, and B. C. Garrett, J. Chem. Phys., 111, 4688 (1999). Dynamical Nucleation Theory: 
Calculation of Condensation Rate Constants for Small Water Clusters; G. K. Schenter, S. M. Kathmann, and B. 
C. Garrett, J. Chem. Phys., 116, 4275 (2002). Dynamical Benchmarks of the Nucleation Kinetics of Water 

2 S. M. Kathmann, G. K. Schenter, and B. C. Garrett, J. Chem. Phys., 116, 5046 (2002). Understanding the 
Sensitivity of Nucleation Kinetics: A Case Study on Water 

3 S. M. Kathmann, G. K. Schenter, and B. C. Garrett, J. Chem. Phys., 120, 9133 (2004). Multicomponent 
Dynamical Nucleation Theory and Sensitivity Analysis 

4 D. G. Truhlar, B. C. Garrett, and S. J. Klippenstein, J. Phys. Chem., 100, 12771 (1996). The Current Status of 
Transition State Theory 
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INTRODUCTION 
 In atmospheric conditions, new-particle formation 
has been thought to involve sulfuric acid and water 
molecules, with possible contributions from ammonia 
and some (yet unknown) organic species. Attempts 
have been made to model particle formation using 
quantum chemical methods (Bandy and Ianni, 1998; 
Ianni and Bandy, 1999; Re et al. 1999) but previous 
studies have failed in two important respects. First, the 
calculated binding energies for the sulfuric acid – water 
clusters are too low, leading to predicted hydrate 
concentrations orders of magnitude lower than the 
experimental observations. Second, the experimentally 
observed strong nucleation-enhancing effect of 
ammonia (Hanson and Eisele, 2002) has not been 
predicted by the quantum chemical studies. Thus, the 
three central questions in current quantum chemical 
nucleation studies are the following:  
1. Explain the discrepancies between predicted and 
observed degrees of hydration for sulfuric acid.  
2. Explain why earlier computations fail to predict the 
formation of ammonia-containing clusters.  
3. Determine the identities of the organic species 
participating in nucleation.  
 Using our recent computational results, we have 
been able to answer question 1 and question 2 partially. 
We have also proposed a plausible candidate for the 
organic species participating in nucleation, the 
stabilized Criegee intermediate-, with supporting 
preliminary computational information.  
 
COMPUTATIONAL DETAILS 
 Our computations have been performed using the 
Dmol3 (MSI, 2001; used for the PW91/DNP 
calculations) and Gaussian 03 (Frisch et al., 2004; used 
for all other calculations) program suites. 
 
HYDRATION OF H2SO4 
 In our recent error analysis (Kurtén et al. 2006), we 
have assessed the contribution of different error sources 
to the observed discrepancies between experimental 
and predicted degrees of hydration for sulfuric acid. 
We have demonstrated that for density functional 
(DFT) calculations employing moderately large basis 
sets with diffuse and multiple polarization functions, 
basis set effects and the neglect of vibrational 
anharmonicity cause only small (<0.5 kcal/mol) errors 
in the calculated free energies of hydration. Thus, e.g. 
the difference of about 1-3 kcal/mol between the 
calculated and measured (Hanson and Eisele, 2000)  
free energy of hydration of sulfuric acid is primarily 

caused by the unsatisfactory description of hydrogen 
bonds by the B3LYP functional used in most previous 
studies. It should be noted that the corrected results of 
al Natsheh et al. (2004, erratum published 2006), who 
used the PW91 functional with a moderately large basis 
set, confirm the same conclusion. Unfortunately, 
extremely demanding (coupled-cluster with infinite 
basis set extrapolations) calculations are required to 
reliably replicate the experimental results.  
 Our error analysis demonstrates that future 
calculations on similar systems should be carried out 
using methods other than B3LYP. However, there is no 
single optimal choice for this. PW91 replicates the few 
available experimental results relatively well, and has 
the advantage of being quite well-known, but has 
performed quite badly in most recent benchmarking 
studies. The newer generation of hybrid-meta-GGA 
functionals (such as MPW1B95, B97-2 or M05-2X) 
perform better, but are heavily parametrized and often 
unavailable in commercial software packages. MP2 
perturbation theory, unlike all current density 
functionals, is capable of describing dispersion 
interactions (which play a non-negligible role in H-
bonding), and should therefore be more systematically 
reliable, but is computationally much more demanding. 
 
ROLE OF AMMONIA IN NUCLEATION 
 Previous quantum chemical studies investigating 
the role of ammonia in nucleation only studied clusters 
containing one sulfuric acid. Our recent computations 
on clusters containing 2-3 sulfuric acid molecules 
demonstrate that the binding of ammonia to the clusters 
is significantly increased by the addition of acid 
molecules. From an atmospheric perspective, the most 
relevant parameter is the difference in the reaction free 
energies for the addition of water and ammonia to the 
clusters. Due to error cancellation, this difference is 
less sensitive to the choice of computational method 
than the free energies themselves.  
 Our PW91/DNP calculations predict that at 265K, 
the reaction free energy difference increases from 
around 3.5-5.5 kcal/mol for one-acid clusters to up to 
12 kcal/mol for some of the two-acid clusters. Due to 
the significantly (ca. 8 orders of magnitude) higher 
atmospheric concentration of water compared to 
ammonia, a difference of around 10 kcal/mol would be 
required for ammonia-containing clusters to be visible 
in the cluster distribution. This is observed for some 
size classes of two-acid clusters, but for most 
atmospherically reasonable conditions our simulated 
equilibrium cluster distributions are still dominated by 



ammonia-free clusters. However, our results indicate 
that further calculations e.g. on clusters containing 
more than one ammonia molecule or even more acid 
molecules might better demonstrate the nucleation-
enhancing effect of ammonia. 
 
THE CRIEGEE INTERMEDIATE AS A 
PRECURSOR FOR ORGANIC NUCLEATION 
  Criegee intermediates are biradicals formed 
via several steps in the ozonolysis of alkenes, e.g 
terpenes: 

R1R2C=CR3R4 + O3 => R1R2CO + R3R4COO‡           (1) 
Where R1…R4 are functional groups and ‡ denotes 
vibrational excitation. Small Criegee intermediates 
rapidly undergo unimolecular decomposition, but 
larger compounds are expected to be collisionally 
stabilized, and react with e.g. water, carbonyl 
compounds or organic acids. We have recently 
proposed a mechanism for the reaction of stabilized 
Criegee intermediates (sCI) with sulfuric acid: 
R3R4COO + H2SO4 => R3R4C(OOH)OSO3H             (2) 
where the product is a peroxide sulfate complex 
stabilized by a OOH...O=S hydrogen bond. 
 The reaction is found to be strongly exothermic for 
all studied species, ranging from one- and two carbon 
model species to the atmospherically relevant α-pinene 
– and β−caryophyllene – derived sCIs. Unfortunately, 
since sCIs are rather energetic (and hence react 
exothermically with almost anything), thermochemical 
calculations are not enough to assess the atmospheric 
importance of the postulated reaction. (This will 
probably apply to many potential organic nucleation 
pathways, not just this specific case.) Kinetic 
calculations, on the other hand, are much more difficult 
to perform accurately, and are made even more 
complicated by the large size and biradical nature of 
the atmospherically interesting sCIs. 
 Preliminary kinetics calculations on the 
CH3COOCH3 model species (at the B3LYP/aug-cc-
pV(D+d)Z level, with single-point calculations at the 
CCSD/aug-cc-pV(D+d)Z level) indicate that the barrier 
for reaction (2) is very low (under 0.1 kcal/mol), while 
the corresponding reaction with water has a significant 
barrier of over 12 kcal/mol. If the same results are 
assumed to apply for larger sCIs, and the reaction with 
water is assumed to be the major sink reaction, 
application of elementary transition state theory and a 
steady-state approximation can be used to calculate an 
order-of-magnitude estimate for the production rate of 
peroxide complexes from reaction 2. Using reasonable 
ranges of values for reactant concentrations (Atkinson 
et al. 2005, Boy et al. 2005), we have estimated this 
production rate to be on the order of 103 to 106 
molecules cm-3 s-1. This is probably large enough to 
contribute significantly to observed organic nucleation 

events. However, the uncertainties (e.g. with respect to 
competing sink reactions) are considerable.  
 
CONCLUSIONS 
 The differences between previous computational  
studies and experiments concerning the hydration 
energetics of sulfuric acid have been shown to be 
related to the B3LYP density functional, while 
discrepancies concerning the role of ammonia in 
nucleation are at least partly related to the lack of 
multiple-acid clusters in the studies. Preliminary 
thermochemical and kinetic computations indicate that 
a reaction between sulfuric acid and stabilized Criegee 
radicals may play a role in observed organic nucleation. 
 
Keywords: Quantum chemistry, sulfuric acid, 
ammonia, Criegee intermediate, organic nucleation 
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INTRODUCTION 
 Nucleation, a fundamental first step in phase 
transitions, plays a critical role in many processes of 
environmental and technological importance.  In 
particular, due to its relevance for atmospheric 
processes, the nucleation of water and of aqueous 
mixtures has been the focus for a great deal of 
experimental and theoretical investigations. 
 In this presentation, we discuss the use of advanced 
molecular simulation techniques and transferable force 
fields to predict nucleation free energy profiles and 
cluster abundances and to provide molecular-level 
information on the composition and structure of critical 
nuclei for water, alkanes, alcohols, and their mixtures.  
 
SIMULATION METHODS 
 Since nucleation is a rare event that involves 
crossing a relatively high free energy barrier, special 
simulation approaches are required to sample the 
nucleation free energy barrier and to investigate the 
critical nucleus (i.e., the transition state).  Over the past 
few years, we have developed a very efficient 
approach, called AVUS-HR, for the study of nucleation 
phenomena which combines the aggregation-volume-
bias Monte Carlo (AVBMC) algorithm with self-
adaptive umbrella sampling and histogram-reweighting 
techniques (Chen et al., 2001, 2002, 2005).  For 
molecular systems, the efficiency can be further 
improved through the use of configurational-bias 
Monte Carlo moves. 
 Alkanes and alcohols are modeled by the TraPPE 
(transferable potentials for phase equilibria) force field 
(http://www.chem.umn.edu/groups/siepmann/trap
pe.intro.php) and various force fields are used for 
water. 
 
RESULTS AND DISCUSSION  
 AVUS-HR simulations for the nucleation of neat 
water over a temperature range from 200 to 300 K and 
the concentration of water clusters in the atmosphere at 
elevations up to 15 km show that (i) ice nucleation is 
not present for the thermodynamic conditions and 
cluster-size range investigated here, i.e., the critical 
nuclei possess liquid-like structures, and (ii) the 
atmospheric concentrations of water clusters under 
homogeneous conditions are very low (Chen et al., 
2005).  Simulations of the nucleation for water/ethanol, 
water/n-nonane, ethanol/n-nonane, and water/n-

nonane/1-butanol mixtures demonstrate that these non-
ideal mixtures exhibit strikingly distinct nucleation free 
energy maps and, hence, follow different nucleation 
pathways that challenge current nucleation theories 
(Chen, et al., 2003; McKenzie and Chen, 2006).  It is 
shown that these distinct nucleation free energy maps 
are consistent with the different non-ideal behaviors 
observed experimentally.  Furthermore, structural 
analysis and snapshots of near-critical clusters provide 
insight on the nucleation pathways for these mixtures. 
 
Keywords: Vapor-liquid Nucleation, Nucleation 
Pathway, Binary and Ternary Mixtures, Non-idealities.  
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      Ion induced nucleation (IIN) is potentially an 

important source of new atmospheric particles, and is 

of particular interest because it may be a mechanism to 

couple solar activity (which modulates atmospheric 

ionization) and cloud properties (that are affected by 

particle size distributions) (Carslaw et al., 2002). The 

quantitative understanding of ion induced nucleation 

rates depends critically on knowledge of the 

thermodynamics of the cluster ions involved in 

nucleation. Our work has focused on experimental 

studies of the thermodynamics of small positive and 

negative H2SO4/NH3/H2O cluster ions (Froyd et al., 

2003a, 2003b, Curtius et al., 2001, Lovejoy and Curtius 

2001). This work has evolved into a kinetic nucleation 

model based on laboratory thermodynamics of small 

H2SO4/H2O cluster ions (Lovejoy et al., 2004, Kazil 

and Lovejoy, 2004).  Negative H2SO4/H2O ions have a 

higher affinity for H2SO4 and are more likely to 

nucleate than the positive ions. Binary H2SO4/H2O 

negative IIN is predicted to be an efficient nucleation 

mechanism throughout the free troposphere. The binary 

H2SO4/H2O IIN model reproduces observations of 

ultrafine particles in the free troposphere and lower 

stratosphere, but does not consistently predict the 

observed boundary layer nucleation events (Lee et al. 

2003, Lovejoy et al., 2004). At temperatures below 

about 220 K, the neutral binary mechanism can 

overwhelm the ion mechanism (D. Hanson, private 

communication). Recent measurements of atmospheric 

negative ions (Eisele et al, 2006) show that the HSO4
-

(H2SO4)x cluster ion distribution is consistent with the 

measured cluster ion thermodynamics, and that the 

kinetics of ion growth may be more complicated than 

currently assumed in IIN models. The role of ternary 

H2SO4/NH3/H2O IIN is less well defined than the role 

of the binary system. The limited ternary positive ion 

thermodynamics suggest that for boundary layer 

conditions, NH3 may actually inhibit nucleation, 

relative to the positive binary system. There is 

insufficient negative ternary ion thermodynamic data to 

draw any conclusions regarding the nucleation 

potential of this system. In this talk I will present an 

overview of IIN with an emphasis on what we know 

about the thermodynamics of the binary H2SO4/H2O 

and the ternary H2SO4/NH3/H2O systems. I will discuss 

the influence of the thermodynamics on the efficiency 

of IIN under atmospheric conditions, and compare with 

current knowledge for the corresponding neutral 

systems. I will conclude by commenting on the 

uncertainties in the thermodynamics and kinetics of 

ion-induced nucleation. 
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INTRODUCTION 
 Nucleation frequently observed at various locations 
worldwide is an important source of atmospheric 
aerosols (Kulmala et al., 2004). Binary H2SO4-H2O 
homo-geneous nucleation can�t explain the observed 
nucleation events in the lower troposphere. Ternary 
homogeneous nucleation (THN) theory and ion-
mediated nucleation have been proposed as alternative 
nucleation mechanisms. The actual role of NH3 in the 
atmospheric nucleation remains unclear because the 
difference between experimental results and predictions 
of THN is excessively large (Yu, 2006a). Simulations 
based on a kinetic THN model constrained using the 
experimental data indicate that the contribution of THN 
to the particle formation is very limited (Yu, 2006a). 
 We have developed a second-generation ion-
mediated nucleation (IMN) model (Yu, 2006b). The 
new model explicitly treats the evaporation of neutral 
and charged clusters and it describes the evolution of 
the size spectra and composition of both charged and 
neutral clusters/particles ranging from small clusters of 
few molecules to large particles of several micrometers 
in diameter. Results obtained using the second 
generation IMN model, in which the most recent 
thermodynamic data for neutral and charged H2SO4-
H2O clusters were used, suggest that ion-mediated 
nucleation of H2SO4-H2O can lead to a significant 
production of new particles in the lower atmosphere 
(including the boundary layer) under favorable 
conditions. In this presentation, we discuss some of our 
recent studies and results based on the IMN model, 
focusing on IMN as a source of atmospheric aerosols. 
 
SIMULATIONS AND RESULTS 

In the atmosphere, the nucleation and growth 
processes are coupled. The freshly nucleated particles 
are typically ~ 2 nm or smaller in size; however it has 
been frequently observed that these particles can grow 
to the sizes of cloud condensation nuclei within a day. 
It has also been found that organics appear to dominate 
the growth of nucleated particles in many observed 
nucleation and growth events.  

Figure 1 shows the evolution of the positively 
charged, negatively charged, and total clusters/ 
particles, with the dependence of [H2SO4] and 
[organics] on local time (t, in hr) parameterized as 
[H2SO4]=1.5x107sin2[π(t-4)/12], [organics]=5x107 

sin0.5[π(t-6)/12], respectively. Fig. 1 demonstrates 
clearly that the evolution of small clusters leads, as 

[H2SO4] increases, to the nucleation and growth of 
nanoparticles. Under the condition studied here the 
concentration of small positive ions peaks around 1 nm, 
while that of negative ions peak around 0.7 nm when 
[H2SO4]> ~ 2x106 cm-3. A mode of negative ions 
between 1-3 nm is clearly visible during the nucleation 
period, while there is no such a mode in the size 
spectrum of the positive ions. The nucleation on 
negative ions is more favorable under the given 
condition. There exists a pool of neutral clusters/ 
particles smaller than ~ 3 nm, which are resulted from 
the recombination of oppositely charged cluster ions. 
Due to the Kelvin effect, organics can condense only 
on the particles larger than ~ 3 nm. The obvious gap 
(~3-6 nm) in the number size distributions of positively 
and negatively charged clusters/particles shown in Fig. 
1a, b is associated with the activation of particles by 
organics and neutralization of charged particles.  

Size-dependent charged fraction (CF) can be 
readily calculated based on the size distributions of 
positive, negative, and neutral clusters/particles 
simulated explicitly in our model. For the case shown 
in Figure 1, we find that there exists a minimum CF of 
~ 2-3% during the nucleation period. The diameter (dm) 
of minimum CF is ~ 2.5-7 nm for positive and ~4-8 nm 
for negative ions, respectively. The minimum is formed 
due to the neutralization of nanoparticles nucleated on 
ions and an increase in the charging probability with 
increasing particle size. For the case studied here (Fig. 
1), particles from the size range between 2 and 4 nm 
are significantly negatively overcharged while they are 
only slightly positively overcharged.  

The IMN nucleation rates (JIMN) are calculated 
based on the net fluxes of particles across the critical 
size of neutral clusters. Figure 2 presents JIMN as a 
function of time under nine different combinations of 
T, RH, [H2SO4], Q, and S. [H2SO4] and T are the two 
most important parameters controlling the particle 
formation. RH, Q, and S affect the nucleation rates at a 
lesser degree.  

We have investigated IMN as a source of new 
particles in the atmosphere, using a global 3-D 
chemical transport model (Harvard GEOS-Chem: 
http://www.as.harvard.edu/chemistry/trop/geos/index.h
tml) coupled with a nucleation sub-model. Our study 
indicates that IMN contributes to new particle 
formation not only in the upper atmosphere but also in 
the lower atmosphere. The temporal and 3-D spatial 
distributions of IMN rates will be discussed.  
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Figure 1. Evolution of clusters /particles: (a) positively charged, (b) negatively charged, and (c) total.  T= 280 K and RH= 50%. 
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Figure 2. Ion-mediated nucleation rates as a 
function of time under nine different 
combinations of temperature (T), relative 
humidity (RH), [H2SO4], ionization rate (Q), and 
surface area of preexisting particles (S). Read 
T285RH75A1.5E7S50Q5 as the case with T of 
285 K, RH of 75%, [H2SO4] of 1.5x107 cm-3, 
surface area of 50 µm2/cm3, and ionization rate of 
5 ion-pairs cm-3s-1. For high [H2SO4] (up to ~108 
cm-3 in polluted areas), IMN can lead to a 
significant particle nucleation even if the ambient 
temperature T is ~ 290 K. When [H2SO4]  is ~ 
1.5x107 cm-3, T = 275 K can lead to high 
nucleation rates at RH>~75%. When [H2SO4] is ~ 
5 x106 cm-3, T < 275 K and RH above 60% lead 
to a noticeable nucleation (>0.1 cm-3s-1). 

 
  

 
CONCLUSIONS 
 Ions, which are generated in the atmosphere by 
galactic cosmic rays and other ionization sources, 
may play an important role in the formation of 
atmospheric aerosols. Results obtained using the 
second generation IMN model, in which the most 
recent thermodynamic data for neutral and charged 
H2SO4-H2O clusters were used, suggest that ion-
mediated nucleation of H2SO4-H2O can lead to 
significant production of new particles not only in the 
upper atmosphere but also in the lower atmosphere. 
 
Keywords: Nucleation mechanism, Ion-mediated 
Nucleation, Kinetic modelling, Charged Fractions, 
Nanoparticle, Global Aerosol Modeling.  
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INTRODUCTION 
 New particle formation is taking frequently place in 
the global atmosphere worldwide (Kulmala et al, 
2004). Despite many observations, however, the exact 
nucleation mechanism still remains an open question. 
Several nucleation pathways, including an ion-induced, 
ternary, binary and kinetic nucleation, have been 
proposed, but the relative importance of these 
processes in different environments is still unknown. 
Ternary and binary nucleation refers to the number of 
vapours participating in the nucleation process, 
whereas ion-induced nucleation refers to the presence 
of charges in nucleation (Weber at al., 1996; Laakso et 
al., 2002). Thus, both binary and ternary nucleation can 
be either ion-induced or neutral. A recently-proposed 
particle formation mechanism is the activation of stable 
clusters which can involve either neutral or ion clusters 
(e.g. Kulmala et al., 2006). 
 The main difficulty in identifying atmospheric 
nucleation mechanism arises from experimental 
problems: charged particles of any size can be 
measured with different kind of ion-spectrometers, 
whereas neutral particles smaller than 3 nm in diameter 
can not typically be measured (for recently developed 
techniques, see Riipinen et al. elsewhere in this 
volume). This is problematic, since nucleation take 
place in sizes of around 1-2 nm. As a result, the only 
way to get information on the initial steps of the 
particle formations is to measure the concentrations of 
trace gases, ions, and particles larger than 3 nm in 
diameter, and then to combine these measurements 
with sophisticated model simulations. 
 In this study we show results from two different 
methods which are used for investigating the 
importance of ion-induced nucleation on Tropospheric 
particle formation. The first method is based on 
combination of measurements and model simulations 
whereas the second method on the charging state of 
atmospheric aerosol particles. 
 
METHOD I:  
AEROSOL AND ION MEASUREMENTS AND 
MODEL SIMULATIONS 
 The investigations are based on long-term 
measurements carried out at Hyytiälä measurement 
station in Central Finland.  The measurements were 
done by DMPS, two different ion spectrometers and 
ionizing radiation measurements (Laakso et al., 2004).  
In addition to measurements, we utilized charged 

aerosol particle and ion model in the interpretation of 
the results. 
 
 Since we wanted to minimize the number of open 
parameters in model calculations, we used for the 
model input as much observational data as possible. 
Observational input data include growth rates, pre-
existing particle concentration, cluster ion 
concentration, temperature and relative humidity.  
 We did more than 500 runs for each day with the 
model AEROION (Laakso et al., 2002). The results 
were compared with the observations by minimizing 
the least-square displacement between the observed 
and simulated particle and ion concentrations in the 
growing nucleation mode.  
 Altogether 64 new particle formation episodes for 
one full calendar year (April 2003-April 2004) were 
simulated. 
  
METHOD II:  
AEROSOL PARTICLE CHARGING STATE 
MEASUREMENTS 
 We developed a new DMPS-setup (Laakso et al., 
2004, 2006) which operates as a conventional DMPS, 
but with two modifications: 

1) Electric field in DMA can be switched 
between positive and negative polarity  

2) Aerosol particle charger can be switched on 
and off 

This modification allows us to calculate the ration 
between naturally charged particles and particles in 
forced bipolar equilibrium. This ratio gives information 
on the nucleation mechanism. If the naturally-charged 
particles carry fewer charges than the particles charged 
in equilibrium, the neutral nucleation mechanism 
dominates. On the other hand, excess of charges 
indicates contribution of ion-induced nucleation. In this 
study we used data from the period April 2005-June 
2005. 
 
RESULTS  
 Both methods gave consistent results: during most 
of the time, neutral nucleation mechanisms dominate. 
Both methods gave relative low ion induced nucleation 
fractions. Median values for Method I are 3% for 
negative and 1% for positive ion-induced nucleation 
whereas for Method II they are 0.25% and 0.1%. 
 
However, despite these low values, with low total 
nucleation rates and cold weathers around and below 



0°C the picture is different and ion-induced nucleation 
may produce most of the new particles.  Figure 1 shows 
the contribution of ion-induced nucleation as a function 
of temperature based on method I. 

 
 

Figure 1: Fraction of ion-induced nucleation of total 
nucleation rate as a function of temperature based on the 
Method I. 
 
 
 CONCLUSIONS 
 We have calculated the contribution of ion-induced 
nucleation on new particle formation in a boreal forest 
based on two different methods. Both methods gave 
consistent results and showed that typically, ion-
induced nucleation was less important. However, with 
low temperatures, the contribution of ion-induced 
nucleation was found to be significant. 
 
Keywords: New particle formation, ion-induced 
nucleation, atmospheric nucleation 
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INTRODUCTION 
 In recent years formation and properties of nano-
particles have received increasing attention. Formation 
of new atmospheric nano-particles can lead to a 
substantial increase of atmospheric particle number 
concentration and is relevant in connection with the 
evolution of global climate.  
 In this study, we investigated the dynamics of the 
initial activation and growth of nano-particles, both 
charged and uncharged (neutralized). An organic 
vapour compound (n-propanol) was allowed to 
condense on WOx seed particles via initial activation by 
heterogeneous nucleation. We considered seed particles 
with diameters down to about 1.4 nm. In this size range 
no quantitative experimental data on heterogeneous 
nucleation are available so far. The results may have 
significant implications for the phase transitions on 
nano-particles, especially concerning mechanisms of 
atmospheric aerosol formation.  
 
