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Chapter 1 : Introduction

1.1 Atmospheric Nucleation

Atmospheric nucleation occurs when stable moleatlissters are formed
spontaneously from the gas-phase. The photochéynitavzen formation and growth of
stable atmospheric clusters is believed to ocawutih multi-component processes that
often include sulfuric acid. New particle formatiNPF) occurs when these nucleated
clusters grow to a detectable size. These nuoleatrents are then usually identified by
increases in the concentrations of gas-phase su#aid followed by increases in the
concentrations of nanoparticles above the sizectietelimit which, until recently, was
about 3 nm $tolzenburg and McMurm991]. Using these criteria, atmospheric
nucleation events have been observed year-rougldlral, diverse locations including
urban, rural, marine, and biogenic environmeHidinala et al, 2004b].

New particle formation by nucleation of gas-phgsecges significantly
influences the size distributions and number cotraéans of atmospheric aerosols.
These nucleated particles are formed at ratesathatrders of magnitude higher than
were predicted by early modeM/gber et al.1996] and grow at rates that are typically
ten times faster than can be explained by the ewad®n of sulfuric acid alon&\Jeber
et al, 1997;Mé&kela et al. 2001;Wehner et a).2005]. The resultant aerosols exert a
significant impact on global climate by affectirigetearth’s radiation balance directly
through the scattering and absorption of incidetdrsradiation, and indirectly through
their role as cloud condensation nuclei (CCNpfecht 1989;Charlson et al. 1992].
High formation rates and fast growth to CCN sizesuee that NPF contributes
significantly to the global CCN populatiohan et al. 2001;Spracklen et al.2008].

Since the highest uncertainties in the curretitn@ges for global radiative
forcing are associated with these direct and ictimerosol effectdPCC, 2007;Chin et
al., 2009], it is essential to develop a detailed, ma@dstic understanding of processes

that affect the ambient aerosol population. Asé¢hearticles are first produced from the
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formation of stable molecular clusters and subseiiyigrow to a CCN-active size, they
undergo various processes that enhance and démeparticle population such as the
condensation of gas-phase species and particlelparbagulation, respectively. Itis the
primary goal of the research described in thisihesdevelop robust models,
constrained by measuremefur the sequential formation of CCN from the matlon of
gas-phase precursors. To this end, my thesis ésaus four topics: [1] the development
of nucleation rate parameterizations from correfeibetween formation rates of 1 nm
particles (assumed nucleated particle size) angblgase sulfuric acid concentrations in
diverse environments; [2] the development of ateluormation mechanism
incorporating energetic barriers at the smallasstelrs; [3] the derivation of a simple,
dimensionless criterion determining whether oriBF would occur on a particular day;
and [4] the determination of the survival probapibf newly formed particles (3 nm) as
they grow to a CCN-active size (100 nm). A scheor@dingram of an aerosol size
distribution measured during a nucleation eveshmwn in Figure 1.1, overlaid with the
particle size ranges corresponding to each of bogementioned thesis topics. While
the results of this work pertain to atmosphericleation, the methods of analysis and

applied numerical techniques apply to gas-phaskeaticn in general.



[ee]

10, e
@ Anchored by [H2SO4]
10" 11
5 o 2]
i L 13
E. 106? I 1 [3] ]
. oN
e} £ E
e .oho E
© i o’ ° ]
10" . o % ]
i 0.0.‘“'0 ]
3 ¢ |
10 Ll I . I Ll IR . I
10" 10’ 10°

Mass Diameter [nm]

Figure 1.1 Aerosol size distribution measuredmynucleation event observed on
08/06/08 in the Manitou Experimental Forest (Manigprings, Colorado). The size
distribution is anchored at the smallest size bgsneed [HSO,] and includes the cluster
species (HSOy); and (HSOy)4 (N3 and N, on the figure, respectively) as well as
nanopatrticles from 3 — 300 nm. Sulfuric acid moeoand cluster measurements were
obtained with a prototype cluster mass spectronjéteao et al. 2009]. Nanoparticle
measurements were acquired with a conventionakfeasize distribution instrument
[Woo et al.2001]. The aerosol size range of interest fehehesis topic (in square
brackets) is also shown, referenced in section 1.1.



1.2 Thesis Overview

In chapter 2, correlations between measured coratamts of newly formed
particles and [R50y were analyzed for nucleation events measuredvierse
environments. A simple parameterization for atnhesic nucleation rates;jJwas

obtained,J, = K[IH SO, T, that could be easily implemented in regional einemical

transport modelspracklen et a.2008]. The nucleation exponeRtwas shown to be
equal to 2 (indicating a critical cluster contaminvo sulfuric acid molecule©xtoby
1998]) and the pre-factdK varied from 1 — 4 orders magnitude beneath theé-sphere
collision limit. These reduced cluster formati@es suggested the presence of a
significant barrier to small cluster formation.

In chapter 3, the effect of this cluster formatizarrier on the dynamics of a
nucleating aerosol was explored with a cluster pgpn balance modeKjuang et al,
2009¢e]. This formation barrier was modeled withreanommodation coefficient (varying
between 0 and 1) which was calculated using binutdeceaction rate theory, predicting
a decrease in energized cluster stability with elesing cluster size. Comparisons
between measured cluster concentrations and thiingsmodeled cluster
concentrations assuming varying degrees of enargynamodation yielded the first
direct estimates of this barrier to cluster formati

In chapter 4, a simple dimensionless criterion deageloped that determined

whether or not NPF would occur on a particular d&ie criterionL determines the

probability that a nucleated particle will growdaletectable size before being lost by
coagulation with the pre-existing aerosol. Usingasured aerosol size distributions and

particle growth rates, the boundary value orwhich separated NPF events and non-

events (characterized by growth of the pre-existiegsol without new particle
formation) was shown to be nominally 1, with an @mplly determined value of 0.7.

In chapter 5, CCN production from the growth of hefermed particles was
determined by analytically solving the aerosol gahdynamic equation for a nucleated

aerosol population growing from 3 to 100 nm. Usimgasured aerosol size distributions
-4 -



and growth rates, the probability of a 3 nm pagt&lirviving to a CCN-active size
(assumed to be 100 nm) was determined to be 1 +Wfbopre-existing CCN
concentrations being enhanced by factors of 2 uetd new particle formation.

In chapter 6, future work is presented in whichdegeloped cluster population
balance model can yield kinetic and thermodynartster parameters using measured
cluster concentrations. Furthermore, the clusdehcan be used to validate nucleation
rate parameterizations and provide criteria forststent, accurate date reduction.
Continuing