EXPERIMENTAL PROCEDURE  
 The experimental system – shown schematically in 
Fig. 1 – includes a source of monodispersed particles 
and a vapour generation unit. Vapour supersaturation is 
achieved by adiabatic expansion in a computer 
controlled thermostated expansion chamber, the size 
analyzing nuclei counter (SANC). Droplet growth is 
observed using the constant-angle Mie scattering 
(CAMS) detection method (Wagner, 1985). Details of 
the experimental system are presented elsewhere 
(Wagner et al., 2003). 
 Generation of seed particles was performed with a 
newly developed WOx-Generator. Thereby, tungsten 
oxide sublimates into the surrounding purified carrier 
gas flow passed through the generator. Primary 
produced molecules subsequently grow to larger 
clusters by coagulation. Using a newly developed 
differential mobility analyzer (Nano-DMA) well-
defined unipolarly charged monodispersed particles 
were extracted. Typically, after passing the Nano-DMA 
particles are brought into charge equilibrium by means 
of a radioactive source in a neutralizer. However, by 
replacing such a neutralizer with corresponding dummy 
particles undergo practically the same diffusion losses 
but stay charged. By switching the polarity of the   
Nano-DMA electrode we obtained negatively and 
positively charged particles, respectively. The 
nucleation behavior on such cluster-ions compared to 
neutral nano-clusters was investigated. The size 
distribution of the particles obtained was monitored by 

a newly developed differential mobility particle 
spectrometer system (Nano-DMPS) allowing to 
analyze in the diameter range from 0.5 to 40 nm. 
Nearly lognormal size distributions were found with 
mean particle diameters ranging from 1.4 to 4 nm and 
geometric standard deviations between 1.08 and 1.12. 
Particle number concentrations around 5000 cm-3

 were 
observed.    
 

 
 

Figure 1. Schematic diagram of experimental system. SG: 
Silica gel gas drier, ACF: Active carbon filter, SANC: Size 
analyzing nuclei counter. 
 
  n-Propanol vapour was added to the system by 
controlled injection of a liquid beam and subsequent 
quantitative evaporation in a heating unit. In order to 
achieve the desired vapour supersaturations, a well-
defined binary vapour-air mixture together with the 
seed particles were passed into a thermostated 
expansion chamber. During a computer controlled 
measurement cycle, the chamber was subsequently 
connected to a low pressure buffer tank resulting in 
adiabatic expansion with expansion times around 8 ms 
and well-defined vapour supersaturations were 
obtained. Temperature and vapour phase activity after 
expansion were determined using Poisson's law. 
 Those particles inducing heterogeneous nucleation 
at the vapour saturation ratios considered lead to the 
formation and growth of liquid droplets. Using the 
CAMS detection method (Wagner, 1985), the radius 
and number concentration of the growing droplets can 



be determined simultaneously at various times during 
the growth process without any external calibration. 
 
RESULTS 
 Using the SANC we have measured the number 
concentration of droplets heterogeneously nucleated by 
charged and uncharged WOx particles at various vapour 
saturation ratios and at constant nucleation temperature. 
At low supersaturations no particles are activated, 
whereas with increasing supersaturation more and more 
particles will be activated and grow to detectable sizes.  
Beyond a certain saturation ratio all particles are 
activated and typically no further increase of the 
particle number concentration is observed. Thereby we 
obtained the heterogeneous nucleation probability, i.e., 
the number concentration of activated droplets 
normalized relative to the total concentration of seed 
particles. In Figure 2, corresponding heterogeneous 
nucleation probabilities are plotted for negatively and 
positively charged particles and for uncharged 
particles, respectively. Solid lines are fitted to the data 
points to guide the eye. As can be seen from this figure, 
particles of same size but different charging state 
exhibit different nucleation behaviour. Obviously, 
negatively charged WOx  particles are more easily 
nucleated to growth than positively charged particles 
and neutral ones. Smaller saturation ratios are generally 
required to see charged particles being nucleated. 
Heterogeneous nucleation probabilities do not exceed 
unity, however, this figure shows several data points at 
high saturation ratios, where a steep increase beyond 
unity is observed. This is related to the onset of 
homogeneous nucleation. As can be seen from Figure 
2, for neutral clusters homogeneous nucleation clearly 
starts at lower nominal vapour saturation ratios than for 
the case of charged particles. Due to the slower 
activation of neutral clusters less vapour is depleted 
which may cause homogeneous nucleation to start 
earlier than for charged particles. As a consequence the 
detection limit for neutral particles was found to be 
around 1.75 nm whereas negatively and positively 
charged particles allowed being detected at a diameter 
as low as 1.4 nm.  
 
CONCLUSIONS 
In this study we have for the first time performed 
heterogeneous nucleation experiments using charged 
and uncharged seed particles with diameters ranging 
from 1.4 nm to 4 nm. Thereby, we observed that 
nucleation on charged particles is clearly enhanced 
compared to neutral particles. For n-propanol vapour 
the charge effect on nucleation becomes evident 
considering seed particle diameters below 4 nm. For 
comparison, similar experiments for different vapours 
like, e.g., water or n-nonane vapour are planned. 
 
  

 From the viewpoint of atmospheric aerosols and 
their climate interaction our new observation 
concerning the nucleation behaviour of charged and 
uncharged particles clearly shows that ion-induced 
nucleation is an additional process likely to cause 
atmospheric new particle formation. In fact, recent 
findings by Laakso et al. (2006) indicate that ion-
induced nucleation frequently does occur in the 
atmosphere. Consequently, for more accurate 
representation of organic aerosol formation processes 
ion-induced nucleation should be accounted for in 
global climate prediction models. 
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Figure 2. Heterogeneous nucleation probabilities for n-
propanol on WOx particles of different charging state.   
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INTRODUCTION 
 Atmospheric nucleation is likely to proceed via 
clustering of sulphuric acid molecules with possible 
association of species such as water, ammonia and 
oxidation products of volatile organic compounds. 
Such a process is extremely difficult to study either 
experimentally or theoretically. However, methods are 
available for inferring information on the compositions 
of critical nuclei from aerosol and gas-phase 
measurements taken during atmospheric nucleation 
events. Here, we present results obtained during the 
2003 QUEST 2 campaign in Hyytiälä, Finland. 
 
MATERIALS AND METHODS 
 All the data studied in this work was measured in 
Hyytiälä, southern Finland, during March-April, 2003. 
The data covers 15 nucleation events, during which 
aerosol size spectra and concentrations of sulphuric 
acid and ammonia, together with several other trace 
gases, were measured in 10 minute intervals.  The 
formation rate of 3 nm particles was evaluated from 
increases of 3-26 nm particles during the events, and 
the nucleation rates of 1 nm particles were calculated 
based on the 3 nm formation rates, taking into account 
particle growth rates between 1 and 3 nm (based on 
time shift between increase of sulphuric acid and 3-6 
nm particle concentrations) and the condensation sink.  
 The molecular contents of the critical nuclei can be 
studied with the aid of the nucleation theorem, a very 
general relation which states that the number of 
molecules of a given species in the nucleus can be 
obtained from the slope of the logarithm of the 
nucleation rate as a function of the logarithm of the 
gas-phase concentration of that species. In this way, it 
has been found that in atmospheric nucleation events, 
critical nuclei are likely to contain 1-2 sulphuric acids. 
However, there usually is considerable scatter in the 
data, at least partially caused by the fact that other 
variables effecting the nucleation – i.e. temperature, 
and the concentrations of other participating species – 
are not constant during the events. Here, we use an 
alternative approach to study the contents of the critical 
nuclei. Instead of simply making linear best fits of ln(J) 
vs ln[H2SO4] and other gases, we used a nonlinear 
multivariate regression analysis.  
 Before performing the regression analysis, we 
studied the data using a self organizing map (SOM). 
The SOM separated the data to two clusters according 

to temperature, one cluster corresponding to negative 
and the other to positive temperatures, which was taken 
into account in constructing the regression model. The 
form of the regression model is suggested by 
nucleation theory.  
 
RESULTS AND DISCUSSION 
 The model producing the best total coefficient of 
determination is 
 
 
 
 
 
where β0 is the intercept, β1,…, β4 are the regression 
coefficients and ε describes the zero-mean normally 
distributed and uncorrelated error terms. NOx denotes 
gas phase concentration, and the other quantities inside 
the logarithms are gas-phase activities of the respective 
species. As suggested by the self-organising map 
analysis  in which the data was seen to separate into 
two clusters distinguished by temperatures below and 
above freezing, respectively, the regression coefficients 
β1,…, β4 were taken to depend on the temperature such 
that the slopes are different for temperatures of below 
and over 0°C. This division improved the statistical 
significance of the model.  The model was used for 
both 1 nm (J1) and 3 nm (J3) particle formation rates. 
The number of observations in the model was N = 257 
for J1 and N = 184 for J3. 
 The results of the regression analysis are given in 
the following tables: 
 
  β- β- 

H2SO4 1.3 1.2 

NH3 -0.1 0.3 

H2O -1.7 -1.8 

NOx 0.7 -0.3 
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Table 1. Regression coefficints for the J3- model. 
 
 
 
 
  β- β- 

H2SO4 1.4 0.6 

NH3 0.7 1.1 

H2O 1.3 1.5 

NOx 0.2 2.6 

 
Table 1. Regression coefficints for the J3- model. 
 
 
 
CONCLUSIONS 
Our results suggest that the critical nuclei contain 
roughly one sulphuric acid, one ammonia, and 1-2 
water molecules. The fact that including nitrogen 
oxides in the regression model clearly improved the 
total coefficient of determination is rather puzzling, and 
could sign the participation of NOx in some key 
reactions leading to formation of nucleating and/or 
condensing species. Interestingly, water has a boosting 
effect on 1 nm particle formation but hinders the 3 nm 
formation. A possible explanation is the effect of 
relative humidity on the size of the coagulation sink 
through growth of deliquescent pre-existing particles, 
whereby cluster scavenging before they reach the 3 nm 
size would be higher at higher relative humidities. The 
total coefficients of determination are 0.56 for J3 and 
0.77 for J1, indicating that there may be still some 
unidentified chemical species participating in the 
nucleation. J3- 
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INTRODUCTION 

 Water droplet formation and growth plays a key 

role in natural and technological settings including, for 

example, cloud formation and power generation in 

steam turbines. Some of the earliest experimental work 

dates back to C.T. R. Wilson (1897) who used a simple 

expansion cloud chamber to probe the limits of 

supersaturation that could be attained by dust free 

moist air without condensation. Yet, despite more than 

100 years of experimental and theoretical work, quanti-

tative prediction of water nucleation rates J over a wide 

range of temperature T and supersaturation S is still 

difficult. This paper summarizes our efforts to measure 

the nucleation rates of water and to use these rates to 

determine the properties of the critical clusters, i.e., the 

smallest fragments of the new phase that are metastable 

in the supersaturated vapour. These data are critical to 

test and develop robust theories of nucleation for use in 

atmospheric models. 

 

EXPERIMENTAL NUCLEATION RATES 

 Nucleation rates can now be measured over ~ 20 

orders of magnitude by combining data from a wide 

variety of techniques including the thermal diffusion 

cloud chamber (10
-3
<J/cm

-3
s
-1
<10

2
) (Heist and Reiss, 

1973), laminar flow diffusion tube reactor (10
4
<J /cm

-3 

s
-1
<10

7
) (Mikheev et al.,2002) nucleation pulse 

chamber (10
6
<J/cm

-3
s
-1
<10

9
) (Wolk and Strey,2001), 

and supersonic nozzle (10
16
<J/cm

-3
s
-1
<10

18
) (Kim et 

al.,2004). In each of these devices the characteristic 

time ∆t, temperature, and supersaturation corre-

sponding to the maximum nucleation rate is determined 

either directly from the experiment or by modeling the 

flow. A particle detection technique, such as light, 

neutron, or x-ray scattering yields the number 

concentration N of the aerosol that formed during the 

nucleation burst. The experimental nucleation rate J is 

then simply J=N/∆t.  
 Figure 1 illustrates that the nucleation rates 

measured for both isotopes of water in three of these 

devices are remarkably consistent over ~12 orders of 

magnitude. An interesting finding of Wölk and Strey 

(2001) was that the measured nucleation rates for H2O 

and D2O superimpose when plotted as a function of S.  

 

NUCLEATION THEORY AND CORRECTIONS 

 Despite its limitations, classical nucleation 

theory (CNT) is still used as a baseline with which to  
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Figure 1. Isothermal nucleation rates of D2O, measured in 

supersonic nozzles (SN) are compared to nucleation rate 

measurements made in the nucleation pulse chamber (NPC). 

The dashed lines are the predictions of Eq.(1). The solid lines 

are the predictions of the empirical function for the nucleation 

rate of D2O that Wölk and Strey (2001) developed using the 

NPC data. A single H2O nucleation rate measured in a nozzle 

is also shown, as are the H2O nucleation rates measured by 

Mikheev et al. (2002) in the laminar flow tube reactor 

(LFTR). The H2O nucleation rates from the NPC lie directly 

on top of the D2O rates and are not shown. 

 

compare experiments. In the Becker-Döring form-

ulation the nucleation rate is given by,  

  )/*exp( kTGKJ ∆−=   (1) 

where K is the kinetic prefactor, ∆G* is the free energy 

of the critical cluster, and k is the Boltzmann constant. 

Since only bulk material properties are required to 

evaluate Eq(1), it is extremely easy to use. As 

illustrated in Figure 1, it even reproduces the measured 

nucleation rates near T= 240 K quite well, although 

further examination shows that the temperature 

dependence of Eq. (1) is too strong.  For both isotopes 

of water, simple temperature dependent correction 

factors have been developed (Wölk and Strey, 2001) 

that appear to be quite robust even when extended far 

beyond the region for which they were determined.   
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Figure 2. The experimental values of n* are compared to the 

predictions of the Gibb’s Thompson equation n*GT. The bulk 

physical properties of water (molecular volume ν, surface 

tension σ) were used to evaluate nGT. 
 

PROPERTIES OF THE CRITICAL CLUSTERS 

 If measured nucleation rates are accurate enough, 

we can determine the properties of the critical clusters, 

in particular the number of molecules in the critical 

cluster, n*, and the excess internal energy of the critical 

cluster, Ex(n*). For nucleation of a single species, the 

first nucleation theorem (Kaschiev, 1982) states  

      *
)(ln

)(ln
n

Sd

Jd

T

≅







,               (2)  

while the second (Ford,1997) states 

 [ ]*)(
1)(ln

2

ln

nEkTL
kTdT
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x

S

+−≅







,   (3) 

where L is the latent heat of the bulk liquid. 

 Figures 2 and 3 summarize the critical cluster 

properties measured by applying Eqs. (2) and (3) to the 

nucleation rate data. The experimental values of n* are 

within ±20% of those predicted by the Gibbs-Thomson 

equation for clusters containing as few as 6 – 8 

molecules. Even the excess internal energies appear to 

be in reasonable agreement with the predictions of 

classical theory and extrapolated bulk physical 

properties down to the same size range. 

 

CONCLUSIONS 
 Given the extreme sensitivity of nucleation rate 

measurements, the consistency between data sets 

determined using very different experimental systems 

is remarkable. Although Eq.(1) predicts the 

homogeneous nucleation rates for water at 240K 

quantitatively, the temperature dependence is incorrect, 

a fact that leads to discrepancies of orders of magnitude  

in rate at other temperatures. The nucleation rate 

measurements furthermore provide the number of 

Number of Molecules in Cluster

0 10 20 30 40 50

E
x
ce
ss
 I
n
te
rn
a
l 
E
n
er
g
y
 /
 k
T
o

0

50

100

150

200

H
2
O

SN [Kim et al,2004]

NPC [Woelk&Strey,2001]
D

2
O

NPC [Woelk&Strey,2001]

NPC [Viisanen et al.,1993]

SN [Unpublished]

3/2

1 *)(*)( nA
dT

d
TnExc 







 −=
σ

σ

T = 260 K

T = 210 K

A1= monomer surface area 

 
Figure 3: The experimental values of Ex(n*) are compared to 

the predictions of classical nucleation theory for D2O at T = 

260 K and 210 K. The lines for H2O are essentially the same.  

 

molecules in the critical cluster and its excess energy. 

For water these values are in surprisingly close to the 

theoretical predictions of the classical nucleation theory 

down to rather small cluster sizes.  

 

Keywords: nucleation rates, water cluster properties, 

aerosol formation 
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Ternary Nucleation Mechanisms and New Particle Formation
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INTRODUCTION
Recent kinetic extensions of the nucleation theorem

(KNT) suggest that the logarithm of the steady-state
nucleation rate has strong multi-linear dependence on
the log concentrations of condensable species present
in the vapor phase.  A further remarkable result is that
the coefficients of this linear dependency provide a
direct determination of the molecular content of the
critical nucleus itself.

The new approach is applied to recent
measurements by Zhang and co-workers on the p-toluic
acid/ sulfuric acid/water ternary vapor system.  A linear
minimum variance parameterization for nucleation rate
dependence on vapor composition, accurate over the
range of the measurements, is obtained.  Estimates of
critical nucleus composition are also presented. These
show that a single molecule of p-toluic acid present in
the critical nucleus is  sufficient to trigger a ternary
nucleation event.

Current research is focused on the mechanisms and
rates by which critical  nuclei (particles of about 1nm
in size), once formed, reach climate-significant size.

TERNARY NUCLEATION MECHANISM
The work described here was carried out in

collaboration with Renyi Zhang at Texas A&M
(Zhang et al., 2006; McGraw and Zhang, 2006).
Analysis here will focus on the ternary system p-
toluic acid/sulfuric acid/water to illustrate the new
methods, which enable characterization of the
critical nucleus and parameterization of the
nucleation rate for use in models.

There is a strong propensity, at least locally on
the nucleation rate surface, for the nucleation rate
to be a multilinear function of vapor species
concentrations and temperature when all variables
are cased in appropriate form.  From the kinetic
nucleation theorem (McGraw and Wu, 2003), we
find:

  

ln ln ( * )(ln ln )

( * , * , )

J J g n n

E g g

k T T

i i
i

i i≈ + + −

− −




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∑0
0

1 2

0

1 1

δ

                
∆ L

     (1)

where J is the nucleation  rate, ni is the vapor phase
concentration of species i , g* i is the number of
molecules of species i  in the critical nucleus, δ i is a
small kinetic factor (between 0 and 1), ∆E  is the
energy required to form the critical nucleus (having the
specified composition) from the vapor,  k is the
Boltzmann constant and T is temperature.  According
to Eq. 1, a multilinear analysis of nucleation rate
measured as a function of vapor composition and
temperature can provide a direct determine of critical
nucleus properties Ð molecular content and cluster
energy.  The Zhang et al. measurements are at constant
temperature, so only the first terms in Eq. 1 are
significant and the cluster energy cannot be
determined.  Furthermore the measurements are at
constant relative humidity, and so the water content of
the critical nucleus cannot be determined.  This leaves
the three variables: J , and vapor phase concentrations
of organic and sulfuric acids.

Figure 1.  Measurements from Zhang et al. (2004) for the
ternary system system p- toluic acid/sulfuric acid/water
plotted in nucleation theorem modivated coordinates,
log nucleation rate (J) versus log sulfuric acid vapor
concentration.  Filled circles, p-toluic acid
concentration = 0.2ppb.  Open circles, p-toluic acid
concentration = 0.4ppb.  Triangles, binary sulfuric
acid-water measurements.  Solid line, least-squares fit
to the binary data.  Dashed lines, projections from the
linear minimum variance estimator (LMVE) plane (Eq.
2) evaluated at the two p-toluic acid concentrations
(these parallel lines live on the same plane and when
projected, as shown here,  have the same slope).
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The figure shows conformity to Eq. 1 for these
remaining three variables.  Under ternary conditions,
the measurements are expected to lie on a 2D plane in
the 3D coordinate space, and it is clear from Fig. 1 that
they do (R2 = 0.98).  The planar fit takes the simple
form:

z x y= − + +76 75 8 12 1 86. . .        (2)

where z Log J cm sT= − −
10

3 1[ , ],

x Log H SO molecules cm= −
10 2 4

3[ , ] ,  a n d

y Log Organic ppb= 10[ ,  ] for  the  ternary

nucleation rate.  Comparison of Eqs. 1 and 2
immediately yields a critical nucleas composition of 8
molecules of sulfuric acid and just a single molecule of
the organic acid.  Other ternary systems that we have
examined of this type Ð having only different organic
acids Ð show a similar trend.  Namely, just a single
molecule of the organic acid is present in the critical
nucleus, along with a similar number (about 8)
molecules of sulfuic acid.  Measurements on the
benzoic acid system at two different values of the RH
furnish a crude estimate of the water content Ð we
estimate about 17 molecules of water present in the
critical nucleus, but there is large uncertainty to this
last value.

NEW PARTICLE FORMATION
Figure 1 presents a bit of a paradox when compared

with atmospheric measurements of new particle
formation.  Specifically the relative rate sensitivities
∂ ∂Log J Log H SO10 10 2 2/ [ ] as measured in the lab

are much higher than in the field.  Thus we observe a
slopes of 9 and 8 for the binary and ternary rates,

respectively, compared with observations at Mauna
Loa, HI, and Idaho Hill, CO, which found values only
between 1 and 2 [Eisele and McMurry, 1997].  We are
currently investigating this discrepancy and will report
preliminary results along with a method of moments
analysis of the mechanisms and rates by which critical
nuclei (particles of about 1nm in size), once formed,
reach climate-significant size.

Keywords: Nucleation, new particle formation, kinetic
nucleation theorem
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INTRODUCTION 

 The results from recent measurements of 

(H2SO4)n(H2O)m clusters have been interpreted in terms 

of providing nucleation rates (or upper limits to them) 

that are applicable to the free troposphere.  These 

results provide an important benchmark for theory 

(Oxtoby, 1994; Vehkamaki, 2002) and for ‘classical’ 

laboratory experiments.  The experimental procedure 

has been presented in detail previously (Hanson, 2002) 

and in this talk only a brief overview of the experiment 

and analysis will be presented.  The talk will also 

discuss application to nucleation in the atmosphere 

such as comparison to ion-induced processes (Lovejoy, 

2004) and the potential role of ammonia (Coffman, 

1995.) 

 

RESULTS and DISCUSSION  

 The results for the n = 2 cluster (the ‘dimer’ of 

H2SO4) could be readily interpreted by invoking 

equilibrium principles and thus an equilibrium constant 

(K2) for the water mediated dimerization of H2SO4 

monomers was derived.  Also, the experimental 

conditions for some of the H2SO4 trimer (n= 3, any m) 

data showed it to be in equilibrium with the dimer + 

monomer (giving K3.)   

 The dependencies of the cluster signals and the Kn 

on relative humidity (RH) were also studied.  The 

dimer was weakly dependent on RH while the trimer 

and higher clusters had strong dependencies upon RH.  

Comparison with recent ab initio work (Ianni, 2000; 

Ding, 2003) on the n = 2 clusters indicates that the 

dimer contains roughly 5 water molecules (Ding, 

2003.)  This hypothesis is in seeming contradiction 

with the Nucleation theorem (Oxtoby, 1994) that states 

that the nucleation rate has a power dependency on a 

constituent that is equal to the number of molecules of 

that constituent in the critical cluster.  

 The results were included in a cluster growth model 

that included the equilibrium constants for each 

monomer addition/loss and the forward rate coefficient 

for addition of a monomer.   Cluster growth times 

needed for this model were given by computational 

fluid dynamics simulations of the flow within the 

reactor.  The forward rate coefficients were roughly 

half of the collisional growth rate coefficients.  This 

translates into a reaction probability for addition of 

monomers to monomers and dimmers of 50 %.  

  

Keywords: Sulfuric acid, molecular cluster, water, 

nucleation 

Table 1. Thermodynamics and growth kinetics of the 

water mediated clusters containing y H2SO4.  

(H2SO4)y(H2O)z  
a
  ∆G

0
, 242 K 

(kcal / mol) 
b
  

kf (10
-10
 cm

3
 

/s) 
c
  

y = 2, dimer  -8.7 
d,e
, -8.9 

f
 1.7 

y = 3, trimer  -10.7 
d
, -11.2 

e
, <-11 

f
 

1.8 

y = 4, tetramer  < -12  2.0 

y = 5, pentamer  < -12  2.2  

y = 6, hexamer < -12 2.4 
a
 Summation over z for each species.  

b
 Free energy of 

formation of the hydrated y
th
-mer from the hydrated 

monomer and (y-1)
th
-mer.  

c
 Forward rate coefficient 

for formation of the y
th
-mer estimated from cluster 

growth model (see supplemental materials.)  
d
 7 % RH.  

e
 26% RH. 

f
 53% RH. 
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INTRODUCTION 
 Stable neutral clusters (approximately 1.0 nm in 
diameter) have been proposed to exist in the 
atmosphere (e.g. Kulmala et al., 2000; Kulmala et al., 
2005) and play an important role in new particle 
formation processes via their activation (Kulmala et al., 
2006a). Proper candidates for these clusters have been 
suggested to be, for instance, ammonium bisulphate 
clusters and their multimers (e.g. Kim et al., 1998; 
Vehkamäki et al., 2004). However, the presence of 
neutral atmospheric clusters has not been 
experimentally verified so far, since the current 
commercially available instruments typically cannot 
detect particles smaller than 3 nm.  
 Ion clusters even smaller than 1 nm, on the other 
hand, can be detected with current instruments, such as 
Air Ion Spectrometer (AIS) and Balanced Scanning 
Mobility Analyzer (BSMA). Ion clusters have been 
proven to exist in the atmosphere at several different 
locations practically all the time (see e.g. Hõrrak et al., 
1998). The number concentrations of these cluster ions, 
however, are typically so low that they cannot alone 
explain the observed new particle formation events (see 
e.g. Laakso et al., 2006). 
 Recently significant effort has been made to 
develop instruments that measure neutral particles 
smaller than 3 nm. In this study we use two such 
instruments, NAIS (Neutral Air Ion Spectrometer) and 
UF-02proto CPC (see Mordas et al., 2005). NAIS is 
similar to AIS, but the aerosol sample is charged with a 
corona charger before the electrical detection. UF-
02proto, on the other hand, is a novel condensation 
particle counter, which, according to recent 
calibrations, has the potential to detect particles as 
small as 1.8 nm. 
 The composition and therefore the activation 
properties of the fershly formed and growing 
nucleation mode can be investigated using 
Condensation Particle Counter Battery (CPCB, see 
Kulmala et al., 2006a). The instrument consists of four 
CPCs, two with butanol (TSI3010 and TSI3025) and 
two with water (TSI3785 and TSI3786) used as the 
working fluid. Therefore, in the case of highly water-
soluble particles, the water CPCs detect them at smaller 
sizes (even below 3 nm) than the instruments based on 

butanol. An opposite effect is of course expected for 
particles that are soluble rather in butanol than water.  
 Our aim in this work is to detect neutral 
atmospheric particles smaller than 3 nm with NAIS and 
UF02-proto CPC pair. We also compare the measured 
data firstly with the corresponding ion concentrations 
obtained with BSMA and AIS, and secondly with 
theoretical predictions presented by Kerminen and 
Kulmala (2002). The composition of the freshly 
nucleated particles is studied with CPCB.  
 
MATERIALS AND METHODS 
 All the data studied in this work has been measured 
in Hyytiälä, southern Finland, during spring 2006. For 
a detailed analysis, we picked four new particle 
formation events, taking place 22.-25.4.2006. On these 
days, measured particle concentrations are available for 
both NAIS and the UF-02proto CPCs, as well as for 
AIS, BSMA and CPCB. The ambient particle 
concentrations between 1.8 and 3.0 nm measured by 
NAIS were compared with the concentrations 
measured with a pair of UF-02proto CPCs. The cut-off 
sizes of these CPCs were calibrated to 1.8 and 3.0 nm 
(see Sipilä et al., 2006) to obtain the total 1.8 – 3.0 nm 
particle concentration. The measured concentrations 
were further compared with the corresponding ion 
concentrations obtained by BSMA and AIS.   
 Theoretical predictions for 1.8 – 3.0 nm particle 
concentrations were calculated with a formula 
presented by Kerminen and Kulmala (2002) and 
compared with the measured data. The formula is very 
sensitive to the growth rate of 1-3 nm particles, which 
is extremely difficult to determine exactly. It is 
therefore noted that these predictions should be treated 
as order of magnitude estimations only. 
 
RESULTS AND DISCUSSION 
 The total number concentrations of particles 
between 1.8 and 3.0 nm measured by the NAIS and 
UF-02proto CPC pair on an exemplary day (23.4.2006) 
are presented in the upper panel of Figure 1. 
Corresponding total ion concentrations are presented in 
the lower panel. The concentrations measured by the 
instruments including neutral particles are typically in 
the order of several thousands /cm3, whereas typical ion 
concentrations are some tens or hundreds of particles 



/cm3. Theoretical calculations predict concentrations 
ranging from the order of 1000 / cm3 to 100 000 /cm3.  

 
 

Figure 1. The 1.8-3.0 nm particle number concentrations on 
23.4.2006 measured by NAIS and UF-02proto CPC pair 
(upper panel) and the ion instruments BSMA and AIS (lower 
panel). Theoretical calculations predict particle number 
concentrations of approximately 4000 /cm3 at 12:00.  
 
During new particle formation events, the CPCB 
practically always detects water soluble particles in the 
growing nucleation mode: in the beginning of the event 
the concentrations detected by water CPCs rise before 
the corresponding increase is seen with the butanol 
CPCs. During the event the ultrafine water CPC (3 nm 
cut size for silver particles) typically detects 10-20 % 
more particles compared to the ultrafine butanol CPC, 
whereas the corresponding fraction for the CPCs with 
the 10 nm cut size instruments are usually in the order 
of 50-100 %.  
 
CONCLUSIONS 
 It is promising that consistent 1.8 – 3.0 nm particle 
concentrations can be observed with both NAIS and the 
UF-02proto CPC pair. The concentrations are also 
consistent with the corresponding ion measurements, 
being 10-100 times higher than the observed ion 
concentrations during a new particle formation event. 
Theoretical calculations on the particle concentrations 
give similar results as observed experimentally. 
Detailed calibrations of NAIS, however, are currently 

in progress and will give us further confirmation about 
the accuracy of the measurements. 
 CPCB measurements suggest that during new 
particle formation events, the nucleation mode particles 
in Hyytiälä consist of water soluble particles. This is in 
agreement with the strong correlation that new particle 
formation has with e.g. observed sulphuric acid 
concentrations (see e.g. Sihto et al., 2006).  
  
Keywords: New Particle Formation, Neutral clusters 
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INTRODUCTION 
 Over the last decade, there has been considerable 
interest in the formation and growth of particles in the 
coastal environment, largely precipitated by 
observations of coastal particle bursts at the Mace Head 
Atmospheric Observatory on the West Coast of Ireland. 
Progress has been made in characterising the 
phenomenology of the events and in identifying the 
broad mechanism and precursors responsible for the 
particle formation. However, there remains significant 
disagreement about the exact precursors and 
mechanisms involved. A predictive framework for 
coastal particle formation is therefore elusive and 
assessment of the broader significance in terms of local 
aerosol burden and regional (or even global) radiative 
effects awaits such a framework. This paper 
summarises the paucity of our mechanistic 
understanding of coastal particle formation and 
identifies some of the many remaining questions. 
 
THE ORIGIN AND NATURE OF COASTAL 
PARTICLE PRECURSORS 
 Coastal field studies have shown that particle 
formation occurs overwhelmingly during the daytime. 
Since sulphuric acid is known to readily nucleate, it 
was explored whether the photochemical formation rate 
of H2SO4 was sufficient to explain the observed particle 
formation and growth (O’Dowd et al., 1999). It was 
shown that, at the concentrations of OH and SO2 
measured during the East Atlantic Summer Experiment 
’97 (EASE’97), there would be insufficient 
condensable material to explain the observed particle 
distribution – requiring an additional precursor – 
though it was possible that H2SO4 may have been 
responsible for the initial nucleation. Carpenter et al. 
(1999) reported the correlation between tidal exposure 
of macroalgae and photolabile iodocarbons, including 
diiodomethane (CH2I2), measured during the same field 
experiment. Alicke et al. (1999) and Allan et al. (2000) 
reported measurements of photochemically produced 
reactive iodine monoxide from the same experiment, 
leading to the investigation of the impacts of iodine 
photochemistry around daytime low tide reported in 
McFiggans et al. (2000) – and to a postulated 
involvement of iodine in particle formation through 
photochemically produced hydroiodic acid (HI) (A. 
Laaksonen, University of Helsinki, pers. comm., Jan 

1998). Allan et al. (2001) reported the measurements of 
iodine dioxide (OIO). Further extensive field 
measurements during the Particle Formation in the 
Coastal Environment experiment (PARFORCE, 
O’Dowd et al., 2002) reinforced the daytime low tide 
relationship and led to the postulation that the particles 
comprised a significant amount of condensable 
material formed from the dimerisation of OIO 
photochemically formed from CH2I2 released by 
macroalgae (Hoffmann et al, 2001); the resulting 
particles assumed to comprise I2O4. This was 
developed by Jimenez et al. (2002) and O’Dowd et al. 
(2002) in aerosol chamber studies using CH2I2 as a 
precursor and coupled to a model based on that of 
McFiggans et al. (2000). A laboratory study of the 
iodine system was used to develop a model of particle 
formation assuming formation by OIO dimerisation 
(Burkholder et al, 2004). However, an alternative 
model predicated on findings from ab initio molecular 
dynamics calculations of the stability of higher iodine 
oxides was able to simulate size distributions measured 
in preliminary flow reactor studies and was presented 
by McFiggans (2002).  
 During the North Atlantic Marine Boundary Layer 
Experiment (NAMBLEX) field project at Mace Head 
in 2002, molecular iodine (I2) was measured in the 
atmosphere for the first time (Saiz-Lopez & Plane, 
2004). Since any photochemically-produced iodine-
containing particle precursor must initially be formed 
from atomic iodine reacting with ozone, the measured 
I2 and CH2I2 concentrations were used along with 
spectrally-resolved actinic flux measurements to 
calculate atomic iodine production rate from each 
parent species (McFiggans et al., 2004). It was shown 
that the potential to form condensable precursors from 
I2 was around 3 orders of magnitude higher than from 
CH2I2. McFiggans et al. (2004) also reported the results 
of ozone exposure studies of Laminaria digitata 
macroalgae carried out during NAMBLEX and more 
extensive flow reactor studies using L. digitata or I2. It 
was shown that the particles formed in both cases were 
identical in composition to those formed in the Jimenez 
et al. (2002) and O’Dowd et al. (2002) studies (AMS 
fragmentation patterns were consistent with iodine 
oxides and oxy-acids – with no discernable sulphate 
fragments). If any condensable precursor is formed 
from CH2I2 photooxidation, it is therefore likely that 



around a thousand times as much originates from 
available I2 and it would not be possible to discriminate 
between any particles formed. This was clarified in 
McFiggans (2005), where it was also stated that, if 
iodine is to play a role in particle formation in the 
remote ocean, there must be an abundance of 
undiscovered photolabile iodine. Allan et al. (2000) 
measured significant reactive iodine in remote oceanic 
air; so such a source is not unlikely.  
 Saiz-Lopez et al. (2006) used a simple coupled 
model of photochemistry and aerosol microphysics to 
interpret measurements made during NAMBLEX and 
were able to reproduce observed particle bursts using 
measured I2 concentrations as the iodine source. This 
modelling approach required participation of the IO 
cross-reaction product I2O2 as a stable condensable 
species. In addition, many intermediate products need 
to be assumed and rate expressions estimated, since 
they are not currently accessible to identification and 
measurement. It does not require that H2SO4 is the 
initial nucleating species. This modelling approach 
predicts that the particles make an appreciable 
contribution to the background aerosol concentration 
some distance inland under onshore winds. 
 There is evidence that the particles formed in the 
flow reactor studies reported in McFiggans et al. (2004) 
were quite aspherical in nature (TEM analyses), 
becoming more-so as they were (artificially) grown to 
sizes greater than observed in the atmosphere 
(HTDMA reducing GFD with increasing size but 
identical composition). Saunders and Plane (2006) have 
developed an approach based on further flow reactor 
studies to consider the fractal growth of the particles 
which is better able to replicate the laboratory 
observations. In all the flow reactor studies the particle 
stoichiometry is similar to I4O9 or I2O5.  
 Palmer et al. (2006) reported results from L. 
digitata exposure studies, showing tentative increases 
in the concentration of particles formed with increasing 
ozone consumed and molecular iodine produced. No 
relationship between formed iodocarbons and particles 
was observed – consistent with iodocarbon emissions 
being unimportant with respect to particle formation. 
There is strong evidence that ozone is required for I2 
release, not only for the iodine photochemistry. 
 
NEXT STEPS & OPEN QUESTIONS 
 There are a number of unanswered questions of 
importance beyond physico-chemical curiosity. 
 For coastal particles to efficiently act as CCN, they 
must significantly add to the pre-existing number 
population. In order to establish whether the number of 
viable particles added to the coastal atmosphere is 
solely determined by condensable iodine, it is 
necessary to establish whether the precursor molecule 
will cluster more efficiently at atmospheric levels than 

available competitor species (e.g. H2SO4). Even if the 
formation of viable particles requires a “stable” 
nucleus, the ability to grow the nucleus to viable size 
requires knowledge of the thermodynamic properties. 
One must unambiguously determine the precursor 
oxides before we can understand the formation 
mechanism in a predictable manner. Such identification 
will be difficult, but for the highly polar higher oxides, 
microwave spectroscopy could prove useful. 
 Much additional useful information can be obtained 
from further field and laboratory / mesocosm studies. 
The flux response of the dominant parent molecule, I2, 
on exposure of various macroalgal species to 
atmospheric and aqueous oxidant during daytime low 
tide is unknown. In the ongoing (ending 1st October 
2006) RHaMBLe experiment in Roscoff in the North 
of France, we are measuring I2 and iodocarbon fluxes 
by REA, ufp and O3 fluxes by EC, I2, iodocarbon, IO, 
OIO, O3 and NOx concentrations by an array of optical 
and mass spectrometric techniques. We shall have 
some further insights into these questions soon! 
 
CONCLUSIONS 
 Understanding coastal particle formation requires 
an understanding of the interactions between the 
macroalgal biochemistry, aqueous redox chemistry, gas 
phase photochemistry and aerosol microphysics. 
Interpretation of field measurements requires 
knowledge of the macroalgal distribution and exposure 
through the tidal cycle and micrometeorological 
influences between emission and measurement. 
 
Keywords: Coastal particles, Aerosol formation, 
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INTRODUCTION 
Monitoring the early stages of nucleation in the 
atmosphere requires instruments able to analyze small 
particles, down to their molecular precursors. For ion-
induced nucleation, analysis of pre-existing ions and 
observation of their shift towards larger sizes at the 
onset of nucleation can presently be carried out at high 
resolution with special Differential Mobility Analyzers 
(DMAs). Use of such DMAs with heated wire sources 
of metal nanoparticles (such as those described by 
Peineke et al., 2006) shows abundant ions formed at the 
wire at filament temperatures too low for particles to 
form. This is followed at higher temperatures by 
conversion of these ions into increasingly large 
particles (M.B. Attoui, private communication, 2006). 
Some of these DMAs also run up to sonic speeds 
(Martinez-Lozano and Fernández de la Mora, 2006), 
where adiabatic acceleration provides substantial 
cooling, and the possibility to operate the DMA under 
supersaturated conditions. This is similar to high speed 
wind tunnel tools used for homogeneous nucleation 
studies, with the added possibility to measure the 
mobility of a primary ion as it solvates at increasing 
supersaturation, not only below the saturated state 
(Makela et al. 1996), but even above it, up to the 
critical size. Indeed, the mobility (hence size) of the 
solvated cluster can be followed in the DMA as a 
continuous function of supersaturation, up to the 
critical point, where it is expected to decrease 
discontinuously. In the case of homogeneous 
nucleation, analysis of pre-existing volatiles and 
associated growing clusters may be carried out with a 
DMA or by mass spectrometry (MS), but this requires 
a prior stage of charging. A number of groups have 
analyzed atmospheric volatiles by proton transfer 
reactions of the intact vapor species followed by MS, 
showing that the process can be used in principle to 
monitor the whole nucleation process. These 
specialized mass spectrometers are not readily taken to 
the field, and have a limited mass range that would 
make it challenging to probe beyond the very early 
stages of nucleation. However, the relatively efficient 
vapor charging schemes already demonstrated with MS 
instruments can be used in DMA studies, with portable 
instruments covering a much wider range of sizes. 
We have over recent years worked on the development 
of several tools for the analysis by electrical mobility of 
both, pre-existing gas phase ions, and vapor species. 
This work will be distilled in the presentation from the 

point of view of its usefulness for nucleation studies in 
the atmosphere. We will first describe the special 
features of our high resolution DMAs for small ion 
work, including procedures for precise mobility 
measurement. Also recent work enabling high-
resolution mobility determination over the full 1-100 
nm size range, as well as permitting sample flows as 
large as 100 L/min. Atmospheric studies with these 
DMAs would greatly benefit from the development of 
single particle detectors of the CNC type, which 
Gamero et al. (2000) have shown can detect individual 
arbitrarily small charged particles. Neutral nanometer 
particles are much harder to activate, though 
Magnusson et al. suggest that use of high surface 
tension liquids such as water and glycerol would enable 
activating particles slightly larger than 1 nm. The 
promise of water, however is limited due to its poor 
performance with hydrophobic particles (Liu et al. 
2006), so much remains to be learned in this area. 
 
THE DMA AS A TOOL FOR ION ANALYSIS 
The resolving power of DMAs has long been known to 
be limited at small sizes by Brownian motion. This 
difficulty can be reduced by making the DMA short 
down to an optimal length (Rosell et al, 1996), though 
at the expense of limiting the ability to analyze large 
particles (range reduction). It can also be controlled by 
increasing the Reynolds number Re of the sheath gas 
flow. Although this possibility is restricted by the 
eventual appearance of turbulence, it is nonetheless 
possible (Fernandez de la Mora, 2002) to maintain the 
flow laminar at Re as high as 60,000. This has resulted 
in resolving powers in excess of 100 based on the 
inverse of the full peak width at half maximum 
(FWHM) (Martinez-Lozano et al. 2006). This 
performance is as good as that of the best conventional 
ion mobility spectrometers (IMS), with the added 
advantage associated to the much higher sensitivity 
associated to the steady operation of DMAs (vs., the 
pulsed operation of IMS systems), and to the relatively 
high sample flow rates available (many tens of L/min). 
Several practical difficulties have delayed the use of 
such DMAs in atmospheric studies. One is the need to 
use unconventionally large sheath gas flow rates (~500-
2000 L/min), which can be resolved with inexpensive 
vacuum cleaner motors. Another difficulty has been the 
fact that, in order to minimize loses of highly mobile 
particles, high Re DMAs have operated with the outer 
electrode at high voltage. This feature is not only very 



dangerous to the operator, but precludes also the study 
of atmospheric ions (not of neutral particles or vapors 
charged at the DMA entry). One solution has been 
based on so-called isopotential DMAs (Martínez-
Lozano, Labowsky and Fernández de la Mora, 
2006). A more conventional solution involving leaky 
insulating tubes at the outlet has been recently 
implemented in a new DMA, nicknamed the Attoui 
DMA, sketched in figure 1. It has similar features as 
other shorter high Re DMAs covering a narrower size 
range (typically 1-15 nm), including axial entry of the 
sheath gas, two laminarization screens, and a 
convergent trumpet. This device, however has a much 
wider cross section, and has the additional interest of 
covering with uniform resolution the full size range 
from 1 to 100 nm (FWHM = 4.6% at 1 nm), as well as 
accepting sample flow rates of 100 lit/min 
 

 
 

Figure 1. Sketch of the Attoui DMA 
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Figure 2. Performance of the Attoui DMA with monomobile 
ions. Open symbols are for Heptyl4N

+ (electrical mobility Z = 
0.95 cm2/V/s; diameter ~ 1 nm), each peak corresponding to a 
different sheath gas flow rate Q, from 990 to 2160 L/min. The 
rightmost peak exhibits a full width at half height of 4.6%. 
Filled symbols show the spectrum of electrosprayed 
tetraheptyl ammonium bromide at Q = 290 Lit/min. 
 
Another practical problem when DMAs are used 
at such high flow rates is the difficulty to 
determine accurately the flow rate (hence the 
mobility or the size). This obstacle can however 
be resolved by use of mobility standards generated 
by electrospray (Ude et al, 2006), whereby the 
precision of the mobility determination is as good 

as that of the standard, which may be much higher 
than can be attained by conventional DMA 
measurements. 
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INTRODUCTION 
 Current studies of nucleation mechanisms of 
atmospheric aerosol particles demand the 
measurements of particles with diameters < 3 nm. 
Common aerosol spectrometers are able to measure 
particles with sizes > 3 nm. Air ion spectrometers 
designed at the University of Tartu are able to detect 
recently nucleated charged aerosol particles and 
charged clusters < 3 nm. 
 Simultaneous measurements of particles by ion 
spectrometers and aerosol spectrometers enable to give 
valuable information about nucleation and growth 
properties, and charging state of atmospheric aerosol 
particles. By now, we have a lot of data of air ion 
mobility distributions from many places around the 
world from Finnish Lapland to Antarctica and 
Australia. These measurements have given new 
interesting results and new data are coming every day. 
 
APPARATUS 
 There are two kinds of mobility spectrometers, 
designed at the University of Tartu, Estonia, and built 
by Airel Ltd.: the Balanced Scanning Mobility 
Analyser (BSMA) and the Air Ion Spectrometer (AIS) 
measuring air ion mobility distribution. BSMA 
(Tammet, 2004) measures ion number concentrations 
in the 16 fractions consecutively in time, one polarity 
after the other in mobility range 3.2 – 0.032 cm2V-1s-1 
(corresponding diameter range is 0.34 nm – 7.4 nm). 
AIS (Mirme, 2004) measures simultaneously ion 
concentrations in 28 mobility fractions of both, positive 
and negative ions in mobility range 3.2 – 
0.00075 cm2/V⋅s (0.34 – 40 nm). The Neutral Air Ion 
Spectrometer (NAIS) is developed. The NAIS is able to 
measure also neutral particles below 3 nm. This is a 
modification of the AIS with added extra chargers and 
filters. 
 At present time, there are 7 AISs and two BSMAs 
in the world. Figure 1 shows the measurement locations 
and expedition routes, where these instruments have 
measured. 
  
RESULTS 
 Some of the results obtained from the 
measurements are as follows: 
• New particle formation and growth events have 
been found all over the world, except during expedition 
over the Atlantic ocean. 

 
Figure 1. Locations and expedition routes of the 
measurements of air ion mobility distributions. 
 
• In some cases, charged fraction as a function of size 
shows overcharging of 3 – 5 nm particles in relation to 
steady charging state, which is an indication of ion-
induced nucleation. 
• By comparison of AIS and NAIS data, the amount 
of neutral 1 – 3 nm particles is estimated. 
• Formation of 2 – 6 nm negatively charged particles 
is detected during rain- and snowfall. 
• Disappearance of air ions is observed during the 
measurements inside cloud. 
• Estimated particle growth rates in the atmosphere 
vary between 1 – 10 nm/h in most cases. A size-
dependence of growth rate is observed. 
• Growth and nucleation rates obtained from 
measurements are compared with modelled results by 
Tammet’s model (Tammet and Kulmala, 2005). 
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INTRODUCTION 
 The influence of aerosols on climate is the largest 
uncertainty in current climate models. Aerosols are 
produced by human activity but they are also formed 
naturally in oceans, deserts, and forests. Determining 
the magnitude and driving factors of biogenic aerosol 
production in different ecosystems is crucial for future 
development of climate models.  
     So far, most studies of biogenic aerosol production 
have taken place at continental and coastal sites in the 
Northern Hemisphere (Kulmala et al., 2004). Our 
project is the first to study aerosol production rates in a 
temperate forest in the Southern Hemisphere. The 
study site is an evergreen Eucalypt forest in 
Tumbarumba, NSW, Australia. Our aim is to determine 
the magnitude of aerosol production and to find driving 
environmental factors in Tumbarumba and to compare 
the results to those obtained in other environments and 
climates. Our project is a step towards determining the 
contribution of forests to the global aerosol load.  
 
METHODS 
 The initial steps of aerosol formation can be 
detected with a new Atmospheric Ion Spectrometer 
(AIS) (Laakso et al. 2004). The AIS we use in this 
project can detect charged particles (ions) down to 0.4 
nm in diameter in their birth and growth phases and 
measures their size distribution up to about 40 nm 
continuously every 5 minutes.  
 
RESULTS AND DISCUSSION 
 Fig. 1 shows a particle formation event that on 
average appears to take place every third day in 
Tumbarumba just like at the SMEAR II station in 
Hyytiälä, southern Finland. However, in Hyytiälä new 
particles are formed mainly in spring and autumn, but 
in Tumbarumba many events have taken place in the 
middle of winter. Suppressing factors for aerosol 
formation were humidity and cloudiness. RH was 58% 
on particle formation days (FD) and 83% on non-
formation days (NFD). Similarly, cloudiness was 1.5 
on FD and 3.8 on NFD. Temperature played no role, 
being 10 ºC on both FD and NFD. This is probably a 
wintertime phenomenon – high temperatures should 
prevent particle formation by inhibiting condensation 
of organic vapours. Air mass origin did not have an 
effect (data not shown). 
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Experimental Systems for Investigation of Ion-Induced Nucleation 
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INTRODUCTION 
 An ion-induced nucleation is one of important 
mechanisms to generate an atmospheric aerosol. 
However, the growth from ion to particles has no been 
measured directly and credible growth rates of ions 
have not been obtained. In this paper, two experimental 
systems using a small ionization chamber and a 
differential mobility analyzer (DMA) as a nucleation 
chamber are reported.  
 
ION-INDUCED NUCLEATION IN SAMLL αααα-
RAY IONIZATION CHAMBER (T.O. Kim et al., 
1997) 
 Figure 1 shows the experimental apparatus used 
consists of a continuous flow gas-generation system, an 
α-ray ionisation chamber, an ultarfine aerosol 
condensation nucleus counter (UCNC; TSI model 
3025), a cluster-differential mobility analyser 
combined with Faraday cup electrometer (C-
DMA/FCE) set.   
 In the ionization chamber, nanometer sized particles 
are generated from SO2/H2O/Air mixture. for ion-
induced nucleation. The upper and lower walls of the 
chamber act as electrodes, and a 241 Am source of 3.03 
MBq is placed on the lower wall. Then the mixture is 
ionized by α-ray emitted from the 241 Am source. By 
removing charged particles to one of the electrodes, the 
dc electric field applied to the ionisation chamber 
prevents charged particles from being neutralized by 
bipolar ions. The tungsten wire of the exit tube acts as a 
charged-particle collector. Particles pass through the 
collector are measured with the UCNC. The dc voltage 
is applied to the collector and the ionisation chamber 
when the number concentration of uncharged particles 
n0 is measured. When total particles number 
concentration nT is measured, the voltage is not applied 
to the ionizer and the collector. Then, the charged-
particle fraction f=1- n0/ nT is given. When particle size 
is measured with C-DMA/FCD set, no voltage is 
applied to them. 
 Figure 2 shows electrical mobility distributions 
measured at SO2 concentration of 0.3-3.3 ppm. Nano-
particles are generated and their peak height increases 
with SO2 concentration. 
 The charged-particle fraction was measured at SO2 
concentration of 0.2-1.0 ppm and the residence time of 
1.46-4.39 s. The fraction decreased with increasing SO2 
concentration. The reduction of charged-particle 
fraction at a residence time of tR=4.39 s was larger than 
those at tR=2.20 and1.46 s. 

 Figure 3 shows the particle formation mechanisms 
clarified in this experimental system. In the 
SO2/H2O/Air mixture, particles are formed by 
competition between ion-induced nucleation and binary 
homogeneous nucleation. Hydroxyl radicals react with 
SO2 and produce SO3, which produce finally H2SO4 by 
reaction with H2O. H2SO4 vapor forms particles not 
only by binary homogeneous nucleation with H2O 
vapor but also by ion-induced nucleation. The particle 
formation by ion-induced nucleation is faster than that 
by binary homogeneous nucleation. 

Figure 1 Experimental system using 
α-ray ionization chamber. 

Figure 2 Change in electrical mobility 
distribution with SO2 concentration. 



 
 
 
 
 
 
 
 
 
 
 
 
 
ION-INDUCED NUCLEATION IN 
DIFFIRENTIAL MOBILITY ANALYZER (Adachi 
and Yokoyama, 2005) 
 A differential mobility analyzer (DMA) is used as 
a nucleation chamber (Figure 4). An air containing a 
condensable vapor is sent to a classification zone 
between outer and inner cylindrical electrodes as a 
sheath air. In the classification zone, ions introduced 
from the outer electrode are attracted to the inner 
electrode and cross the sheath air containing the vapor. 
During the crossing, vapor molecules condense on ions, 
that is, the ion-induced nucleation.  
 The experimental system consists of the Vienna 
type DMA/Faraday cup electrometer (FCE) set 
(Wyckoff Co. Model DMA Ⅲ), the evaporator, the 
hygrometer, the thermometer and the ion generator 
(Figure 5). The humidity of the sheath air is controlled. 
Both of the α-ray radioactive ionizer and the high-
pressure ionizer are used as the ion generator. The α-
ray radioactive ionizer generates the ions with standard 
mobility and the high-pressure ionizer dose the ions 
with various mobility. H2O cluster ions and H2SO4/H2O 
cluster ions are generated by both devises. 
 Figure 6 shows mobility distribution of H2O cluster 
ions at humidity of 15- 28%. H2O cluster ions were 
generated by the high pressure ionoizer which H2O of  
7300 ppm is added and –12kV is supplied. The peak 
values in the electrical mobility distributions shifted to 
lower values and their currents tended to be higher 
according to the increase in humidity in DMA. This 
means that H2O cluster ions evaporate in DMA at 
RH=15-28%.  
 
Keywords: Differential mobility analyzer, Humidity,  
Ion-induced nucleation, Ion mobility  
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Contributions of Organic Acids to New Particle formation

Renyi Zhang
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INTRODUCTION
To assess the role of low volatile organic species in

new particle formation, we perform laboratory studies
of particle nucleation from several acid vapors and
their mixtures with H2SO4. Nucleation of sulfuric acid
is considerably enhanced in the presence of organic
acids. Theoretical calculations identify the formation of
an unusually stable aromatic acid-sulfuric acid
complex, which likely leads to a reduced nucleation
barrier. In addition, we performed aerosol simulations
using a chemical transport model and ground-based and
aircraft aerosol measurements to investigate the
contribution of low-volatility organics in new particle
formation in an urban environment. The results imply
that the interaction between organic and sulfuric acids
promotes efficient formation of organic and sulfate
aerosols.

EXPERIMENTAL STUDIES
Aerosol nucleation experiments were performed

using an aerosols chamber coupled to ion drift -
chemical ionization mass spectrometry (ID-CIMS) and
nano-differential mobility analyzer  (Nano-DMA) for
gaseous and particle detection, respectively (1). We
initially generated H2SO4 aerosols by introducing gas-
phase H2SO4 in a nitrogen carrier gas with a variable
relative humidity (RH). For a gaseous H2SO4
concentration in the range of 109 to 1010 molecule cm-3,
the particle size formed ranged from 3 to 10 nm. The
observed particle concentration increased when the
gaseous H2SO4 concentration or RH was increased. A
marked increase in the particle concentration occurred
when organic acid vapor was added to the aerosol
chamber (Fig. 1).

The nucleation rate, J, was estimated on the basis of
the ratio of the measured particle concentration to the
nucleation time. In the absence of organic acids, the
nucleation rate is dependent on the gas-phase H2SO4

concentration and RH. The nucleation rate was
considerably increased in the presence of the organic
acids (Fig. 2).

QUANTUM CHEMICAL CALCULATIONS
We performed quantum chemical calculations

which show the formation of surprisingly stable
aromatic acid-sulfuric acid complexes (Fig. 3). The
equilibrium aromatic acid-sulfuric acid structure
exhibits a nearly planar eight-membered ring: there are
two hydrogen bonds with the organic acid molecule
acting as both a hydrogen-bond donor and acceptor.
The binding energies of the complexes are about 20

kcal mol-1 for most organic acids. The large stability of
the organic acid-sulfuric acid complex implies that the
aromatic acid molecule bonds irreversibly to H2SO4

under atmospheric conditions. The complex formation
between aromatic and sulfuric acids most likely
reduces the barrier in heteromolecular nucleation and
helps condensation growth of the nucleated critical
embryo by overcoming the Kelvin effect.

Figure 1. Measured particle size distributions of the
nucleating aerosols. In (a), the pink and black curves
correspond to H2SO4 aerosol formation with a RH of 5% and
gaseous H2SO4 concentrations of 6 x 109 and 8 x 109

molecule cm-3, respectively. The blue and red curves are
similar to the pink and black curves, respectively, except for
addition of 0.04 ppb benzoic acid to the aerosol chamber. In
(b), the pink curve corresponds to H2SO4 aerosol formation
with a RH of 5% and a gaseous H2SO4 concentration of 7 x
109 molecule cm-3. The blue and red curves are similar to the
pink curve, except for the addition of 0.04 and 0.1 ppb
benzoic acid (corresponding to 1 x 109 and 2.5 x 109

molecule cm-3), respectively.

MEASUREMENTS AND MODELING
In addition, we performed aerosol simulations using

the EPA's Models-3 Community Multiscale Air Quality
model (CMAQ) and ground-based and aircraft aerosol
measurements to investigate new particle formation in
an urban environment (Fig. 4). The aerosol
measurements reveal elevated ultrafine particles that
reach the highest value in the afternoon, indicating
prominent new particle formation. Simulations of the
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binary H2SO4-H2O nucleation predict an order of
magnitude lower concentrations for aerosols near 10
nm than the measurements. A parameterized nucleation
scheme that accounts for the enhanced nucleation effect
of secondary condensable organics is incorporated into
the Models-3/CMAQ. The organic nucleation scheme
predicts the number concentrations in agreement with
the ground-based and aircraft measurements during the
daytime.

Figure 2. Measured nucleation rate (J) as a function of
gaseous H2SO4 concentration. The solid triangles correspond
to H2SO4 aerosol formation with a RH of 5%, and the solid
circles correspond to particle formation with 5% RH and in
the presence of 0.1 ppb benzoic acid (a), 0.2 ppb p-toluic acid
(b), and 0.3 ppb m-toluic acid (c). The curves are fit to the
experimental data. The experiments were performed at 298 ±
2 K and a total pressure of 760 Torr.

 CONCLUSIONS
Our combined experimental studies, quantum

chemical calculations, measurements and modeling
corroborate the importance of secondary condensable
organics in new particle formation when sulfate and
organics are abundant.

Keywords: Organic acids, nucleation, sulfuric
acid

Figure 3. Equilibrium geometries of the benzoic acid (a), p-
toluic acid (b), and m-toluic acid (c) - sulfuric acid complexes
obtained at the B3LYP/6-31G(d,p) level of theory.

Figure 4. Comparison of aerosol simulations with the ground-
level (a) and aircraft (b) measurements. The solid, dashed,
and diamond curves correspond to simulations using the ON
scheme and BN scheme and measurements, respectively.
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Measurements of Potential Aerosol Precursor Gases in the Rural and Coastal Atmosphere

H. Berresheim and C. Plass-Duelmer
German Weather Service, Meteorological Observatory, 82383 Hohenpeissenberg, Germany

INTRODUCTION
Sulfuric acid (H2SO4) and other potential precursor

gases for ultrafine particle (UFP) formation have been
measured in several field campaigns spanning from a
few weeks up to several years. In collaboration with
other research groups measuring aerosol physical and
chemical parameters these studies have been conducted
in quite different environments: (a) rural (Hohenpeiss-
enberg, southern Bavaria, Germany; Birmili et al.,
2003), and (b) coastal marine (Mace Head, Ireland;
Berresheim et al., 2002; O'Dowd et al., 2003; and
Finokalia, Crete/Greece; Berresheim et al., 2003;
Bardouki et al., 2003).

RURAL ATMOSPHERE
From April 1998 to August 2000 the Hohenpeissen-

berg Aerosol Formation Experiment (HAFEX) was
carried out at the Global Atmosphere Watch (GAW)
Observatory Hohenpeissenberg (47°48'N, 11°01'E).
H2SO4 and OH were measured by chemical ionization
mass spectrometry (CIMS; Berresheim et al., 2000;
Rohrer and Berresheim, 2006), monoterpenes and other
hydrocarbons by GC/FID/MS. The long-term H2SO4
record  (Figure 1) shows significant annual variation
with maximum levels in spring and summer.
Monoterpenes are strongly emitted from the forest area
surrounding the observatory and, as expected, also peak
in summer. On the other hand, apparent UFP (particles
detectable between 3-11 nm diameter) were mostly
observed during winter/spring (20% of all measure-
ment days) and fall, but rarely and with lower number
concentrations in summer (Birmili et al., 2003). UFP
events only occurred around local midday hours and in
most cases during high pressure and sunny conditions
in subsiding air with elevated OH and H2SO4 levels.
Overall, a classification by the intensity of the events
indicated a qualitative relation between observed UFP
and H2SO4 levels except for the summer season.
However, a simple correlation between the two
parameters is not evident from the measurements
(Figure 2) . Photochemical H2SO4 production is likely
important for UFP formation but apparently does not
suffice to trigger a (measurable) UFP event. Maximum
production rates of H2SO4 reach up to 2x105 cm-3 s-1 ,
those of total monoterpene oxidation products (MOPs)
contributing to UFP mass (10-20% of all products) may
even be higher in summer and comparable in spring
and fall. With respect to further particle growth, H2SO4
contribution is likely minor compared to that by MOPs.
Growth rates on the order of 2 nm/hr were calculated.

Further calculations indicated that the total aerosol
surface concentration is a critical factor with respect to
"survival and growth" (in competition with coagul-
ation) of UFP. However, no significant seasonal vari-
ation of this parameter was found at Hohenpeissenberg.

COASTAL ATMOSPHERE
As part of the PARFORCE campaign (New Particle

Formation and Fate in the Coastal Environment, June
1999) CIMS measurements at Mace Head revealed that
H2SO4 can initiate (ternary) particle nucleation also in
this type of environment, and in conjunction with
iodine compounds promote the growth of 1 nm to 3 nm
and larger particles (Kulmala et al., 2002; O'Dowd et
al., 2004). High time resolution data showed some
inverse correlations between UFP levels and both
H2SO4 and MSA levels with the latter contributing only
to particle growth. UFP events systematically occurred
at low tide and showed no overall correlation with
H2SO4. Dimethylsulfide oxidation alone (assuming
only SO2 as intermediate product) could not explain
observed H2SO4 levels. OH measurements during UFP
events pointed to a significant consumption of OH and
fast photochemistry involving reactions with organic
compounds released from seaweed.

During the MINOS campaign (Mediterranean
Intensive Oxidant Study, July/August 2001) on the
northeastern coast of Crete consistently polluted air
was encountered (Lelieveld et al., 2002) and no UFP
events were observed in the marine boundary layer.
H2SO4 concentrations were balanced by formation via
SO2+OH reaction and condensation onto existing
aerosol. The latter process contributed up to two thirds
to aerosol non-sea salt sulfate levels. The H2SO4
lifetime was quite low at 1-2.5 min (Bardouki et al.,
2003).

CONCLUSIONS
UFP formation in both rural and coastal background

air requires photochemical processing and can be
initiated by H2SO4. However, additional controls by
aerosol surface concentration, temperature, relative
humidity and/or air mass exchange may be critical. In
rural air H2SO4 production rates can be exceeded by
production of MOPs which thus contribute significant-
ly to aerosol mass.

Keywords: sulfuric acid, hydrocarbons, measurements,
aerosol nucleation, aerosol growth
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Figure 1. Atmospheric H2SO4 concentrations (monthly
means) measured at Hohenpeissenberg (1999-2005) at
ambient relative humidities <95%.

Figure 2. Atmospheric H2SO4 concentrations (hourly means,
1100-1400 CET) measured at Hohenpeissenberg in 2004
(ambient relative humidities <95%; filled symbols: UFP
events, open symbols: all data).

Figure 3. Total monoterpene turnover rates with OH and O3
(hourly means, 1100-1400 CET) at Hohenpeissenberg in
2004 (filled symbols: UFP events, open symbols: all data).
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The growth rate of fresh atmospheric particles: implications on vapour species and 
nucleation rate estimates 
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INTRODUCTION 
 During the last decade a wealth of submicron 
aerosol size distribution measurements has become 
available for scientists interested in atmospheric 
particle formation (see Kulmala et al., 2004 for a 
review).  
 Currently, the formation of observable aerosol 
particles has to be considered a separate phenomenon 
from the actual nucleation process, as most aerosol 
instrumentation cannot observe particles at the sizes 
they are considered to be born. Between the instant of 
formation and the moment that particles can be 
observed they grow by condensation of vapour 
molecules, while simultaneously being scavenged by 
coagulation to pre-existing particles.  
Among the key questions to be answered before 
particle formation bursts can be successfully 
incorporated into modelling efforts are  

i) what species take part in nucleation  and 
at which rate does it produce clusters? 

ii) What condensing species is responsible 
for the particle growth? 

Determining the rate at which the newly formed 
particles grow is a key factor in answering these 
questions; herein we will discuss some aspects of this.  
 
METHODS AND DISCUSSION 
 Atmospheric, regional particle formation events are 
characterized by the appearance of new particles at the 
beginning of the spectrum and the subsequent growth 
of these particles. The growth rate can be determined 
from measured size distributions in various ways; for 
example, taking the time derivative of the geometric 
mean diameter of a suitable particle size range or a log-
normal distribution fitted to the new particles (e.g. 
Stoltzenburg, 2005); alternatively, following the time 
evolution of the concentration in each measurement 
‘channel’ (e.g Hirsikko et al., 2005); or estimating the 
time difference of the assumed nucleation time and the 
time particles are observed (e.g. Fiedler et al., 2005).  
 The observed growth rates of fresh particles range 
generally from ca. 0.5 nm/h to ca. 20 nm/h in different 
environments. The growth rate of >3 nm particles is 
often rather constant, but investigations of ion spectra 
in for example the boreal forest have shown that the 
early growth is slower than in the latter stages 
(Hirsikko et al., 2005).  

 The theory of aerosol dynamics during a nucleation 
burst is well-known, and allows one to try to make a 
closure between the probable condensing vapour and 
the observed growth rate. If this is done with 
observations using the log-normal mode approach, one 
should also take into account the changes to the 
distribution caused by coagulation, as Stoltzenburg et 
al. (2005) have done. Comparisons of growth with 
measured sulphuric acid concentrations have been 
done, and in the very polluted environment of Atlanta 
good closure was achieved (Stoltzenburg et al., 2005); 
other studies, however have shown that only a small 
fraction of the growth can be explained by sulphuric 
acid (Weber  et al., 1997; Fiedler et al, 2005; Boy et 
al., 2005 ; Wehner  et al, 2005). 
 For a longer time-series analysis, we have used 
modelled sulphuric acid concentrations (Boy et al., 
2005) with growth rates obtained from several 
instruments including DMPS, AIS and BSMA for 
events covering a time over 2 years at the Hyytiälä 
measuring station.  The results show that the 
contribution of sulphuric acid varies, cannot alone 
explain the growth, even at the smaller sizes. This 
means that other, low-volatile vapours are involved in 
particle growth. Organic oxidation products are 
considered most likely candidates.  

 
Figure 1:  The factor 1/Psurv as a function of the particle 
growth rate for typical event conditions in Hyytiälä, Finland. 
This has implications also on the determination of the 
nucleation rate of fresh clusters. The competition 
between condensation growth and coagulation loss is 
probably the most important process defining whether 
new particle formation occurs in the atmosphere. The 



probability of a nucleated (stable) cluster to survive to 
observable sizes has been studied by several authors 
(eg. Weber et al., 1997; Kulmala et al., 2001; 
Kerminen and Kulmala, 2002; Mcurry et al., 2005). 
The relation between the observed formation rate can 
be given as 

observed
survival

nucleation J
P

J 1
=  

where Psurvival is the probability of a particle surviving 
the growth from nucleation size to observable size. The 
factor 1/Psurvival depends exponentially from the growth 
rate; this means that at low growth rates, as they are 
currently assumed to be in the critical 1-3 nm range, a 
small difference in the growth rate can cause 
differences of over and order of magnitude to the 
obtained nucleation rate (see Fig. 1). If the growth is 
solely dependent on the sulphuric acid concentration, 
measurements of vapour phase sulphuric acid can be 
used for nucleation rate estimation, but if other vapours 
are participating, one has to rely only on growth rates 
obtained from aerosol data.  
 
  
 CONCLUSIONS 
 
The growth rate of fresh atmospheric particles can be 
used to get information on the condensing vapour. In 
addition to sulphuric acid, other vapours are needed to 
explain growth, at least in rural areas. Obtaining a good 
estimate for the growth rate is critical for the estimation 
of the nucleation rate. Therefore, extending the 
measurement range of aerosol particles to the very 
smallest particles is of prime importance.  
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INTRODUCTION 

 The set of chemical compounds that are expected to 

be in atmospheric nanoparticles are the least volatile 

and most difficult to measure of all atmospheric 

constituents. Sulphuric acid has been considered to 

play an important role; however, the observed linear 

dependence between formation rate of 3nm particles 

and sulphuric acid concentration calls into question 

whether we understand the mechanism completely and 

whether organic compounds may also play an 

important role.  For almost two decades, scientists have 

attempted to understand the processes, and identify the 

species possible, for early stages of particle growth.  

This manuscript provides a brief history of this pursuit, 

focusing on measurements of sub-50 nm diameter 

particles.  In addition, the role that the Thermal 

Desorption Chemical Ionization Mass Spectrometer 

(TDCIMS) has played will also be discussed. 

 

BACKGROUND 
 The chemical composition of newly formed 

particles has been studied in three ways: 1) indirectly, 

by measuring some other property; 2) through the use 

of off-line collection and analysis techniques; and 3) 

using real-time, online analytical techniques.  Impor-

tant measurements of the chemical properties of newly 

formed particles have been performed using tandem 

Nano Differential Mobility Analyzers (Nano DMAs) 

and condensation particle counters to investigate 

volatility or the uptake of water or organic compounds 

on size-selected aerosol. A study employing tandem 

Nano DMAs in urban Atlanta, GA, found that the 

population of 4 nm particles became less volatile and 

more hygroscopic following a nucleation event, which 

is consistent with ammonium sulfate aerosol (Sakurai 

et al., 2005).  A similar instrument was used at Mace 

Head, Ireland, to study new particle formation there, 

where it was found that particles formed from 

nucleation were composed of non soluble or weakly 

soluble species (Vakeva et al., 2002).  The growth 

characteristics of aerosol have been investigated using 

the PHA technique, which was used to infer that 

nanoparticles in a boreal forest region were composed 

primarily of organic acids (O'Dowd et al., 2002). 

 Offline sampling techniques involve collecting 

particles on a substrate, often in a size-segregated 

manner, for later chemical analysis. The application of 

offline techniques to nanoparticle composition is 

challenged by an inability to collect sufficient mass of 

these particles for analysis, often requiring longer 

collection times.  Dimethylamine has been identified 

by the chemical analysis of newly formed particles 

collected in a low-pressure impactor in a boreal forest 

(Makela et al., 2001). At Mace Head, Ireland, both 

iodine and sulfur were found in particles with diameter 

below 10 nm (Makela et al., 2002), suggesting that 

biogenic iodine species emitted from seaweeds may be 

responsible for new particle formation or growth. 

 Online chemical analysis techniques directly 

analyze particles in real-time, usually by vaporizing 

particles by lasers or heated surfaces, ionizing the 

resulting gas, and injecting the ions into a mass 

spectrometer for analysis. These techniques are highly 

desirable for the study of nanoparticle composition, 

with both high sensitivity and short sampling times. In 

a study of the chemical composition of ambient 

ultrafine particles following nucleation events in 

Pittsburgh, PA, made with an Aerosol Mass 

Spectrometer (AMS), particles in the 18 – 33 nm 

diameter range were first composed of sulfate, and then 

after 10-40 min began to include ammonium, organics, 

and to a lesser degree, nitrate.  In that setting, 

secondary organics contributed significantly to the 

growth of ultrafine particles in the afternoon when 

photochemistry was most active. In a study with an 

AMS made in the boreal forest at Hyytiälä, Finland, 

measurements of sub-100 nm particles resulting from 

growth over several hours following a nucleation event 

showed their mass to be principally, if not entirely, 

composed of organic species (Allan et al., 2006).  The 

AMS was also used in chamber studies of new particle 

formation from the oxidation of CH2I2 (Jimenez et al., 

2003), where they postulated that OIO is the most 

likely gas-phase species to produce the observed 

nucleation and aerosol growth. Recently a Nano-

Aerosol Mass Spectrometer (NAMS) was developed to 

obtain the atomic composition of atmospheric 

nanoparticles.  When employed to the study of aerosol 

formation from α-pinene–O3 reactions, high C:O ratios 

of 1.9 and 2.5 was measured for 9 and 30 nm diameter 

particles, respectively (Tolocka et al., 2006). 

 

THERMAL DESORPTION CHEMICAL IONIZA-

TION MASS SPECTROMETER (TDCIMS) 
 The TDCIMS, developed specifically for 

characterizing the composition of freshly nucleated 

particles, is capable of online measurements of the 

molecular composition of nanoparticles as small as 5 



nm in diameter with a time resolutions of ~20 minutes 

(Smith et al., 2004). The first field deployment of the 

TDCIMS was during the ANARChE field study in 

Atlanta, GA, during the summer of 2002. Results from 

that study for 6 – 15 nm diameter particles found that 

particles formed recently from nucleation have 

enhanced concentrations of ammonium and sulphate 

and that ammonium sulphate could account for the 

entire sampled nanoparticle mass.  No other 

compounds were detected in the particles during new 

particle formation events (Smith et al., 2005).   

 Recent progress in TDCIMS development has 

focused primarily on organics characterization in 

atmospheric nanoparticles.  A temperature-ramping 

thermal desorption scheme has been added that allows 

compounds to be analyzed as a function of filament 

temperature.  This modified instrument was deployed 

to an urban site in Tecamac, Mexico, during the 

MILAGRO field study in March, 2006 and a forested 

site in Niwot Ridge, CO, during the CELTIC-Niwot 

Ridge field study in August 2006.  With the improved 

capacity of the TDCIMS to detect organic compounds, 

a new picture of the composition of particles formed by 

nucleation is emerging.  Figure 1 shows preliminary 

results from a “mode following experiment” in which 

measurements of the chemical composition of the 

particles in the peak of the growth mode in the size 

distribution were made during a new particle formation 

event that started at 15:00 GMT on March 16
th

 during 

MILAGRO (Figure 1a).  Several species were found in 

abundance in the particles (Figure 1b). The sulphur 

species (SO2
-
, SO3

-
, and SO4

-
) are surprisingly constant 

during the course of the event.  Nitrate starts out high 

in the small particles and decreases in the larger 

particles during growth, as do peaks that we associate 

with organic compounds: a marker species for organics 

(C2H2
-
), a peak associated with or organic acids 

(C2H3O2
-
), and a peak at 42 amu that is, as yet, 

unassigned.  This new particle formation event on 

March 16 is associated with high levels of gas phase 

sulphur species and is believed to have been the result 

of a volcanic plume impact.  

 

CONCLUSIONS 

 TDCIMS measurements of nanoparticle 

composition following new particle formation events 

show signals of both organics and nitrate that in some 

cases exceed those from sulphur species.  Further 

analysis and measurements are forthcoming. 
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Figure 1. (a) TDCIMS “mode following experiment” (see 

text) during a new particle formation event observed at the 

T1 surface site during MILAGRO.  (b) Nitrate and sulfate 

appeared to be the dominant species in nascent particles, 

while sulfate compounds remained relatively constant.   

a 
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INTRODUCTION 
 Particle formation events are frequently being 
observed over boreal Scandinavia. Although the 
mechanisms responsible for the formation and growth 
of these particles are yet to parts uncertain, sulphuric 
acid is believed to posses a key role in the initial 
formation of nano-meter sized clusters. However, as 
the concentration of sulphuric acid rarely reaches high 
enough concentrations to sustain observed growth 
rates, other condensable compounds are a necessity to 
get closure between theory and observations. Organic 
constituents comprise a large fraction of the aerosol 
burden globally (Andrea and Crutzen, 1997) and there 
is growing evidence that naturally emitted terpenes 
significantly contribute to gas-to-particle formation 
(O’Dowd et al., 2002). The mechanism likely includes 
formation of condensable product from gas phase 
oxidation of terpenes, i.e. mono- and dicarboxylic 
acids. Similar compounds, or polymers thereof 
(Kalberer et al., 2004), could posses a low enough 
vapour pressure to support significant gas-to-particle 
formation rate in remote regions characterised by the 
boreal environment. 
 Several studies of aerosol number size distribution 
data from stations in Sweden and Finland have been 
performed (Tunved et al., 2003 and 2004a).  
 
 
METHOD 
 Different approaches have been used to study the 
influence of emissions from the boreal forest. Either 
Lagrangian supported with detailed process models or 
by relating the time spent over land with typical 
observed features of the aerosol size distribution we are 
able to indirectly map the changes in size distribution 
properties. Based on an approach described by 
(European Commission, 1999) and references therein, 
accumulated mono-terpene emissions were estimated 
for each transport occasion.  
 
 
RESULTS 
 The evolution of the size distribution as the marine 
to continental transition exhibit a straightforward 
relation to the time spent over land. The lowest average 
diameter is initially 20 nm. During the following 54h 
the mode grows up to 90nm. This corresponds to a 

growth rate of approximately 1.3nm/h. This pattern 
closely resembles the observed features of single 
nucleation events, indicating that nucleation event 
partake in the aerosol number increase during marine to 
continental transition of air-masses. The features are 
not consistent with primary emissions of small 
particles. The marine-to-continental transition includes 
a significant change in source profiles resulting in 
accumulating mass and number concentrations.  This 
process is likely supported by natural emissions of 
terpenes.  The observations are directly supported by 
the Lagrangian studies showing the how nucleation and 
subsequent growth by organics dominates the Artic air 
masses when transported south over the Nordic 
countries, while only contributing to the mass when 
southerly air masses are transported north over the 
same area (Tunved et al., 2004b and 2006a). This 
means that the forest at high latitudes over Scandinavia 
typically can support a “steady state” aerosol 
population representative for the typical natural source 
in this region (Tunved et al., 2006b).  
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INTRODUCTION 
Measurements of + & - charged fractions (3.5-

25nm), size distributions of positive and negative 
ions (0.4-6.3nm), and size distributions of charged 
and neutral particles (3 nm-5 µm) were carried out 
north of Mexico City in March 2006 during the 
MIRAGRO campaign.  Fuchs surface areas and 
ultrafine (<10nm) particle concentrations were higher 
than we’ve observed elsewhere.  Figure 1 shows a 
typical particle formation event observed during this 
study.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Contour plot of ∆N/∆logDP of total 
(charged and neutral particles (above) and small and 
intermediate ions (below) measured on March 21st, 
2006 north of Mexico City. 
 

It was generally difficult to obtain the diameter 
growth rate, dD , from the measured particle size 
distribution during nucleation events in Mexico City 
since the growth of modal sizes was not clearly 
visible.  In order to overcome this problem, we 
developed a method to estimate dD  from the 
measured charged fraction, f , in the 3.5-15.5nm 
range assuming that the measured profile of f vs size, 

, can be characterized by the steady state charge 
distribution undergoing condensational growth and 
collisions with ions.   

dtP /

dtP /

PD

 
THEORY 

In order to make the method simple and 
transparent, the concentration and mobility of 
positive and negative ions are assumed to be equal: 

 and .  The initial 
charged fraction of positively and negatively charged 
nucleated particles, which are assumed to be ~1nm, 
are equal, . The under these 
assumptions, the governing equation of the steady 
state charge fraction, f, is given by 

ionionion ccc ≡≈ −+

nmf1
+

ionionion ZZZ ≡≈ −+

nmnm f1≡−f1≈
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whereβ~ is the dimensionless ion-aerosol attachment 

coefficient defined by ∗= βββ /~ , where is  
chosen to be 2-3×10

∗β
-8 cm3/s. PD~  is the dimensionless 

size defined as ( )PP DD ∆− / PP D=D~ 0 , where D  is 
initial size (assumed to be 1nm), and ∆ is the size 
range that particles grow through (15.5-1.0=14.5nm, 
where 15.5 nm is the upper size at which charged 
fractions were measured). G

0P

PD

~ is the dimensionless 
growth rate defined as 
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The value of G~  ranges from 0.25-250 over 
conditions in the atmospheric boundary layer. Ω~  is 
the dimensionless enhancement factor in 
condensation due to charge-dipole interaction 
(Tammet and Kulmala 2005).  According to Eqn 1, 
the profile of f vs. DP is determined by a unique set of 
G~  and .  Further theoretical analysis showed 

that 
nmf1

G~  essentially determines the f vs. DP in 3.5-
15.5nm as approaches zero.   nmf1

 
VALIDATION OF THE THEORY 

First, the theory based on the steady state 
assumption is qualitatively verified by our 
measurements.  In our previous study,  we showed 
that nucleated particles “remember” their initial 
charge state during their growth up to ~15 nm (Iida et 
al., 2006).   Figure 2 shows the measured charged 
fraction normalized by the stationary state value of 
Fuchs (1963) within the 3.5-15.5nm range measured 
during three nucleation events observed in either 



Boulder CO or Mexico City.  The modal growth rate 
could be accurately obtained from the measured 
particle size distribution during those nucleation 
events; therefore, the values of G~ can be calculated 
independently from the charged fraction 
measurements.  As shown in the figure, the profile of 
f vs. DP becomes more undercharged as the value of 
G~  increases.  In all cases, the initial charge states of 
nucleated particles are expected to be almost all 
neutral and more clearly remembered as G~ increases.   

  
 
Figure 2. Measured charged fractions in the 3.5-
15.5nm range during three nucleation events in either 
Boulder CO or Mexico City from which the modal 
growth rates are obtained.  The value of G~ was 
calculated using observed modal growth rate and ion 
concentration and mobility. 
 

Second, the theory is quantitatively verified by 
our measurements.  The calculated f vs  were fitted 
to the measured values during nucleation and growth 
period by changing the input G

PD

~  and .  Then, 

estimated  from the 
nmf1

dtdDP / G~ are compared to the 
observed modal growth rate during nucleation events 
(Figure 3).  The six nucleation events observed in 
either Boulder CO or Mexico City were analyzed.  
As shown in the figure, the value of dD  inferred 
from the steady-state assumption agrees reasonably 
well with the observed modal growth rates over the 
3.5 to 23 nm/hr range.  

dtP /

 
APPLICATION OF THE THEORY 

Using the steady-state approach introduced 
above, the growth rate during particle formation 
event on March 21st 2006 was estimated.  Table 1 
summarizes the results.  The nucleated particles are 
essentially all neutral, and the estimated particle 
current at 4.3nm and 1nm for a typically observed 
nucleation event are ~300 and ~1800 cm-3s-1, 

respectively, indicating that particle formation rate in 
the atmospheric boundary layer of Mexico City is 
unusually high.   
 

 
Figure 3: Comparison of diameter growth rates 
calculated from measured charge fractions with 
observed growth rates of modal diameters in 3.5-
15.5nm range. 
 
Table 1. Summary of analysis of the nucleation event 
observed on March 21st, 2006 at Mexico City 

Parameter Values 

nmf1  Essentially zero 
dtdDP /  ~ 22 nm/hr 

Particle Current, J, 3.5-5.7nm 
range ~300 cm-3 s-1 

Particle Current, J, at 1nm ~1800 cm-3 s-1 
SO2 concentration during 
nucleation period 40-50 ppb 
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INTRODUCTION 

New particle formation events have been 
observed at various locations all over the world. 
Although these ultrafine particles appear to be caused 
by nucleation, the detailed process and related 
precursor gases are still unclear. Few field studies 
indicate that the occurrence of new particles is 
related to the boundary layer development, probably 
due to turbulent mixing processes. However, most of 
these studies were either restricted to ground-based 
particle measurements or based on aircraft 
measurements with poor spatial resolution. But 
detailed information about the vertical profiles of 
ultrafine particle are still rare.  

Here, high resolution measurements made with a 
tethered balloon-borne payload during the SATURN 
campaign (Stratmann et al., 2003) are presented. 
Vertical profiles with enhanced ultrafine particle 
concentration in different heights indicate nucleation 
events. The influence of the planetary boundary layer 
development and related phenomena on new particle 
formation is discussed. 
 
EXPERIMENTAL 

Measurements have been performed using a 
tethered balloon which lifted the instrumental 
payload ACTOS (Airborne Cloud Turbulence 
Observation System) up to a height of 1300 above 
ground level (agl). ACTOS is an autonomous system, 
which is equipped with sensors to measure the 
meteorological standard parameters (three-
dimensional wind vector, static air temperature, and 
humidity) with high temporal (100 Hz sampling 
frequency) and spatial resolution. Furthermore, two 
Condensation Particle Counters (CPCs, TSI-model 
3762) with different lower detection limits provided 
particle number concentration in two size ranges. 
From the difference, the concentration of the 
ultrafine particles N5-10 in the size range between 5 
and 10 nm was derived. In addition, SO2 gas 
concentrations have been measured (THERMO 
ENVIRONMENTAL, Model 43C) with a time 
resolution of 10 s.  

 A more detailed description of ACTOS and the 
tethered balloon system can be found in Siebert et al. 
(2003), details of the aerosol measurements on 
ACTOS are described in Stratmann et al. (2003) and 
Siebert et al. (2004). 

 Measurements during SATURN 2002 have been 
performed in Melpitz (42 km north-east of Leipzig, 
Germany). The site is located on a flat meadow, 
surrounded by agricultural land and forests.  
 
 
 

 
 
RESULTS  
Vertical profiles of particle number concentrations 
and meteorological parameters have been measured 
on several days in June 2002. Here, two case studies 
will be presented illustrating the vertical variability 
of ultrafine particle concentration. 
 
i) Nucleation in the residual layer  

Figure 1 shows three selected vertical profiles of  
N5-10 (left panel) and of potential temperature Tpot 
(right panel) measured on June 3 between 5:35 and 
11:30 CEST over Melpitz. The times represent a 
mean time for the respective ascent or descent, which 
took 10 – 20 min with a typical climb rate of the 
balloon of 1 to 2 m s-1. 

0

200

400

600

800

1000

100 1000

 

 

N5-10 [cm-3]

ba
ro

m
et

ric
 h

ei
gh

t [
m

 a
gl

]

 05:35
 08:40
 11:30

280 282 284 286 288 290 292 294

 

 

Tpot [K]

 
Figure 1. Selected vertical profiles of N5-10 in the size range 
of 5 - 10 nm (left side) and potential Temperature Tpot 
(right side) measured on June 3 in Melpitz. Times are in 
CEST and valid for the mean of profile. 

 
 During the first ascent around 5:35 CEST N5-10 no 
significant concentrations of ultrafine particles were 
observed within the lowest 1000 m. Only in the 
lowest 100 m values up to 50 cm-3 were measured. 
Tpot increased continuously up to a height of 700 m 
indicating a strong temperature inversion near ground 
level. The measurement at 8:40 CEST shows a 
temperature inversion between 200 and 350 m and 
N5-10 of less than 300 cm-3 below the inversion but up 
to 800 cm-3 above. Thus, formation of ultrafine 
particles started independently at different heights 
because the strong inversion layer prevents mixing 
between ground based and overlaying air masses. N5-

10 was significantly higher above the inversion 
indicating new particle formation within this layer. 
At 11:30 the temperature inversion had disappeared 
and a well mixed boundary layer has been developed. 



Then, N5-10 was nearly constant over the entire PBL, 
thus the newly formed particles from above were 
mixed downwards. 
 
ii) Nucleation below a low-level-jet  
 Figure 2 shows vertical profiles of N5-10 (left 
panel), horizontal wind speed u (middle), and SO2 
concentration (right panel) up to a height of 700 m 
measured on June 4 between 8:00 and 10:00 CEST. 
 During the first measurement at 8:15 CEST u 
shows a clear local maximum of 8 m s-1 in a height of 
280 m indicating a low level jet (LLJ). At the same 
time SO2 shows a maximum slightly below the wind 
maximum indicating advection of SO2 in connection 
with the LLJ. 
N5-10 shows no significant concentrations above the 
LLJ, but reaches nearly 100 cm-3 at the lower edge of 
the LLJ. The following sounding at 9:00 shows the 
LLJ nearly at the same height, N5-10 is increased 
compared to the last profile. 
 At 9:45 the LLJ was nearly disappeared and the 
maximum in N5-10 covered a broader layer between 
100 and 300 m. 
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Figure 2. Vertical profiles of N5-10 in the size range of 5 - 
10 nm (left side), horizontal wind speed u (middle), and 
SO2 concentration (right side) measured on June 4 in 
Melpitz. Times are in CEST and valid for the mean of 
profile. 
 

 
 
 CONCLUSIONS 
 Several examples of significantly increased 
concentrations of ultrafine particles in different 
heights of the PBL have been found during the 
SATURN campaign. Two examples have been 
shown here: new particle formation above an 
inversion layer followed by the observation of 
ultrafine particles all over the mixing layer after 
breaking up of the inversion.  
 In the second case significantly enhanced 
concentrations of SO2, which was advected by a low 
level jet, correlates with the increased concentrations 
of ultrafine particles. Furthermore, turbulent mixing 
at the lower boundary of the LLJ leads to turbulent 
mixing with lower air masses which might enhance 

the nucleation process. At this time no ultrafine 
particles were found at ground level. 
 In addition to these two presented cases Siebert et 
al. (2004) detected ultrafine particles near the 
inversion layer. Turbulent downward transport has 
been suggested to explain the following occurrence 
of ultrafine particles near the ground.  
 All these observations corroborate the hypothesis 
that new particle formation events often depend on 
different mixing and other processes which are 
typical for the PBL development (Bigg, 1997, 
Nilsson et al., 2001). Due to mixing of different air 
masses conditions can be created which are 
favourable for nucleation. Furthermore, under certain 
circumstance ground-based observations alone are 
not able to shed light on the question which processes 
led to nucleation. 
 Thus, airborne measurements of ultrafine 
particles, meteorology, and other related parameters 
as trace gases with high time resolution are necessary 
and planned. New instrumentation for high resolution 
measurements with a helicopter-borne version of 
ACTOS are under development. 
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INTRODUCTION 
 Atmospheric nucleation events were regularly 
observed during the fourth Cloud and Aerosol 
Characterization Experiment (CLACE 4), conducted at 
the Swiss high alpine research station Jungfraujoch in 
winter 2005. The measurement site (3580 metres 
altitude) is far removed from strong pollution sources 
and is deemed representative of the continental lower 
free troposphere. The station is regularly engulfed in 
clouds (37% of the time based on a year long survey 
reported by Baltensperger et al. (1998). These 
characteristics make the Jungfraujoch well suited to 
investigate atmospheric aerosols (e.g. Weingartner et 
al., 1999) and mixed phase clouds from a ground based 
platform (e.g. Henning et al., 2004). The measured 
aerosol size distributions were analyzed to determine 
empirical nucleation and growth rates using the method 
of Verheggen and Mozurkewich (2006). 
 
MEASUREMENTS 
 The aerosol size distribution was measured both 
indoors under dry conditions (due to heating to room 
temperature) and outdoors under ambient conditions 
(temperatures between -28 and -12 °C). The outdoor 
Scanning Mobility Particle Sizer (SMPS) measured the 
size range from 4 to 100 nm (ambient) diameter, while 
the indoor spectrum covered the range from 18 to 800 
nm (dry) diameter. The indoor measurements were 
complemented by a nano-SMPS (size range from 4 to 
100 nm diameter) on loan from TSI Inc. for a duration 
of 10 days. The total particle number concentration (Dp 
> 10 nm) was measured both in- and outdoors by TSI 
3010 condensation particle counters. The measured size 
distributions were combined prior to data analysis, 
taking into account the hygroscopic size shift and 
particle losses. An Air Ion Spectrometer (AIS) was 
operated indoors to measure charged clusters and 
particles from 0.5 to 40 nm diameter.  
 
RESULTS 
 Several nucleation events were observed to occur 
during the 5-week intensive measurement period. 
These were analyzed to derive empirical particle 
nucleation and growth rates using a recently developed 
inverse modeling procedure called PARGAN 
(Verheggen and Mozurkewich, 2006). The growth rate 

is determined by non-linear regression analysis of the 
General Dynamic Equation using only the measured 
aerosol size distributions as input. This allows the 
growth rate to be determined with a higher time-
resolution than can be deduced from inspecting contour 
plots (“banana-plots”). These growth rates are used to 
estimate the time of formation of recently nucleated 
particles (where the critical cluster is assumed to be 1 
nm diameter). The nucleation rate is determined by 
correcting for the particle losses that have occurred 
between time of nucleation and time of measurement 
due to coagulation. 
 Figure 1 shows a contourplot of size distributions 
during such an event; resulting growth and nucleation 
rates are shown in Figure 2.  

 
Figure 1. Measured aerosol size distributions during a 
nucleation event on March 6, 2005. 

 
Figure 2. Empirically determined diameter growth rates (solid 
line) and 1-nm nucleation rates (symbols) for the event 
depicted in Figure 1. Solid circles denote the average while 
boxes denote the 25, 50 and 75 percentile values of the 
nucleation rate.  



 The kinetically limited particle growth rate is 
proportional to the concentration of the condensing 
species. It is therefore to be expected that the 
nucleation and growth rate reach their maximum at 
approximately the same time, if the same species 
contributes to both processes. The nucleation rate is 
relatively low (< 1 cm-3 s-1), while the growth rate 
reaches relatively high values of up to 20-40 nm h-1. 
This suggests that H2SO4 can not be the main 
contributor to condensation, since it has a very high 
nucleation potential. 
 Nucleation events usually occurred during 
relatively clean and clear sky conditions, often soon 
after cloud evaporation. However, the event depicted in 
Figures 1 and 2 occurred during the presence of a 
mixed-phase cloud. The combination of a high actinic 
flux, a high relative humidity and evaporating droplets 
may have created a favorable environment for 
nucleation. The presence of ice probably contributed to 
the evaporation of liquid droplets via the Wegener-
Bergeron-Findeisen mechanism. This led to the release 
of semi-volatile material into the gas phase, where it 
could contribute to particle nucleation and growth. 
During this event the aerosol was found to be 
overcharged (compared to equilibrium), suggesting that 
ions may have played a role in the nucleation process. 
 

 
Figure 3. Empirical nucleation and growth rates (and 
equivalent condensing vapor concentration) determined for 5 
different events. Both are determined from the measured size 
distributions using the inverse modeling procedure 
PARGAN. Each symbol is based on approximately the same 
amount of data (between 82 and 102 size bins, each of which 
is tracked backwards to its time of formation). 
 
 The same analysis was performed for five 
nucleation events. The resulting nucleation rates are 
shown in Figure 3 as a function of the particle growth 
rate and the equivalent mixing ratio of condensing 
vapor.  
 A similar relation between the nucleation rate and 
the growth rate (and thus vapor concentration) was 

found for all these events. This relation appears to be 
close to linear, as seen from the linear fit through the 
average values (black line). If the same (group of) 
species was responsible for nucleation and growth, this 
is more consistent with an activation mechanism or 
kinetic (barrierless) nucleation than with 
themodynamically limited nucleation. 
 
CONCLUSIONS 
 Nucleation events as observed from a high 
mountain platform were analyzed to determine 
empirical particle nucleation and growth rates. The 
relation between the nucleation and growth rate is 
nearly linear. Nucleation was observed to occur both 
during the absence and the presence of clouds. Though 
nucleation rates were found to be small, their regular 
occurrence suggest that nucleation in the lower free 
troposphere could contribute significantly to the 
aerosol number concentration budget.  
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INTRODUCTION 
 The creation of new atmospheric particles via 
nucleation is an important source of atmospheric 
particles and may influence climate by altering the 
aerosol size distribution and the related direct and 
indirect aerosol effects.  While there are many possible 
mechanisms to describe the process of nucleation and 
subsequent particle growth, there are still significant 
gaps in the knowledge of new particle formation.  In 
particular, we are interested in determining the strength 
(in terms of particle formation rate and growth rate), 
spatial coverage, and frequency of events.   
  
DATA SETS TO BE DISCUSSED 
 We will integrate our recent field studies during 
summer 2005 in Bondville Illinois (midwestern U.S.) 
and spring 2006 in Mexico City with previous 
measurements from Pittsburgh PA to investigate the 
intensity, frequency, and temporal patterns of new 
particle formation in these different locations.  In each 
case, particle size distributions measured by SMPS are 
supplemented by additional meteorological, aerosol-
phase, and gas-phase data.  In Pittsburgh, a wide 
variety of aerosol parameters and gas measurements 
were available due to the Pittsburgh Supersite Program.  
In Bondville, collocated SO2 and meteorology were 
measured, and in Mexico collocated elastic LIDAR is 
used to look at the relationship between new particle 
formation and vertical transport. 
 
RESULTS AND DISCUSSION 
 Regional new particle formation events are most 
common in Pittsburgh (~3 of 10 days averaged over 1 
year).  Sampling duration was not long enough in 
Bondville (2 months) or Mexico City (1 month) to 
establish an overall frequency, but particle formation 
events appear to be somewhat less frequent (than 
Pittsburgh) in both locations.  Mexico City new particle 
formation has been investigated previously by Dunn et 
al. (2004).  In Bondville IL, which has lower SO2 
concentrations than Pittsburgh or Mexico City, growth 
rates are lower.  In all three locations, particle 
formation events often occur simultaneously with rapid 
increase in boundary layer height.  However, this is not 
always the case.  In all locations, events also occur 
before rapid increase in the boundary layer height.   
 In Mexico City, the role of the boundary layer and 
residual layer in new particle formation appears to be 

very important.  The Mexico City basin has been 
shown to have strong thermally and topographically 
driven circulations (Doran et al., 1998).  The 
connection of this unique meteorology to new particle 
formation is potentially mportant because it may give 
clues as to the mechanism(s) at work for formation and 
growth, determine the spatial coverage, and explain the 
observance of formation events from ground-based 
samplers. 
 On several of the study days in Mexico City, rapid 
decreases in PM concentrations in the early afternoon 
are simultaneous with rapid increase in boundary layer 
height, high friction velocities, and the appearance of a 
newly formed and growing sub-50 nm mode in the 
number size distribution.  We analyze these days by 
looking at ground based size distributions, collocated 
elastic LIDAR measurements, and collocated wind 
profiler readings.   
 We also conduct box modeling of particle 
formation events at several of the locations, using a 
ternary ammonia-sulfuric acid-water parameterization.  
This shows that ammonia is likely the limiting reagent 
in the particle formation process in Pittsburgh in 
summer.  Changes in NH3 and SO2 concentrations due 
to the Clean Air Act and Clear Skies Initiative are 
likely to influence particle formation activity in the 
Eastern U.S. by changing the balance between basic 
and acidic species.   
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The upper troposphere and lower stratosphere 
(UT/LS) is a source of new particle formation.  In 
particular, particle nucleation can be stronger in the 
tropopause region because of low temperatures and air 
mixing actively occurring in this region.  There has 
been also controversy on the effects of surface area on 
new particle formation in the UT/LS.   

Here we report our recent results of new particle 
formation observed at the latitudes from 18 °N – 62 ºN 
and altitudes up to 16 km in December 2005 during the 
High-performance Instrumented Airborne Platform for 
Environmental Research (HIAPER) Progressive 
Science Missions (ten research flights, in total).  
Aerosol sizes and concentrations in the diameter range 
from 4 to 1000 nm were measured with the University 
of Denver nuclei mode aerosol sizing spectrometer 
(NMASS) and forward cavity aerosol spectrometer 
(FCAS).   

Our observations show that frequent new particle 
formation takes place at a large spatial and temporal 
scale in the low- and mid-laltitude UT/LS, consistent 
with other observations [e.g., Minikin et al., Twohy et 
al., 2002; Hermann et al., 2003; Lee et al., 2003]. 
Strong new particle formation events are also often 
accompanied with vertical convection that brings 
aerosol precursors (originating from the ground level) 
up to higher altitudes.  Strong new particle formation 
was also observed during the midlatiutude tropopause 
folding because of the stratosphere and troposphere air 
exchange, consistent with the modeling predictions of 
sulfuric acid and water binary homogeneous nucleation 
showing that air mixing can enhance nucleation rates 
significantly [Nilsson et al., 2000].  Relatively high 
number concentrations of ultrafine particles were 
measured during nighttime (sometimes even higher 
than during daytime), suggesting night time sulfuric 
acid formation as shown by other field studies 
[Mauldin et al., 2003].  Also, the measured ultrafine 
particle concentrations are a function of the ratio of 
average sunlight hour over surface area of the air mass, 
rather than of surface area only, consistent with Lee et 
al. (2003). 

These results are also described in detail in 
elsewhere [D. R. Benson et al., Aerosol size 
distributions measured in the UT/LS during the 

HIAPER Progressive Science Missions, manuscript in 
preparation; L.-H. Young et al., Enhanced new particle 
formation observed during the midlatitude tropopause 
folding, manuscript in preparation].  A poster by D. R. 
Benson et al. in the IAC 2006 (p. 1397) also describes 
these results. 
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 During the Atlanta ANARChE Study of July-
August, 2002, atmospheric aerosol size distributions 
from 3 to 2000 nm were measured continuously with 5-
minute resolution.  Sulfuric acid vapor concentrations 
were also measured.  During regional nucleation events 
these data showed the presence of a nucleation mode 
that grew at rates ranging from 3 to 20 nm h-1. 
 Figure 1 shows measured modal growth rates of 
nucleation mode particles during regional nucleation 
events versus measured sulfuric acid vapor 
concentrations from this and previous studies.  
Calculated contributions of sulfuric acid condensation 
to growth are also shown.  Note that measured growth 
rates are almost always greater than can be explained by 
sulfuric acid condensation. 
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Figure 12:  Measured nucleation mode growth rates and 
calculated H2SO4 condensation growth rates versus 
H2SO4 vapor concentration. 
 
 In this paper we compare these measured modal 
growth rates with calculated rates that account for 
sulfuric acid condensation as well as intramodal 
coagulation of nucleation mode particles, and 
extramodal coagulation of nucleation mode particles 
with preexisting particles.  Data collected during six 
time intervals were amenable to analysis. 
 Calculated and measured growth rates (Figure 2) 
were in reasonable agreement for the four events (7/31, 
8/01, 8/05 a.m., 8/10) that involved growth below 

40 nm (ratios of measured to calculated growth rates = 
1.0, 2.1, 0.68, 0.60).  Two of the three afternoon events 
(8/05 p.m., 8/19) involved growth above 40 nm, and in 
these cases measured rates substantially exceeded 
calculated rates by factors of four to five, suggesting 
that our model did not account for all growth processes. 
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Figure 22:  Measured and modeled nucleation mode 
growth rates for ANARChE data. 
 
 We also compared observed rates of change in 
nucleation mode number concentration with calculated 
coagulation rates.  During the sub-40 nm growth events 
particle concentrations decreased at rates that were 
significantly below calculated coagulation rates or even 
increased, suggesting that a source of particles was 
present.  Measured size distributions suggest that 
particle production by nucleation continued during 
these events and contributed to this discrepancy.  
Concentrations during the super-40 nm events 
decreased at rates that exceeded calculated coagulation 
rates. 
 In conclusion, coagulation can account for some of 
the discrepancies between measured and calculated 
H2SO4 condensation modal growth rates that have been 
reported previously.  Nucleation may continue during 
growth up to 40 nm.  Other species may contribute to 
growth above 40 nm. 
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INTRODUCTION 
 Isoprene is one of the most abundant non-methane 
hydrocarbons emitted into the troposphere. It is 
therefore of great interest to investigate the degree to 
which isoprene may contribute to the formation of 
Secondary Organic Aerosol (SOA). Measurements of 
aerosol formation and growth following isoprene 
oxidation have been performed in the PSI smog 
chamber to address this issue. Using only the measured 
aerosol size distributions as input, we determined 
empirical particle nucleation and growth rates. We 
briefly review this method and present major results 
pertaining to the isoprene SOA formation.  
 
MEASUREMENTS 
 Photooxidation experiments were carried out in a 
27 m3 Teflon chamber at 20°C (Paulsen et al., 2005). A 
known amount of isoprene (Fluka, 99.5%) was 
evaporated in a heated glass sampling bulb and 
continuously flushed with pure air into the chamber 
and allowed to equilibrate for 30 min. Four xenon arc 
lamps were used to simulate the solar light spectrum 
and start the photochemistry. 
 Aerosol size distributions were measured using a 
twin-SMPS system, one with a short classifier and a 
TSI 3786 UWCPC (4-150 nm) and one with a long 
classifier and a TSI 3022 CPC (16-700 nm). From 
these we made composite size distributions covering 
the whole size range from 4 to 700 nm diameter which 
we used for further analysis.  
 The experiment was started by producing particles 
through ozonolysis of isoprene. This aerosol was 
diluted to reduce the particle concentration to around 
500 cm-3. We then injected 350 ppbv of isoprene in the 
presence of NO and turned on all chamber lights. An 
hour later, the pre-existing particle mode started to 
significantly grow in size, indicative of condensation. 
Another two hours later a modest nucleation event 
occurred, producing approximately 4000 new particles 
cm-3. A contourplot of the measured size distributions 
is shown in Figure 1. 
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Figure 1. Measured size distributions following isoprene 
ozonolysis in the morning (pre-existing mode) and isoprene 
photo-oxidation in the evening (nucleation mode). 
 
ANALYSIS PROCEDURE 
 Nucleation and growth rates were determined from 
the measured size distributions using a recently 
developed inverse modeling procedure called 
PARGAN (Particle Growth and Nucleation) 
(Verheggen and Mozurkewich, 2006). A highly time-
resolved (size dependent) particle growth rate is found 
by regression analysis of the General Dynamic 
Equation (GDE). These empirical growth rates are then 
used to estimate the time of nucleation for particles in 
each measured size bin, defined as the time when their 
calculated diameter surpassed 1 nm. Their number 
density at the time and size of nucleation is determined 
by integrating the particle losses that occurred in the 
time interval between nucleation and measurement. 
The nucleation rate is then given by the rate at which 
particles grow past the critical cluster size, assumed to 
be 1 nm diameter.   
 
RESULTS 
 There are some advantages to having pre-existing 
aerosol present during nucleation: It allows the particle 
growth rate –and thus the time of nucleation– to be 
determined before the nucleated particles grew to a 
detectable size. It is also more representative of the 
atmosphere, where aerosol is always present when 
nucleation occurs. The diameter growth rate 
determined using PARGAN is shown in Figure 2. The 
growth rate is proportional to the concentration of the 
condensing species above saturation; its equivalent 
value is given on the right axis. 
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Figure 2. Particle growth rate during photo-oxidation of 
isoprene. Solid line is seven-point running mean. The 
equivalent mixing ratio of the condensing vapor (in excess of 
saturation) can be read off the right axis. 
 
 After the lights had been turned off (23:30), the 
aerosol evaporated continuously at a rate of 17 nm h-1. 
This corresponds to a mixing ratio in the chamber of 10 
pptv below saturation. Therefore 10 pptv is a lower 
limit for the effective saturation vapor pressure of the 
condensable products of isoprene. 
 The running mean of the growth rate (Figure 2) was 
used to determine the nucleation rate for each measured 
size bin. The results, grouped together in a statistical 
plot for clarity, are shown in Figure 3. Each symbol is 
representative of 300 size bins, tracked backwards in 
time to their estimated time of nucleation.   
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Figure 3. Nucleation rates (average denoted as a double cross; 
box plot giving 10, 25, 50, 75 and 90 percentile values) 
determined using PARGAN. Solid line gives the mixing ratio 
of condensable species (above saturation), proportional to the 
growth rate. 
 
 For an initial mixing ratio of isoprene of 350 ppbv, 
we found a modest nucleation rate of approximately 1 
cm-3 s-1 (Figure 3), while the condensational growth 
rate reached a maximum of 100 nm h-1 (Figure 2). This 
suggests that the isoprene oxidation products have a too 
high saturation vapor pressure to effectively induce 
nucleation at atmospheric concentrations. However, 
they probably do contribute to SOA formation in 

regions where these oxidation products can condense 
on preexisting aerosol.  
 The aerosol mass yield (corrected for wall losses; 
particle density assumed to be 1.4 g cm-3) reached 0.8% 
at an aerosol volume of close to 4 µm3 cm-3. This value 
fits well within the range of measured yields without 
pre-existing aerosol present (Dommen et al., 2006). 
 
CONCLUSIONS 
 A nucleation and growth event following isoprene 
photo-oxidation (initial mixing ratio 350 ppbv) has 
been analyzed using a novel inverse modelling 
procedure. Growth rates were found to reach 100 nm h-

1 while the nucleation rate was relatively low, around 1 
cm-3 s-1. These empirical rates were determined based 
on the measured aerosol size distributions, independent 
of classical nucleation theory. Continuous evaporation 
after the lights were turned off indicates that 10 pptv is 
a lower limit of the effective saturation vapor pressure 
of its condensable oxidation products. The aerosol 
yield was 0.8%.  
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INTRODUCTION 
 Nucleation is a common phenomenon, and despite a 
great amount of study it is still poorly understood 
(Kulmala et al, 2004). In indoor air nucleation can 
occur due to oxidation of monoterpenes, such as d-
limonene, and then nucleation of the reaction products. 
Rohr et al., 2003, showed that this reaction has the 
potential to produce a high number of small particles.  
 
METHODS 
 We measured particle formation in a room where d-
limonene became oxidized. The d-limonene came from 
orange peeling. Three CPCs with different cut-off sizes 
(3, 7 and 10 nm) measured particle concentrations. 
Molecular ion concentrations of the protonated masses 
137, 81, 82 and 95 were measured by proton transfer 
reaction-mass spectrometry. The protonated mass 137 
equated to 49 % of the total monoterpene (d-limonene) 
mass. We also measured the concentration of ozone.  
 
RESULTS 
 The particle number concentration increased 
roughly tenfold in five minutes after peeling the 
orange. Simultaneously the concentration of d-
limonene increased to a level of around 100 ppbs’ 
while the concentration of ozone decreased (Figure 1). 
The particle growth rate, as calculated based on the 
peaks observed by different CPCs’ at 80 seconds, was 
6300 nm/h. From this, with a known background 
concentration, we calculated the concentration of 
condensable vapour, its source rate, and the nucleation 
rate, using the method by e.g. Kulmala et al., 2006. The 
nucleation rate was in the order of 105 cm-3 s-1. 
 With both the nucleation rate and the condensable 
vapour concentration as a function of time, we took 
logarithms of their values and plotted them against 
each other. We obtained a linear best fit line (Figure 2). 
The value of the gradient was proportional to the 
number of molecules in a critical cluster and the 
obtained value of 1.2 was in agreement with the 
activation theory (Kulmala et al., 2006). 
 
DISCUSSION 
 Indoor air d-limonene oxidation led to nucleation 
and growth of aerosol particles. Aerosol particle total 
number concentration increased around tenfold. The 
results indicate that the primary nucleation mechanism 
is activation (Kulmala et al. 2005). 

 
Figure 1. Concentration of aerosol particles (solid line), 
ozone (dotted line), and d-limonene (dashed line). X-
axis shows the time in seconds from the beginning of 
the experiment.  

 
Figure 2. Logarithm of nucleation rate J as a function 
of logarithm of condensable vapour concentration C 
and linear fit. The value of the gradient, 1.2, is 
proportional to the number of the molecules in a critical 
sized cluster.  
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INTRODUCTION 
 The ternary nucleation of H2SO4-H2O-NH3 has 
been considered to be one of the key mechanisms of 
new particle formation in the lower atmosphere 
(Kulmala et al., 2004). However, the roles of NH3 
molecules in the formation and the growth of 
nanometer-sized molecular clusters have not been well 
understood (Yu, 2006). In order to investigate the 
contribution of NH3 to the formation and the growth of 
nano-particles in the atmosphere, we conducted 
experiments on particle formation by corona discharge 
in NH3/SO2/H2O/Air mixtures. The size distributions of 
the nano-particles and the compositions of the ions 
were measured using the cluster-differential mobility 
analyzer combined with Faraday cup electrometer (C-
DMA/FCE) and the drift tube ion mobility 
spectrometer/mass spectrometer (DT-IMS/MS), 
respectively.  
 
EXPERIMENTAL METHODS 
 The experimental system used in this study consists 
of a continuous flow gas-generation system, the DT-
IMS/MS, and the C-DMA/FCE (Nagato et al., 2005). 
The NH3/SO2/H2O/Air mixtures were introduced into 
the corona discharge ionizer. Both ion-induced 
nucleation and homogenous nucleation are thought to 
contribute to the particle formation by ionizations in 
NH3/SO2/H2O/Air mixtures (Kim et al., 1998). In the 

present measurements, the ions and charged nano-
particles generated in the ionization chamber were 
trapped and only uncharged particles were sent to the 
C-DMA/FCE for the purpose of investigating the effect 
of NH3 on homogenous nucleation. 
 For ion mass spectrometric measurements, gas 
mixtures were switched to the DT-IMS/MS, which 
consists of a drift tube and a quadrupole mass filter. A 
corona source was mounted in the drift tube. 
 
DMA MEASUREMENTS  

The size distributions of the nano-particles 
generated in SO2/H2O/Air mixtures are illustrated by 
filled symbols in Figures 1(a), 1(b) and 1(c). In a dry 
air with SO2 of 1 ppm, the particle formation was very 
limited. With increasing water vapor concentration to 
5000 ppm, a significant formation and growth of nano-
particles was observed; the peak of the particle 
diameter reached 4 nm. Further growth of nano-
particles to the diameters of 5-9 nm occurred when the 
concentration of SO2 was increased to 50 ppm.  
 The particle size distributions in the presence of 
NH3 (1 ppm) are shown by open symbols. In each 
condition, the enhancement in particle formation was 
observed by the addition of NH3. However, the 
enhancement factors for particle number concentrations 
were very small, ranging from 1.2 to 2.2. The average 
particle diameters were almost unchanged by the 
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Figure 1. Size distributions of the particles produced by a corona source in SO2/H2O/Air (filled symbols) and 
NH3/SO2/H2O/Air mixtures (open symbols). 



addition of NH3 except for the case of the driest 
condition. 
 
MASS SPECTROMETRIC MEASUREMENTS 
 Since a large amount of OH radicals were found to 
form in humid air by negative corona discharges 
(Nagato et al., 2006), the formation of H2SO4 was 
expected by corona discharge in humid air containing 
SO2. Figure 2(a) shows the mass spectrum of the 
negative ions generated in a SO2/H2O/Air mixture 
(SO2: 5 ppm, H2O: 5×103 ppm), in which the ions of 
HSO4

－ (H2SO4)n (n=0,1,2) dominated. It is therefore 
confirmed that a significant formation of H2SO4 
occurred from SO2 by negative corona discharge. 
Consequently, nano-particles observed in SO2/H2O/Air 
mixtures were likely formed via binary homogenous 
nucleation of H2SO4-H2O.  

The mass spectrum obtained in a NH3/SO2/H2O/Air 
mixture (NH3: 1 ppm, SO2: 5 ppm, H2O: 5×103 ppm) is 
shown in Figure 2(b), which demonstrates that HSO4

－

(H2SO4)n ions declined significantly by the addition of 
NH3. A possible explanation of this change is that 
H2SO4 formed by corona discharge rapidly reacts with 
NH3 to form ammonium bisulphate (Anttila et al., 
2005), which unlikely participate in ion-molecule 
reactions. It is also noted that negative ions containing 
both H2SO4 and NH3 molecules were not observed in 
the mass spectra. This may imply that NH3 is less 
effective in the ion-induced nucleation with HSO4

－

(H2SO4)n ions compared to its contribution to 
homogenous nucleation with H2SO4. 
   
 CONCLUSIONS 

Nano-particles were observed to form by negative 
corona discharges in SO2/H2O/Air mixtures. The 
average size of the formed particles increased with the 

concentrations of H2O and SO2. The mass 
spectrometric measurements confirmed the formation 
of a large amount of H2SO4 from SO2 particularly in 
humid air.  

The addition of NH3 enhanced the formation of 
nano-particles, but the particle number increase only 
1.2-2.2 times under the present experimental conditions. 
In addition, the average particle diameters were almost 
unchanged, implying that NH3 has little influence on 
the growth of nano-particles. The abundance of HSO4

－

(H2SO4)n ions declined by the addition of NH3, which 
may suggest the reduction of free H2SO4 molecules by 
the reaction with NH3. 
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Figure 2. Mass spectra of negative ions in a SO2/H2O/Air 
mixture (a) and a NH3/SO2/H2O/Air mixture (b). 
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 Smog chambers have been extensively used to 
investigate the formation of secondary particulate 
matter as a result of the oxidation of hydrocarbons. 
Typically these experiments show an increase in yield 
with time. This is usually interpreted as being due to a 
shift in gas-particle equilibrium as the amount of 
organic aerosol matter increases. However, there are 
other reasons why yield might vary with time. For 
example, the production of aerosol matter should lag 
behind the consumption of starting material due to both 
the non-zero lifetimes of reaction intermediates and the 
condensation lifetime; the latter might be especially 
significant if the condensation process is a reaction, 
such a polymerization. If not accounted for, these cause 
the yield to increase with time. Also, the condensing 
species might themselves undergo oxidation. Ignoring 
these intrinsically time dependent effects can 
dramatically alter the parameters obtained from an 
equilibrium model, such as that of Odum et al.(1996). 
 We are developing an alternative method of 
analyzing these data. The sequence of size distributions 
measured during a smog chamber experiment are 
analyzed using the PARGAN procedure (Verheggen 
and Mozurkewich, 2006) to obtain the condensational 
growth rate as a function of time. The procedure 
corrects for particle wall loss and coagulation. The 
growth rate provides an indirect measure of the 
concentrations of the condensing species, offset by 
their vapor pressures. This quantity is more 
straightforward to interpret in a kinetic analysis.  
 Here we report results obtained by applying this 
method to smog chamber data on the O3 initiated 

oxidation of "-pinene and the OH initiated oxidation of 
$-pinene at high NO.  
 Figure 1 shows the aerosol yield as a function of 
organic aerosol mass for the OH induced oxidation of 
$-pinene. The data are fit well by the Odum et al. 
model; the fits indicate that there are two semi-volatile 
components produced with comparable yields. 
However, Figure 2 shows that the growth rate can be fit 
quite well with a single condensable component, 
produced as a product of the initial OH attack. This 
casts doubt on the reliability of the parameters obtained 
from the Odum model. 
 The PARGAN method can also provide nucleation 
rates. When simultaneous growth rates are available, 
approximate concentrations of the nucleating species 
can be obtained, thus giving an estimate of the critical 
concentration for nucleation. 
 
Keywords: Gas-to-particle conversion, Smog chamber 
experiments, Particle growth, Nucleation 
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Figure 2. Fit of growth rates derived from the sequence of 
measured particle size distributions. The fit is for a single 
condensable product with a yield of 39% and a vapor 
pressure corresponding to 129 :g m-3. 
 

Figure 1. Fit of $-pinene aerosol to a two-component Odum 
model. Parameters are: K1 = 0.082 m3 :g-1, "1 = 20% and 
K2 = 6.4H10-4 m3 :g-1, "2 = 29%. 
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 The difficulty in understanding tropospheric 
nucleation is that it is quite likely not a single process 
but a continuum of chemical processes that vary with 
local chemistry and RH, where water, ammonia, and 
other compounds may play competitive roles.  In 
addition, it might also involve very different 
mechanisms, such as ion induced as opposed to neutral 
cluster growth.  An example of what is being referred 
to as a continuum of processes, in neutral molecular 
cluster growth, could be a change in the functional 
dependence of nucleation on sulfuric acid 
concentration (and the structure and size of the critical 
cluster) as ammonia or water concentration is varied.  
Both compounds can play a similar role of reducing the 
vapor pressure of sulfuric acid (Marti et al., 1997) and 
both can change the functional dependence on sulfuric 
acid nucleation (Ball et al., 1999).  If ammonia can 
enhance the rate of nucleating clusters, then why not 
larger amines which, though typically present at lower 
concentrations, can be both more basic as well as less 
volatile?  It is also possible that large organic acids can 
play the same role as sulfuric acid, or can play this role 
in conjunction with inorganic acids.   
 Sulfuric acid is often a focal point because it is 
unique in a variety of ways.  Its relationship to 
atmospheric particle nucleation is probably more 
studied and better understood than other potential 
aerosol precursor compounds, as are the gas phase 
reactions that lead to its atmospheric production.  It is 
also unique in that it is typically formed from highly 
volatile compounds, such as SO2, O2, and H2O  
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but ends up super saturated, even at its typically sub 
pptv atmospheric concentrations.  Since most 
nucleation events appear to occur during sunlight 
hours, it is quite possible that photochemical oxidation 
plays a role in generating most nucleation precursors,  
probably by reactions that add functional groups which 
reduce volatility.  It is, however, hard to think of any 
that could come close to the change in vapor pressure 
between SO2 and H2SO4.  Plants also have emission 
rates that are sunlight dependent, but can plants directly 
emit compounds into the atmosphere that are 

supersaturated?  If so, how long will they stay 
supersaturated, and does nearly all the resulting 
nucleation occur near the plant leaf? 
 This suggests using gas phase measurements to 
help identify nucleation precursors by looking for 
direct biogenic emissions or their oxidation products 
that are at concentrations close to their saturation limit. 
While these concentration limits are poorly known they 
could be studied in the laboratory. Another possibility 
is to look for compounds whose concentration falls 
rapidly, due to condensation, when their sunlight 
source is turned off.  Ultimately, it is going to be fairly 
difficult to clearly identify compounds other than 
sulfuric acid that might initiate nucleation without the 
use of supporting laboratory gas phase studies which 
define which specific compound can self nucleate or 
that can nucleate in conjunction with other specific 
compounds at ambient concentrations. A big part of 
understanding non-sulfate nucleation is first to be able 
to identify it.  Since as few as two or maybe even one 
sulfuric acid molecule may be responsible for initiating 
nucleation, particles/clusters must be found to contain 
no sulfuric acid in order to show, by direct chemical 
measurement, that sulfuric acid is not involved in a 
specific nucleation event,.  Assuming ambient daytime 
concentrations of sulfuric acid are in the 106-107 
molecules cm-3 concentrations range with a reaction 
rate coefficient on the order of 10-9 cm3 molecules-1 s-
1, even a particle that nucleates independent of sulfur 
acid may acquire a sulfuric acid molecule after about 
102 s.  After non-sulfate nucleation has been identified, 
potential precursors that appear to be involved must be 
studied in the laboratory to determine their nucleating 
potential under the environment conditions in which 
they are found and quantitatively observed in the field.  
To identify these precursors, measurements and 
correlation plots will be needed for both the 
compounds found on the smallest, most recently 
nucleated particles and of the largest, stickiest, and 
most difficult to measure gases.  Not an easy task. 
 Many of these same problems exist for ion induced 
nucleation, though differences in ion polarity should 
make separating out sulfate driven nucleation easier.  
Also, particularly in the mid to upper troposphere, there 
is no rule that says that ion and neutral cluster growth 
are not fully intertwined with ion recombination 
products forming a core for neutral critical clusters and 
ion charging helping to increase the growth rate of 
clusters that were initially neutral.  
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INTRODUCTION 

Reliability of DFT and ab initio methods in 
predicting the structure and properties of ionic clusters 
is well known. Neutral H2SO4-H2O and H2SO4-H2O-
NH3 clusters have also been studied using DFT B3LYP 
in the past. However, comparison of DFT B3LYP 
predictions (Re et al., 2000; Ianni and Bandy, 1998; 
1999) with experiments (Hanson and Eisle, 2000) 
shows obvious discrepancies. These deviations have 
been attributed by Vehkamaki et al. (2004) to 
“insufficient accuracy of ab initio calculations”.  Here 
the effect of ammonia on the formation of sulfuric acid-
water cluster is studied using a more accurate method. 
We also investigate the effect of common organic acids 
such as formic and acetic acids on thermodynamic 
stability of sulfuric acid-water complexes. 
 
METHODS  

Our tests lead us to conclude that results given by 
B3LYP should be reassessed using a more accurate 
method. PW91 is likely a good alternative. Our results 
(Nadykto et al, 2006a) are consistent with findings of 
Tsuzuki and Luthi (2001), who pointed out serious 
problems of the widely used B3LYP in predicting 
intermolecular interactions, and showed moderate 
computational costs, weak basis set dependency, and 
good overall performance of PW91, close to that of 
MP2, making DFT PW91 a viable alternative to the 
higher level MP2 method.  In this paper, hydrogen 
bonded of sulfuric acid with water, ammonia, formic 
acid and acetic acid are studied using Density 
Functional Theory (DFT) at PW91PW91/6-
311++G(3df,3pd) level.  
 
RESULTS AND DISCUSSION  

We found that changes in the Gibbs free energy 
associated with mono-, di- and tri-hydration obtained in 
our study (Nadykto and Yu, 2006b) are ~2–4 kcal 
mole-1 more negative than those obtained using 
B3LYP. Our results are consistent with experimental 
data. The hydration energy of the H2SO4 dimer 
increases with the number of water molecules in the 
cluster for m=0-3.  Our results show that the Gibbs free 
energy of the NH3 +H2SO4= NH3 (H2SO4) reaction (-
7.77 kcal mole-1) is 3.2 kcal mole-1 more negative than 
that given by Ianni and Bandy (2000). Our calculations 
indicate that NH3 (H2SO4) cluster is about 2.1 kcal 
mole-1 more stable than a dimer of H2SO4 (-5.68 kcal 
mole-1). We did not observe any enhancement in the 
affinity of water to NH3 (H2SO4)n(H2O)m  compared to 

(H2SO4)n(H2O)m . In fact, the affinity of water to NH3 
(H2SO4)n(H2O)m is a bit lower than that to 
(H2SO4)n(H2O)m. However, our preliminary 
calculations indicate that Gibbs free energies for 
reactions of ammonia with hydrated  H2SO4 dimers are 
higher than those with hydrated  H2SO4 monomers. 
This may be an indication that the efficiency of 
ammonia as a stabilizer of H2SO4-water clusters grows 
with cluster size.  

We have also investigated the effect of formic and 
acetic acids on the thermodynamic stability of binary 
sulfuric acid-water clusters. It has been found that 
sulfuric acid forms thermodynamically stable 
complexes with formic and acetic acids. Stabilizing 
effect of these organic acids is either close to or 
exceeds that of ammonia, which is a commonly 
accepted principal stabilizer of H2SO4-H2O clusters in 
the atmosphere. In addition to strong hydrogen bonding 
with sulfuric acid, both formic and acetic acids can 
form thermodynamically stable clusters with water and 
ammonia.  This leads us to conclude that these common 
organic substances can efficiently stabilize small 
sulfuric acid-water clusters and their involvement, 
alongside with or without ammonia, in the atmospheric 
nucleation should be studied in details further.   
 

 
Fig.1. Equilibrium geometries of most stable isomers 
calculated using DFT at PW91PW91/6-311++G(3df,3pd) 
level: (a) (CH2O2)2 ; (b) (C2H4O2)2; (c) (H2SO4)2; (d) 
(CH2O2)(C2H4O2); (e) (CH2O2)(H2SO4); (f) 
(C2H4O2)(H2SO4);  (g) (CH2O2)(H2O); (h) (CH2O2)(H2O)2; 
(i) (C2H4O2)(H2O); (j) (CH2O2)(H2O); (k) 
(CH2O2)(H2SO4)(H2O); (l) (C2H4O2)(H2O); (m)   
(H2SO4)(H2O); (n) (H2SO4)(H2O)2 ; (o) (H2SO4)(NH3);  (p) 
(CH2O2)(NH3); (q)(C2H4O2)(NH3); (r)  
(H2SO4)(H2O)(NH3);  (s) (H2SO4)(H2O)2(NH3); and (t) 
(H2O)(NH3). 



 
Optimized geometries and thermochemical 

properties  of  formic acid-sulfuric acid-water clusters 
and acetic acid–sulfuric acid-water clusters (Nadykto 
and Yu, 2006a) are given in Fig.1 and Table 1, 
respectively. 

Optimized geometries and thermochemical 
properties of NH3(H2SO4)n(H2O)m  clusters (Nadykto 
and Yu, 2006b) are given in Fig.2 and Table 2, 
respectively. 
 
 
   (a)                   (b)   (c) 

          

(d)           (e)              (f) 

               
Fig.2. Equilibrium geometries of most stable isomers 
calculated using DFT at PW91PW91/6-311++G(3df,3pd) 
level: (a) (H2SO4)(H2O)(NH3); (b) (H2SO4)(H2O)2(NH3);(c) 
(H2SO4)(H2O)3(NH3); (d) (H2SO4)2(H2O) (NH3); (e) 
(H2SO4)2(H2O)2(NH3); (f) (H2SO4)(H2O)3(NH3). 

  

 

Table1. Gibbs free energy changes (kcal mole -1) associated 
with reactions among clusters composed of sulfuric acid 
(S), water (W), acetic acid (C) and formic acid (F) and at 
T=298.15K and P=101.3 KPa.  

 

S+F=SF -6.44 S+FW=SFW -8.36 
S+C=SC -7.46 S+CW=SCW -9.4 
C+C=C2 -6.26 SW+ F=SFW -6.53 
F+F=F2 -5.69 SW+C=SCW -7.64 

 

 

Table2. Gibbs free energy changes (kcal mole -1) associated 
with reactions among clusters composed of sulfuric acid 
(S), water (W), and ammonia (A) at T=298.15K and 
P=101.3 KPa.  

S+S=S2 -5.59 SA+W=SAW -1.52 
SA+S=S2A -11.65 SAW+W=SAW2 -2.31 

SAW+S=S2AW -12.59 SAW2+W=SAW3 -1.21 
SW3+S=S2W3 -4.45 SW+A=SAW -6.90 

S+A=SA -7.77 SW2+A=SAW2 -6.18 
 
 
Keywords: Binary Clusters, Ternary Clusters, Gibbs 
Free Energy, Thermodynamic Stability, Sulfuric Acid-
Water-Organic Acid Complexes, DFT. 
 
REFERENCES 
 
Bandy, A. R. and J. C. Ianni (1998), Study of the 

Hydrates of H2SO4 Using Density Functional Theory, 
J. Phys. Chem. A, 102(32), 6533.  

Hanson, D. R., and F. L. Eisele (2000), Diffusion of 
H2SO4 on humidified nitrogen: Hydrated H2SO4, J. 
Phys. Chem. A, 104, 1715. 

Nadykto A.B., and F. Yu (2006a), Strong hydrogen 
bonding between atmospheric nucleation precursors 
and common organics, Chem. Phys. Lett., revised. 

Nadykto A.B., and F. Yu (2006b), Stabilizing effect of 
ammonia on clustering of atmospheric nucleation 
precursors, J. Phys. Chem  B., revised. 

Re, S., Y. Osamura, and K. Morokuma (1999), 
Coexistence of neutral and ion-pair clusters of 
hydrated sulfuric acid H2SO4(H2O)n (n = 1 - 5)—A 
molecular orbital study, J. Phys. Chem. A, 103, 3535 

Tsuzuki, S. and H.P. Luthi (2001), Interaction energies 
of van der Waals and hydrogen bonded systems 
calculated using density functional theory: Assessing 
the PW91 model. J. Chem. Phys., 114, 3949. 

Vehkamäki, H., I. Napari, M. Kulmala, and M. Noppel  
(2004), Stable Ammonium Bisulfate Clusters in the 
Atmosphere,  Phys. Rev. Lett., 93, 148501. 

 
This work was supported by US National Science 
Foundation. 

 

 



The role of competitive dynamic condensation and evaporation of NH3, HNO3, and HCl in 
the growth of freshly nucleated sulfuric acid particles 
 
Rahul A. Zaveri and Richard C. Easter 
Pacific Northwest National Laboratory, Richland, WA 99352, USA 
 
INTRODUCTION 

Condensation and evaporation of trace gases on 
freshly nucleated sulfuric acid particles play an 
important role in their subsequent growth. While 
sulfuric acid is usually treated as a non-volatile species, 
the characteristic times for reversible condensation and 
evaporation of semi-volatile gases such as HNO3, HCl, 
and NH3 can vary widely between aerosol particles of 
different sizes, sometimes by several orders of 
magnitude. For example, fine mode particles may reach 
equilibrium in a few seconds while coarse mode 
particles may take several hours. Thus, the system of 
coupled ordinary differential equations (ODEs) that 
describes mass transfer between gases and particles of 
different sizes is extremely stiff, and hence 
computationally expensive to solve. 

To overcome this problem, hybrid solution 
techniques are often used in which all the fine mode 
particles (less than 1 μm) are assumed to be in bulk 
equilibrium with the gas-phase while a dynamic 
solution is used for the coarse mode (Capaldo et al., 
2000). In this paper, we examine the role of 
competitive dynamic condensation and evaporation of 
HNO3, HCl, and NH3 in the growth of freshly 
nucleated sulfuric acid particles. We also evaluate an 
alternative, computationally efficient approach for 
solving the fully dynamic system for aerosols of all 
sizes. 

 
APPROACH 

For a given aerosol size section, condensation and 
evaporation of semi-volatile gases such as HNO3, HCl, 
and NH3 depend on their equilibrium surface vapor 
concentrations, particle diameter (for diffusion 
limitation and Kelvin effect) and surface area. The bulk 
equilibrium assumption for all the fine mode particles 
used in hybrid techniques cannot resolve the effects of 
compositional and phase state differences on the 
driving forces and growth rates of different modes. 
Thus, while the hybrid approach may yield satisfactory 
results for the overall fine mode equilibrium aerosol 
mass, it tends to introduce errors in the growth rates of 
particles of different compositions and sizes. This is 
especially important in the growth of freshly nucleated 
sulfuric acid particles which have high surface area but 
very little mass compared to the accumulation mode.  

Here, we first investigate the effect of size-resolved 
composition and phase state on the competitive growth 
of freshly nucleated sulfuric acid particles and larger 
fine mode aerosols using a rigorous, fully dynamic 

mass transfer solver coupled with a comprehensive 
thermodynamic module (Zaveri et al., 2005a,b). We 
will then discuss the development and evaluation of a 
new algorithm called ASTEEM (Adaptive-step Species 
Time-split Explicit Euler Method) that overcomes the 
computational challenges in the rigorous technique. 

ASTEEM first solves the condensation of non-
volatile H2SO4 and semi-volatile NH3 for all the aerosol 
sections simultaneously over the host 3-D model time-
step (usually ~5 min). It then solves the coupled 
condensation/evaporation of HNO3, HCl, and NH3 
gases for each size section in a time-split fashion over a 
chosen time-splitting interval (TSI). The value of TSI is 
estimated such that the maximum overall change in the 
gas-phase concentrations of the semi-volatile species 
over the interval is less than ~10% (or a user-specified 
value). This approach significantly reduces the stiffness 
of the system, thus allowing the solver to take much 
longer time steps than are required when all the species 
in all the sections are integrated simultaneously. 

 
CONCLUSIONS 

Model analysis shows that competitive dynamic 
exchange of NH3, HNO3, and HCl over aerosols of 
different compositions and sizes play an important role 
in their subsequent growth. Bulk equilibrium and 
hybrid solution approaches may simulate overall bulk 
mass well but can introduce errors in the number size 
distribution of fine mode aerosols. A dynamic yet 
computationally efficient technique is presented. 
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INTRODUCTION 
 Atmospheric measurements carried out over the 
past decade have shown that new particles are often 
formed by nucleation from the gas phase.  The 
widespread occurrence of frequent nucleation events 
and the rapid growth of nucleated particles suggest that 
nucleation may play an important role in determining 
the concentration of cloud condensation nuclei and the 
resultant extent of cloud cover (Laaksonen et. al., 
2005).  The relationship between nucleation and cloud 
cover needs to be understood in order to establish 
reliable global climate models. 
 While much has been learned about nucleation over 
the past decade, it is not yet possible to predict, a 
priori, rates at which particles are formed and grow.  
Atmospheric aerosol measurements made in Atlanta 
during the summer of 2002 illustrate the inadequacy of 
the current understanding of particle formation 
(McMurry et. al., 2005).  In Figure 1, typical results 
from that study are shown where the measured particle 
size distributions were one to two orders of magnitude 
below the prediction from collision-controlled theory, 
which treats nucleation as a coagulation-limited 
process where every particle-particle collision is 
effective (McMurry, 1983).  This suggests that 
collision-controlled theory overestimates rates of 
particle production. 

 
Figure 1.  Comparison of aerosol size distribution measured 
on 8/19/02 in Atlanta, Georgia (McMurry et. al., 2005), with 
the prediction from collision-controlled theory.  Included is 
the measured size distribution extrapolated from the lower 
limit of particle size detection (~ 3 nm) to the measured 
monomer concentration. 

 
 Collision-controlled theory assumes that cluster 
growth rates are given by the monomer collision 
frequency multiplied by an accommodation coefficient 
usually set to unity (McMurry, 1983).  This 
accommodation coefficient describes the probability 
that upon collision, a monomer “sticks” to a cluster 
resulting in the formation of a stable product cluster.  
Conversely, non-accommodation describes monomer-
cluster collisions that do not result in stable product 
clusters. 
 The discrepancy in Figure 1 between measured and 
predicted size distributions is believed to occur due to 
barriers of formation for the smallest molecular 
clusters; they are formed at rates well below their 
collision frequency.   
 This work incorporates the effects of cluster non-
accommodation into an aerosol growth model and 
simulates nucleation events measured at three urban 
sites:  (1) Atlanta, Georgia in the summer of 2002 
(McMurry et. al., 2005), (2) Boulder, Colorado in the 
fall of 2004 (Eisele et. al., 2006), and (3) Mexico City, 
Mexico in the spring of 2006. 
 
CLUSTER NON-ACCOMMODATION   
 This barrier to small cluster formation can be 
understood within the context of bimolecular reaction 
rate theory, where a monomer-cluster collision forms 
an energized cluster complex that can either decay back 
to reactants or be stabilized by collision with a third 
body (Holbrook et. al., 1996).  The lifetime of the 
cluster complex is inversely related to its size, since the 
ability of a cluster to accommodate collision energy is 
dependent on its number of internal degrees of freedom 
(Holbrook et. al., 1996).  Energized clusters with short 
lifetimes would decay before they could be stabilized 
to form product clusters, resulting in a small 
accommodation coefficient.  The accommodation 
coefficient is therefore believed to be small for 
monomer-monomer collisions and to asymptotically 
approach unity for collisions between monomers and 
large clusters as shown in Figure 2.  It is believed that 
this competition between decay and stabilization is a 
key interaction that limits cluster growth in the small 
size regime.   
 



 
Figure 2.  Accommodation coefficient for collisions between 
monomers and clusters of size j. 
 
THEORY 
 The time evolution of the aerosol size distribution 
is simulated using a discrete-sectional approach (Rao 
and McMurry, 1989).  The cluster population balance 
equations include terms that describe monomer 
condensation on clusters and pre-existing aerosol, 
coagulation between clusters, coagulation between 
clusters and pre-existing aerosol, and a constant rate of 
monomer production.  The effects of cluster non-
accommodation are incorporated into the growth model 
by multiplying each collision kernel with the 
corresponding accommodation coefficient.   
 A functional form for the cluster accommodation 
coefficient is used that depends on two parameters:  the 
monomer-monomer accommodation coefficient, P11, 
and the cluster size at which the accommodation 
coefficient is unity, xmax.  These two quantities are used 
as best-fit parameters when optimizing the simulated 
and measured particle size distributions.  
 Several assumptions are made in this numerical 
study:  the condensing monomers are sulphuric acid 
molecules, particle growth rates are limited by 
sulphuric acid condensation rates, and the growing 
particles consist primarily of ammonium and sulphate 
(Sakurai et. al., 2005).  
 
RESULTS AND DISCUSSION 
 A typical best-fit simulation result is shown in the 
upper panel of Figure 3, where the data is plotted as a 
contour of particle size distribution versus time, with 
the corresponding measured size distribution in the 
lower panel.  The measured particle size distribution in 
Figure 3 is typical of the nucleation events analyzed in 
this study where there is a discernable nucleation mode 
exhibiting steady growth for an hour or more. 
 The parameters P11 and xmax were optimized by 
minimizing the sum of residuals over particle size and 
time.  The simulated and measured distributions are in 
qualitative agreement and suggest that incorporating 
the effects of cluster non-accommodation can allow for 

a more accurate prediction of measured size 
distributions.   

  
Figure 3.  A comparison of an aerosol size distribution 
measured on 8/05/02 in Atlanta, Georgia (McMurry et. al., 
2005) with the best-fit simulation result where P11 = 9 x 10-3 
and xmax = 10.  The contour plot indicates the particle number 
distribution function in units of cm-3.   
 
 A similar analysis was performed for 8 more 
nucleation events spanning the Atlanta, Boulder, and 
Mexico City sampling sites.  The corresponding best-fit 
values of P11 and xmax for each nucleation event are 
shown in Figure 4.  The optimized values of P11 for 
each xmax are all within an order of magnitude of each 
other over all the analyzed nucleation events.  This 
similarity in sensitivity over such various nucleation 
sites suggests that cluster non-accommodation is 
inherent to the particle growth process in the small size 
regime. 



 
Figure 4.  Best-fit values of P11 and xmax for various 
nucleation events in Boulder, CO, Atlanta, GA, and Mexico 
City, Mexico.          
 
CONCLUSION 
 Numerical simulations were performed to model 
the time and particle size evolution of an atmospheric 
aerosol incorporating the effects of cluster non-
accommodation.  The simulated results qualitatively 
predict the measured size distributions for various 
nucleation events at different times and locations, 
suggesting the importance of cluster non-
accommodation in the growth of small particles.  
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INTRODUCTION 

Understanding the chemical physics of small 
molecular clusters is central to describe the nature of 
nucleation. Nucleation depends on the molecular 
cluster thermodynamics and kinetics. The cluster 
partition function serves as the bridge between the 
molecular interaction potentials and cluster thermo-
kinetic properties. Once these properties are known at 
the appropriate conditions the nucleation rate can be 
predicted. Our work (Kathmann et al., 2002) has shown 
that the sensitivity of nucleation is due to the delicate 
balance of interaction strengths, zero-point-energy 
(ZPE), and statistical mechanical sampling. For 
example, tenths of a kcal/mol variation in the free 
energy differences can alter the nucleation rate by 
many orders of magnitude. These small variations can 
arise from uncertainties in the interaction energies, 
ZPE, or inadequate sampling of configuration space. 
 

         
Figure 1. Aqueous clusters of H2SO4 and Cl-. 
 

Dynamical Nucleation Theory (DNT) (Schenter et 
al., 1999; Kathmann et al., 1999 and 2002) is a 
molecular-level treatment of nucleation kinetics based 
upon variational transition state theory to obtain rates 
and free energies for the underlying clustering 
reactions. Thus, DNT requires accurate interaction 
energies as well as statistical mechanical sampling of 
thermally relevant regions of cluster configuration 
space. The classical cluster Helmholtz free energy Ai is 
related to the partition function QDNT via 
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where β =1/kBT, kB is Boltzmann’s constant, T is the 
temperature, U(ri) is the interaction potential, and χ(v) 
is a characteristic function defining the relevant volume 
of configuration space.  

The presence of trace components (e.g., H2SO4 or 
ions – see Figure 1) can reduce the pure H2O nucleation 

barrier due to the enhanced stabilization between 
cluster species. We have performed accurate ab initio 
calculations (MP2/aug-cc-pvdz) on aqueous H2SO4 
clusters to parameterize H2SO4-H2O interaction 
potentials such that ZPE was implicitly included by 
fitting the binding energy so that it matched the ZPE 
corrected ab initio binding energy. Figure 2 shows the 
calculated (from Eq. 1) anharmonic cluster Helmholtz 
free energy differences (which are equivalent to the 
size-dependent chemical potentials = µi,i-1) between 
adjacent-sized H2SO4 hydrates parameterized with and 
without ZPE compared to those for pure H2O. Clearly, 
inclusion of ZPE in the chemical potentials for H2SO4 
hydrates can cause discrepancies ranging from ~1.8 
down to 0.2 kcal/mol. Also, the H2SO4 hydrate µi,i-1 are 
lower than (H2O)i for hydrates with two or fewer 
waters, however, for the tri-hydrate and larger the µi,i-1 
are less stable because the proton transfer, 
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The proton transfer step becomes more probable when 
H2SO4 is surrounded by 3 or 4 H2O and will become 
more stable than the pure water clusters. 
 

 
Figure 2. H2SO4(H2O)i hydrate anharmonic chemical 
potentials with (red squares) and without ZPE (black circles) 
compared to pure TIP4P water (blue triangles) chemical 
potentials at 298K. 
 

We now consider the influence of anharmonicity on 
the chemical potentials using pure H2O clusters. Here 
we use the Dang-Chang polarizable potential for water 
at 243K. We compare the chemical potentials using the 
Rigid-Rotor Harmonic Oscillator Approximation 
(RRHOA) which uses the energetic minima to the full 
anharmonic statistical sampling using 10’s to 100’s of 



millions of configurations – see Figure 3. This 
comparison shows that using the RRHOA without 
quantifying its effect is unjustified. 
 

 
Figure 3. Size-dependent chemical potential for fully 
anharmonic chemical potentials (black circles) compared to 
the RRHOA quantum (blue diamonds) and classical (red 
squares) results at 243K. The difference between the quantum 
and classical RRHOA results from the ZPE. 
 

We have also studied (Kathmann et al., 2005) the 
breakdown of the Classical Ion-Induced Nucleation 
Theory (CNT) when compared to a statistical 
mechanical treatment of aqueous ionic clusters. The 
size-dependent anharmonic chemical potentials of 
aqueous ionic clusters using ions of different Lennard-
Jones size (σNa = 2.35Å and σCl = 4.40Å) and sign (+/-) 
are shown in Figure 4: red circle (- and 2.35Å), yellow 
diamond (+ and 2.35Å), green triangle up (- and 
4.40Å), blue triangle down (+ and 4.40Å), purple 
square (pure TIP4P water), upper dotted (CNT w/ion 
radius = 0.1Å), lower dotted (CNT w/ion radius = 10 
Å), solid black (CNT pure water).  
 

 
Figure 4. Size-dependent chemical potential for +/- ions of 
different Lennard-Jones size parameters compared to the 
CNT results for aqueous ionic and pure water clusters at 
243K. 
 

The small (+) and large (–) ion interactions correspond 
to Na+ and Cl-, respectively. One can see from Figure 
4 that CNT does not provide the correct trend 
quantitatively or qualitatively. 
 
CONCLUSIONS 
Given the extreme sensitivity of nucleation to cluster 
interaction potentials, ZPE, and statistical mechanical 
sampling emphasis should be placed on improving all 
three aspects. DNT utilizes these aspects of chemical 
physics to obtain accurate cluster kinetics and 
thermodynamics. 

CNT, although offering insight into the some aspects 
of nucleation, has outlived it’s quantitative utility and 
should be modified or replaced by modern 
developments in cluster chemical physics.  

Our analysis has shown that using the RRHOA 
chemical potentials (i.e., using a single energetically 
favorable minima) may cause the greatest errors when 
calculating and predicting aqueous cluster 
thermodynamics, kinetics, and mechanisms. This can 
be remedied by sampling more of the cluster 
configuration space albeit at the expense of greater 
computational effort because so many energy 
evaluations are needed to construct the appropriate 
thermal ensemble.  

The next area to focus attention on is the construction 
of interaction potentials from high quality electronic 
structure calculations with ZPE either implicitly (as we 
did for the H2SO4 hydrates) or explicitly included. 
Once these key ingredients are shown to be sufficiently 
accurate quantitative prediction of absolute nucleation 
rates will become possible.  
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INTRODUCTION 

 New secondary particle formation has been 
observed at almost all places where both particle 
number concentrations and size distributions have been 
measured; a comprehensive summary of these studies 
is given in Kulmala et al. (2004). However, many 
questions currently remain to what extent these 
secondary aerosols can influence climate, radiative 
properties and human health. There is growing 
evidence that the Earth’s radiation budget is affected by 
radiative forcing caused by changes in the number 
concentration and composition of aerosols. In addition 
higher number concentrations of ultra-fine particles 
could have a strong impact on the size distribution of 
cloud condensation nuclei which will further affect 
cloud properties.  
 Here we merged individually developed codes into 
a one dimensional model including aerosol dynamics, 
boundary layer meteorology and chemistry in order to 
investigate the formation and growth processes 
responsible for the secondary organic aerosols under 
realistic atmospheric conditions. 
  
MODEL DESCRIPTION 
 MALTE is a one-dimensional model which 
includes several modules for the simulation of 
boundary layer dynamics and both chemical and 
aerosol dynamical processes.  
 For the description of Planetary Boundary Layer 
(PBL) processes, a first-order closure technique is 
applied. The PBL model includes predictive equations 
for four first statistical moments (means), i.e., the x- 
and y-component of the wind, the potential temperature 
and the specific humidity. The model is mainly based 
on the previous works of (Blackkader 1979) and 
ReVelle (1993). It considers geostrophic wind forcing, 
radiative forcing, and large-scale subsidence. 
 The aerosol dynamics are solved by the size-
segregated aerosol model, UHMA (University of 

Helsinki Multicomponent Aerosol model - Korhonen et 
al., 2004). The model includes the major aerosol 
microphysical processes for a clear-sky atmosphere. It 
focuses on new particle formation and growth; thus, it 
incorporates both particle coagulation and 
multicomponent condensation. It applies a revised 
treatment of condensation flux onto free molecular 
regime particles, including activation of nano-sized 
clusters by organic vapours (Nano-Koehler theory). In 
the current version, kinetic nucleation of H2SO4 is the 
primary mechanism for the formation of new particles. 
It was determined that the predicted particle size 
distribution were in agreement with the measurements 
by using a value of 1x10-12 cm3 s-1 for the kinetic 
coefficient. Particle dry deposition is also calculated. In 
order to account for deposition of newly formed 
particles, we have extrapolated former results to 
particle sizes less than 10 nm. 
  Currently there is a considerable lack of knowledge 
concerning the atmospheric oxidation of complex 
organic molecules such as monoterpenes or 
sesquiterpenes. The identities of the end-products, their 
reaction yields and their physical and chemical 
properties are not well-characterized.  Therefore, in 
MALTE we have assumed a yield from monoterpene 
oxidation of 0.05 for all reaction products capable of 
condensing on nano-sized inorganic clusters (as 
determined using Nano-Koehler theory) and a yield of 
0.05 for all products capable of being involved in the 
general condensation mechanism.  These two yield 
values were found to give the best agreement for 
particle growth and size distribution with the measured 
values for the selected days. 
    
RESULTS 
 Comparison of predicted and measured H2SO4 
concentrations showed a satisfactory agreement. 
Further, the results indicate that the model is able to 
predict the on- and offset of new particle formation as 



well as the total aerosol number concentrations that 
were in good agreement with the observations (Figure 
1).  
 

 
 
Figure 1. Measured and modelled total particle number 
concentration for the 26th of March 2003. 
 
 The simulations showed that at a certain transitional 
particle diameter (2-7 nm), organic molecules can 
begin to contribute significantly to the growth rate 
compared to sulphuric acid.  At even larger particle 
sizes, organic molecules can dominate the growth rate 
on days with significant monoterpene concentrations. 
Similar results were published by Wehner and co-
authors (Wehner et al., 2005) recently. They calculated 
that new particles needed to reach a size range between 
about 7 – 20 nm before it becomes apparent that 
organic vapours can contribute significantly to the 
growth rate. However, their observations were from a 
more urban site in Germany with up to twice as much 
H2SO4.   

 

 
 

Figure 2. Vertical daily evolution of particle number 
concentrations in two different size ranges for the 26th of 
March 2003. 

 The intraday vertical evolution of new formed 
clusters and aerosols in two different size ranges 
resulted in two maxima at the ground (Figure 2). The 
results agree with measured vertical profiles between 
11.21 and 11.31 for the same day reported by O’Dowd 
et al. (2005). The authors reported high number 
concentrations of particles between 3 to 6 nm from 
about 100 m (lowest flight height) up to 500 m and a 
decrease above.   

 
 
CONCLUSIONS 
 This work presents a description of MALTE – a 
model to predict new aerosol formation in the lower 
troposphere. The results indicate that the model is able 
to predict new particle formation events in good 
agreement with observations.  
 The new version of the model also include the 
emission of organic vapours from the biosphere 
(MEGAN code from Alex Guenther), an improved 
organic chemical mechanism and a parameterization 
for ion-induced nucleation (PARNUC from Ned 
Lovejoy and Jan Kazil). 
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INTRODUCTION 
 Uncertainties in new particle formation (NPF) and 
emissions rates for particle number yield large 
uncertainties in modeled number concentrations (N). In 
this study, sensitivity studies were performed with a 
variety of approaches to NPF and several number 
emission rates using the Community Multiscale Air 
Quality (CMAQ) regional-scale model over all of the 
continental U.S with 60-km resolution for July 2004..  
  
MODEL DESCRIPTION 
 NPF approaches included binary H2SO4–H2O 
nucleation (Vehkamaki et al., 2002; V02), ternary 
H2SO4–H2O–NH3 nucleation (Napari et al., 2002; 
N02), and nucleation by ion-ion recombination (Turco 
et al., 1998; NIIR). Newly-formed particles entered the 
Aitken mode at 3 nm diameter. The Kerminen and 
Kulmala (2002) parameterization for the ratio FKK02 of 
the NPF rate Jp at dnpf (3 nm in this work) to the 
nucleation rate J (1 nm) was included in some model 
variants. Empirical rates for the formation of 3–4 nm 
particles under clean conditions of the form Jp = 
K[H2SO4]n, n=1, 2 (Eisele and McMurry, 1997; EM97) 
were also included. After calculating Jp = FKK02 J or Jp = 
J, the (constant) Jp over the 15-min time step was 
limited by the available H2SO4.  
 
RESULTS  
 Overall model sensitivities were examined using 
average Jp and N over the domain and simulated period 
(Jp, ave and Nave). The basecase Jp was the sum of the 
N02 and NIIR rates reduced by the factor FKK02. Key 
results follow.  
1. Using Jp  = FKK02 J rather than Jp  = J reduced Jp, ave by 
a factor of ~3 and Nave by a factor of ~2, even though 
the conversion is only to slightly larger (3-nm) size. 
2. Replacing the ternary rate with the binary rate 
decreased Jp, ave by a factor ~0.05 but decreased Nave by 
only ~0.4. Binary nucleation was usually negligible in 
the boundary layer (PBL); above the PBL the extent of 
binary nucleation approached that of ternary nucleation 
because of lower temperatures and [NH3]. 
3. When the binary nucleation rate was used, inclusion 
of NIIR increased both Jp, ave and Nave only modestly.  
4. The NPF rate of the average of the two n = 2 curves 
of Fig. 7 of EM97 yielded Jp, ave intermediate between 
that of the binary and ternary parameterizations in the 
PBL, and comparable to the binary Jp, ave above the 
PBL.   

5. Reducing the mean diameter of emitted particles by 
a factor of two (for fixed mass emission rate) for both 
the Aitken and accumulation modes gave a modest 
decrease in both Jp, ave and Nave. This resulted from 
increased surface area and reduced NPF when emitted 
mass is apportioned into smaller particles. Increasing 
the emitted mean diameter increased Jp, ave and Nave.  
6. Particle transfer from the Aitken to the accumulation 
mode is necessary in modal models to maintain distinct 
modes. Transfer is not governed by a physical process, 
and for large NPF rates this introduces a substantial 
uncertainty in accumulation mode number.  
7. When the NPF rate is large, the subsequent reduction 
of Jp due to limited H2SO4 was also large with the 15-
min time step. Nucleation and condensation are 
partially operator-split in CMAQ. When its binary 
nucleation rate is replaced by the N02 ternary rate, 
H2SO4 consumption is biased in favor of NPF.  
8. In the Aitken mode, average NPF and coagulation 
rates nearly balanced. In the accumulation mode, 
number emissions and intermodal transfer were 
balanced by wet deposition.  

 
CONCLUSIONS 
 New particle formation dominates uncertainties in 
Aitken mode number concentration, whereas 
conversion of mass emission rates to number emission 
rates dominates uncertainties in accumulation mode 
number.  
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INTRODUCTION 
 Three-dimensional (3-D) modeling of particulate 
matter (PM) properties (e.g., mass, number, and size 
distribution) is a formidable task because of the 
complexity of its physical and chemical processes and the 
demand for large computational resources.  While most 3-
D air quality models (AQMs) can reproduce the mass 
concentrations of PM with an aerodynamic diameter 
within 2.5 µm and 10 µm (i.e., PM2.5 and PM10) within 
50% of the measurements, accurately simulating particle 
number concentrations and size distributions remains 
challenging.  One of the large uncertainties lies in the 
model treatment of new particle formation process due to 
homogeneous nucleation.  Use of different nucleation 
parameterizations in 3-D models introduces significant 
uncertainties in the predicted number production rates and 
number concentrations of PM2.5, particularly in the nuclei 
mode (Zhang et al., 1999).  Those parameterizations are 
derived either empirically from laboratory experiments or 
from kinetic models that are based on classical binary and 
ternary nucleation theories.   
 In this work, six binary and one ternary homogeneous 
nucleation parameterizations are examined first in a box 
model and then in the 3-D Models-3/Community 
Multiscale Air Quality (CMAQ) modeling system.  The 
six binary homogeneous nucleation parameterizations are 
those of Wexler et al. (1994), Pandis et al. (1994), 
Fitzgerald et al. (1998), Harrington and Kreidenweis 
(1998), Kulmala et al. (1998), and Vehkamäki et al. 
(2002), and the ternary nucleation parameterization is 
Napari et al. (2002).  All the six binary parameterizations 
have been used in 3-D AQMs such as CMAQ, the 
California/Carnegie-Mellon Institute of Technology Air 
Quality Model (CIT), and the Gas, Aerosol, Transport, 
radiation, General Circulation, Mesoscale, and Ocean 
Model (GATOR-GCMOM).  The parameterizations of 
Pandis et al. (1994), Fitzgerald et al. (1998), Vehkamäki 
et al. (2002), and Napari et al. (2002)  are implemented 
into CMAQ and compared with two existing 
parameterizations in CMAQ (i.e., Kulmala et al. (1998) in 
CMAQ v4.4 and Harrington and Kreidenweis (1998) in 
all versions prior to v4.4).   The 12-28 June 1999 
Southern Oxidants Study (SOS) episode is selected as a 
testbed to evaluate the PM number and size predictions of 
CMAQ with the six parameterizations.  The predicted 
number concentrations and size distributions of PM are 
evaluated against measurements from the Aerosol 
Research and Inhalation Epidemiology Study (ARIES) 
(McMurry et al., 2000; Woo et al., 2001).  The statistical 
measures are calculated and analyzed for the total 
number, volume, and surface areas of PM2.5 as a sum of 

the Aitken- and accumulation-mode PM and those of PM 
in individual segregated size sections over the diameter 
range of 0.00306 to 2 µm that was used in the ARIES 
measurements for PM2. 
 
EVALUATION RESULTS 

Significant differences are found among the binary 
nucleation rates calculated with different 
parameterizations and between the binary and ternary 
nucleation rates (e.g., by up to 3-7 orders of magnitude 
under specific conditions).  For example, at RH = 50% 
and T = 298.15 K, all binary parameterizations except 
Wexler et al. (1994) show a strong dependence on NH2SO4.  
While Fitzgerald et al. (1998) shows large deviations 
from the ternary nucleation rates for NH3 = 100 ppt, 
Pandis al. (1994) gives a very close agreement to the 
ternary nucleation rates for NH3 = 1 ppt.  For nucleation 
rates > 1 × 10-8 cm3  s-1, the nucleation rates predicted by 
Kulmala et al. (1998) are lower by 1-2 orders of 
magnitude compared with those of Vehkamäki et al. 
(2002) and by 3-6 orders of magnitude compared with 
those of Fitzgerald et al. (1998).   
 Table 1 summarizes the 3-D model simulation 
results. All nucleation parameterizations significantly 
underpredict (by a factor of 1.4 to 47) the total number 
concentrations of Aitken-mode PM and overpredict (by a 
factor of 1.38 to 1.74) those of accumulation-mode PM.  
The PM number predictions with different nucleation 
parameterizations can differ by 4 and 1.5 orders of 
magnitude for Aitken- and accumulation-mode PM, 
respectively, with the lowest by Kulmala et al. (1998) and 
the highest by either Harrington and Kreidenweis (1998) 
or Napari et al. (2002).  The ternary nucleation 
parameterization gives the best overall performance in 
predicting PM number and size distributions in terms of 
both temporal variations and performance statistics.    
 Major atmospheric processes and their relative 
impact on predicted PM number and size distribution are 
analyzed through the Integrated Process Rate (IPR) 
analysis and sensitivity studies.   IPR analysis shows that 
controlling processes are different for Aitken-mode vs. 
accumulation-mode, number vs. volume vs. surface areas, 
and urban/upwind locations vs. rural/remote /downwind 
locations.  For example, in southeastern U.S., at 
urban/upwind locations, the production of Aitken-mode 
number is dominated by PM processes and vertical 
transport, and its loss is dominated by dry deposition.  At 
rural/remote and/or downwind locations, vertical 
transport, horizontal transport, and aqueous-phase 
processes are major production processes for Aitken-
mode PM number; and its loss is controlled by dry 
deposition and PM processes.       
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Table 1. Performance statistics for hourly PM2.5 
number concentrations predicted by CMAQ with 
various nucleation parameterizations at the surface 
during June 14-28, 19991.  
 

a. Aitken Mode 
 Nuclk0  Nuclh1 Nuclv2  Nuclp3 Nuclf4  Nucln5 
Obs 36507 36507 36507 36507 36507 36507 
Mod 770 22002 986 2949 2150 26237 
Data # 306 306 306 306 306 306 
NMB -0.98 -0.397 -0.97 -0.92 -0.94 -0.28 
NME 0.98 1.044 0.97 0.92 0.94 1.30 
NMBF -46.44 -0.659 -36.01 -11.38 -15.98 -0.39 
NMEF 46.44 1.732 36.01 11.38 15.98 1.80 

 
b. Accumulation Mode 

 Nuclk0  Nuclh1 Nuclv2  Nuclp3 Nuclf4  Nucln5 
Obs 1805 1805 1805 1805 1805 1805 
Mod 2481 2963 2494 2783 2736 3144 
Data # 329 329 329 329 329 329 
NMB 0.38 0.64 0.38 0.54 0.52 0.74 
NME 0.73 0.82 0.73 0.77 0.76 0.91 
NMBF 0.38 0.64 0.38 0.54 0.52 0.74 
NMEF 0.73 0.82 0.73 0.77 0.76 0.91 

       
1 Nuclk0- Kulmala et al. (1998); Nuclh1- Harrington and Kreidenweis 
(1998), Nuclv2- Vehkamäki et al. (2002), Nuclp3- Pandis et al. (1994), 
Nuclf4-Fitzgerald et al. (1998), and Nucln5-Napari et al. (2002).  
NMB/NME-Normalized mean bias/error; NMBF/NMEF-Normalized 
mean bias factor/error factor. 
  
 Sensitivity simulations provide the relative 
importance of the assumed initial PM size distribution and 
several atmospheric processes including emissions, cloud 
scavenging, dry deposition, and coagulation in simulating 
PM number concentrations and size distributions.  Among 
these processes and parameters, the PM number and size 
distribution predictions are most sensitive to coagulation, 
emission, and the assumed initial PM size distribution, 
and relatively insensitive to cloud scavenging and dry 
deposition.   For example, coagulation can destroy total 
numbers of Aitken- and accumulation-mode, 88.24% and 
66.35%, respectively at an urban location such as 
Jefferson Street in Atlanta and 97.32% and 74.58%, 
respectively at a remote location such as Great Smoky 
Mountain.  Neglecting coagulation significantly 
overpredicts PM number and surface concentrations for 
Aitken- and accumulation-mode PM, overpredicts Aitken-
mode volume concentrations and underpredicts 
accumulation-mode volume concentrations because of 
lack of growth from Aitken-mode to accumulation-mode.   
 
CONCLUSIONS 

Various homogeneous nucleation parameterizations 
predict nucleation rates that differ by several orders of 
magnitude, posting challenges in accurately simulating 
PM number concentrations and size distributions.  
Cautions are advised in selecting those parameterizations 
for 3-D AQM applications since most parameterizations 
have not been rigorously tested for all ranges of ambient 
conditions mainly because of lack of data.   Observations 
are urgently needed for a systematic evaluation of their 
performance. 
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ABSTRACT 
We are developing a new Nano-SMPS system 

that detects sub 3 nm particles and samples at high 
particle count rate.  Efforts also have been made to 
make the system safe, stable, and user friendly.  The 
system consists of an aerosol charger, differential 
mobility analyzer (DMA), and condensation particle 
counter (CPC) (Figure 1).  The aerosol charger is 
based on the surface discharge microplasma aerosol 
charger (SMAC) operating in the negative unipolar 
charging mode.  The major advantage of the SMAC is 
that it does not use a radioactive source.  The original 
design of Kwon et al, (2006) was modified to 
simultaneously trap the large primary particles and 
enhance interactions between the sampled particles 
and generated ions.  The design of the mobility 
classifier region is based on the radial DMA (Zhang et 
al., 1995). The effect of wall diffusion losses within 
the channel between the changer and classifier is 
minimized by extracting the core portion of the 
annular flow at the aerosol inlet slit.  The classifier 
region is designed to maximize the sheath flowrate 
without causing secondary flow formation.  The 
geometry of the aerosol inlet slit at the confluence of 
the sheath flow and the aerosol inlet flow was 
redesigned to ensure that two flows merge smoothly.  
The height of the classifying disks will be adjusted to 
choose the height that gives the best mobility 
resolution.  We tentatively plan to use a laminar flow 
CPC (LCPC) because LCPCs have performed stably 
during our past sampling campaigns.  However, the 
modular design of the new SMPS system will also 
accommodate turbulent Mixing CPC that has recently 
been shown to detect particles as small as 1nm at high 
count rates (Kim et al., 2003; Sgro and Fernandez de 
la Mora 2004).  We will choose a CPC working fluid 
that gives the lowest minimum detectable size.  The 
overall detection efficiency of the entire system, non-
ideality in voltage mobility relation and mobility 
resolution will be experimentally determined by 
tandem differential mobility analysis (TDMA) 
experiments.   
 

 
Figure 1: Schematics of the nano-SMPS system 
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INTRODUCTION 
 Condensation particle counters (CPC) are widely 
used in atmospheric aerosol particle measurements. 
Typically particle size range starting from 3 nm can be 
covered with commercial instruments. Charged 
particles or clusters smaller than 3 nm can be measured 
by ion spectrometers but detection of neutral clusters 
smaller than 3 nm has turned out to be quite 
complicated. In this paper we describe the studies of 
detection efficiency of UF–02proto conductive cooling 
type CPC. The instrument is described in detail by 
Mordas et al. (2005). Results from the field 
measurements with UF–02proto are presented by 
Riipinen  et al. (2006). 
  
EXPERIMENT 
 A tube furnace was used to generate polydisperse 
silver aerosol. At approximately 980ºC silver 
evaporated into 5 l min-1 nitrogen flow. After the 
heating section of the furnace the flow cooled down 
and silver vapour started to nucleate. To prevent the 
growth of the particles to bigger sizes the flow was 
diluted immediately after the furnace by ca. 15 l min-1 
of purified compressed air. As a result a particle 
distribution with the mode around 2.5 nm (mobility 
equivalent diameter) was achieved.  
 After passing through the neutralizer (241Am) a 
monodisperse fraction was extracted from the aerosol 
in a differential mobility analyzer (DMA). An aerosol 
electrometer was used as a reference.   
 Because the transfer functions of the DMA are 
reasonably wide at the particle sizes close to 2 nm 
(Stolzenburg, 1988, Reischl et al., 1997) a simple 
correction that takes account of the initial distribution 
was applied.  
 Detection efficiency was investigated at constant 
condenser temperature (Tcond = +10ºC) and at saturator 
temperatures from +43 ºC up to +62 ºC. 
   
RESULTS  
 Typical detection efficiency curve is presented in 
Fig. 1.  At normal operation conditions (Tcond = +10ºC, 
Tsat = +43ºC) a 50%–detection limit of (4.2±0.4) nm 
was reached. Increasing the saturator temperature 
finally led to (1.8±0.2) nm detection limit at saturator 
temperature of +54ºC. After that the heating of the 
saturator did not any more affect the detection limit, 
but homogeneous nucleation rate started to increase 
slowly. Measurement with Tsat = 62ºC was conducted 
with background aerosol (ca. 15 nm particles) 

concentration of 4000 cm-3 to prevent homogeneous 
nucleation.  
 

 
 

Figure 1. Detection efficiency as a function of particle size 
with 44 ºC temperature difference between saturator and 
condenser. 

 
 

Figure 2. 50%–detection limit as a function of saturator 
temperature when condenser temperature is kept constant 
(+10ºC). In case of saturator temperature of 62 ºC a 
background aerosol (4000 cm-3, diameter ca. 15 nm) was used 
to prevent homogeneous nucleation.  
 
DISCUSSION 
 It is obvious that aerosol was not completely 
saturated with butanol vapour in saturator, thus high 
temperature differences were needed before 
homogeneous nucleation started to dominate over the 
heterogeneous nucleation on calibration aerosol 
particles. 



 It should be mentioned that these calibrations were 
performed using negatively charged particles. It is 
known fact that activation of charged particles can take 
place with lower supersaturations than activation of 
neutral ones. Thus the 50%–detection limit of (1.8±0.2) 
nm obtained in this study is very probably slightly 
different for neutral particles. 
 Also, one should keep in mind that the particle 
diameter in size range below 3 nm is not a well defined 
concept. In this study particle diameter is expressed as 
mobility equivalent diameter (Millikan – Fuchs  
diameter) whereas application of e.g. Tammet’s 
mobility-diameter conversion (Tammet, 1995) would 
lead to very different diameters. As an example 1.8 nm 
mobility equivalent diameter corresponds to Tammet’s 
diameter of ca. 1.5 nm.  
 
 CONCLUSIONS 
 Despite of all small obscurities related to particle 
sizes, performed detection efficiency studies show that 
with UF–02proto CPC 50%–detection limits far below 
3 nm can be reached.   
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According to the Intergovernmental Panel on 
Climate Change, direct and indirect aerosol radiative 
forcing effects have the greatest associated 
uncertainties in climate change predictions (Houghton 
et al., 2001). Recent work has shown that new particle 
formation can significantly enhance concentrations of 
cloud condensation nuclei, thereby contributing to the 
aerosol “indirect” effect.  Modeling of cloud 
condensation nuclei (CCN) from a variety of sources 
and atmospheric environments is hindered by 
inadequate fundamental understanding of processes 
that lead to new particle formation and growth (Prenni 
et al., 2001; Andronache et al., 1997; Rotstayn et al., 
2002; Stott et al., 2000; and Kulmala et al., 2004).  
Current size detection limits in standard particle sizing 
instrumentation, such as condensation nuclei counters 
(CNC) (Stolzenburg and McMurry, 1991) and 
differential mobility analyzers (DMA) (Chen et al., 
1996), prohibit the direct measurement of neutral 
clusters smaller than 3nm. Freshly nucleated particles 
have diameters of roughly 1nm, resulting in a lag 
between actual particle nucleation and particle growth 
to detectable sizes.  This 2nm growth may occur on the 
order of minutes up to an hour (Kulmala, et. al., 2004) 
leading to an uncertainty in the chemical and physical 
conditions at the time of nucleation. The intent of this 
research is to further elucidate the chemical and 
physical characteristics of nucleation in the 
atmosphere.  Recently developed instrumentation 
allows the direct measurement of neutral molecular 
clusters (Eisele et. al., 2000; Hanson et. al., 2002). 
Based on this earlier work, we are building a new 
chemical ionization mass spectrometer (CIMS) to carry 
out laboratory measurements of clusters formed by 
nucleation.  The use of a transverse drift system inlet 
will allow for the differentiation of neutral clusters 
formed in the reactor from those formed by ion-induced 
processes in the source.   Cluster size distributions for 
the binary H2SO4-H2O, and ternary H2SO4-H2O-NH3 
systems will be measured.  A pseudo-batch reactor will 
provide cluster formation at near ambient gas 
concentrations.  Cluster growth will proceed on the 
time scale of atmospheric events.  Cluster size 
distributions will be measured in varying physical 
conditions to examine the temperature, humidity and 

concentration dependence of cluster growth.  The 
effects of ammonia and/or organic amines on cluster 
formation and growth will be examined.  As one 
component of collaborative research, the laboratory 
CIMS results will be complimented with atmospheric 
measurements.  By combining these measurements of 
clusters with measurements of nanoparticles with the 
new scanning mobility particle sizer (nano-SMPS) 
being developed by Iida and McMurry (2006), we aim 
to “bridge the gap” between the measurements of 
molecules and nanoparticles.  A goal of this 
collaborative research is the comparison of size 
distribution data to concurrently developed models of 
nucleation and growth rate coefficients.   
  
Keywords: nucleation, sulfuric acid, ammonia, particle 
formation, chemical ionization mass spectrometry, 
neutral molecular clusters 
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INTRODUCTION 
    One of the major goals in research in new particle 
formation and growth in the atmosphere is the 
identification of the chemical composition of newly 
formed aerosol, from critical clusters to ultrafine 
particles.   In fact, chemical measurement of the gas 
phase precursors is equally important.  In both phases, 
it is a truism that the importance of the measurements is 
matched by practical experimental difficulties.  Here 
we present two case studies of mass spectrometric 
determination of new particle chemical composition 
showing contrasting organic and inorganic particle 
growth events .  Though instrumentally limited to 
observation of relatively large particles (>30 nm 
diameter), these results  highlight the range of 
atmospheric aerosol chemistry during new particle 
formation events. 
    These field studies deployed an aerosol mass 
spectrometer (AMS, Jayne et al, 2000) that utilizes an 
aerodynamic lens that can focus particles in the size 
range 40 to 1000nm (Liu et al,1995, Zhang et al, 2004).  
This approach differs from other mass spectrometer 
instruments which detect the composition smaller 
particles (<10 nm), both neutral and charged (that will 
be discussed in detail elsewhere at this workshop).  The 
advantage of the AMS is the capability of measuring 
the complete non-refractory chemical composition of 
sub-micron aerosol, providing chemical balance 

 
 
Figure. 1.  Hyytialla growth event (1 April, 2003) observed 
by the AMS (a) and DMPS (b).  Colour scheme as in Fig. 2.  
Distributions (c), (d) and (e) are from 13:00–18:00, 19:00–
23:00 and 00:00–06:00GMT respectively.  Note Composition 
in the Aitken mode is partly inorganic during the later stages. 

in combining SMPS volume and AMS mass aerosol 
loading. (see for example, Jimenez et al, 2003). 

RESULTS 
    Figures 1 and 2 display results from particle 
nucleation and growth events  observed at forest and 
urban sites; Hyytiala, Finland (QUEST, 2003) and 
Pittsburgh in the U.S (PAQS, 2002), respectively.  
Panels (a) and (b) in Figure 1 (Allan et al, 2006) 
compare the time evolution of AMS mass and SMPS 
size distributions for a late morning formation event 
with aerosol growth continuing through the night.  
Average mass distributions (panels (c)-(e)) show that 
the AMS is sensitive only after particle growth to >40 
nm (vacuum aerodynamic diameter), corresponding to 
SMPS number mode >20nm diameter. In this forested 
environment, the appearance of ultrafine particles 
(<200nm) after noon is clearly dominated by organics, 
with subsequent growth after midnight largely to 
sulfate (and some nitrate).  (Note that the appearance of 
ultrafine organic mass mode is distinct from the 
background accumulation mode that is predominantly 
sulfate).  Moreover, the mass spectrum of the organics 
appears consistent with biogenic sources as indicated 
by filter analyses (Allan et al., 2006 and references 
therein). 
    Figure 2 shows the time evolution of the fractional 
chemical composition of growing particles (33-60nm 
vacuum aerodynamic diameter) following a nucleation 
event in Pittsburgh (Zhang et al, 2004).  In this case, 
the overall aerosol microphysics was more complex, 
with multiple size modes, resolved in size and 
compositions arising from traffic emission, new 
particle growth and aged accumulation.  However, the 
distinct change in ultrafine particle composition after 
9am was clearly associated with the growth of a 
nucleation event (at 8am) as indicated by a signature in  

  
 
Figure. 2   Fractional chemical composition for Pittsburgh 
nucleation/growth event September 12, 2002.  Percent 
fraction of chemical species vs total (sulfate + nitrate + 
ammonium + organics) in 33-60 nm ( Dva) particles.  Note 
ammonium appears only after 11am. 



the SMPS distribution similar to the one shown in 
Figure 1b (see Zhang et al, 2004).   In this urban case, 
the initial particle growth > 40nm (between 9 and 11 
am) is dominated by sulfuric acid, reflecting the 
regional sources of SO2 surrounding the city of  
Pittsburgh. 
    There are two points to be made about the results  in 
Figures 1 and 2.  First, the composition of the growth 
mode (>40nm) cannot be directly related to that in the 
initial nucleation event; AMS detection is not sensitive 
to nucleation particles  On the other hand, observed 
growth mode chemistry does appear to reflect the 
condensable vapors expected at each site under the 
“clean” conditions necessary for nucleation – organics 
(likely biogenic) in a forest and sulfate in the Eastern 
U.S.  Moreover, in both cases it is apparent that the 
condensable vapor chemistry evolves as emissions and 
processing change the air mass.   For example, while 
Figure 2 indicated there was insufficient NH3 vapor to 
neutralize condensed aerosol H2SO4 in the morning on 
September 12, 2002, results from an event 4 days 
earlier showed the initial aerosol growth was in fact 
neutralized (NH4)2SO4 (Zhang et al, 2004).  In the 
Hyytiala case,  subsequent growth overnight shifted to 
inorganics, in contrast to organics  earlier in the day.  

CONCLUSIONS  
    The challenge is to extend these results to smaller 
particles, corresponding to earlier stages of new particle 
formation and growth.  Recent developments in 
aerodynamic lens design hold promise in extending 
transmission for mass spectrometric analysis  of 
nanoparticles (Wang et al, 2005a; 2005b).  At the same 
time, absolute detection sensitivity limits must also be 
improved in order to detect smaller particles (see for 
example, Drewnick et al, 2005).   
    Beyond the technical challenges of coupling the 
sampling and chemical detection of nanometer sized 
particles, it is important to note that the experimental 
separation of the gas and particle phases can be 
problematic in the limit of low concentration and small 
particles involved in nucleation/growth events.  At near 
ppt mixing ratios – representative both of gas phase 
precursors and nanometer particles - partitioning 
between the gas and aerosol phases is extremely 
sensitive to perturbations in temperature and relative 
humidity during aerosol sampling and detection.   

Keywords:  Ultrafine Aerosol, Aerosol Growth, Mass 
Spectrometry 
 
REFERENCES 
Allan, J.D., M. R. Alfarra, K. N. Bower, H. Coe, J. T. 

Jayne, D. R. Worsnop, P. P. Aalto, M. Kulmala, T. 

Hyötyläinen, F. Cavalli, A. Laaksonen (2006) Size 
and composition measurements of back-ground 
aerosol and new particle growth in a Finnish forest 
during QUEST 2 using an Aerodyne Aerosol Mass 
Spectrometer,. Atmos. Chem. and Phys, 6, 315-327. 

Drewnick, F., Hings, S. S., DeCarlo, P., Jayne, J. T., 
Gonin,M., Fuhrer, K., Weimer, S., Jimenez, J. L., 
Demerjian, K.L.,Borrmann, S., and Worsnop, D. 
R.: A New Time-of-Flight (2005) Aerosol Mass 
Spectrometer (TOF-AMS)-Instrument Description 
and First Field Deployment, Aerosol Sci. Technol., 
39, 637–658.  

Jayne, J. T., Leard, D. C., Zhang, X. F., Davidovits, P., 
Smith, K. A., Kolb, C. E., and Worsnop, D. R. 
(2000) Development of an aerosol mass spectro-
meter for size and composition analysis of sub-
micron particles, Aerosol Sci. Technol., 33, 49–70. 

Jimenez, J. L., Jayne, J. T., Shi, Q., Kolb, C. E., 
Worsnop, D. R., Yourshaw, I., Seinfeld, J. H., 
Flagan, R. C., Zhang, X., Smith, K. A., Morris, J. 
W., and Davidovits, P.: (2003) Ambient aerosol 
sampling using the Aerodyne Aerosol Mass 
Spectrometer, J. Geophys. Res.-Atmos., 108, 8425, 
doi:10.1029/2001JD001213, 2003. 

Liu, P., Ziemann, P. J., Kittelson, D. B., and McMurry, 
P. H.: (1995) Generating Particle Beams of 
Controlled Dimensions and Divergence:II. 
Experimental Evaluation of Particle Motion in 
Aerodynamic Lenses and Nozzle Expansions, 
Aerosol Sci. Technol., 22, 314–324,. 

Wang, X., F.E. Kruis, and P.H. McMurry (2005a) 
Aerodynamic Focusing of Nanoparticles: I. 
Guidelines for Designing Aerodynamic Lenses for 
Nanoparticles Aerosol Sci. and Techno.y, 39:611–
623. 

Wang, X., Gidwani, A. Girshick, S.L., and McMurry 
P.H. (2005b) Aerodynamic Focusing of 
Nanoparticles: II. Numerical Simulation of Particle 
Motion Through Aerodynamic Lenses Aerosol Sci. 
and Techno.y, 39:624–36. 

Zhang, Q., Stanier, C. O., Canagaratna, M. R., Jayne, J. 
T., Worsnop, D. R., Pandis, S. N., and Jimenez, J. 
L. (2004) Insights  into the chemistry of new 
particle formation and growth events  in Pittsburgh 
based on aerosol mass spectrometry , Environ. Sci. 
Technol., 38, 4797–4809. 

Zhang, X. F., Smith, K. A., Worsnop, D. R., Jimenez, J. 
L., Jayne, J. T., Kolb, C. E., Morris, J., and 
Davidovits, P.: Numerical characterization of 
particle beam collimation: Part II – Integrated 
aerodynamic-lens-nozzle system, (2004) Aerosol 
Sci. Technol., 38, 619–638. 

 




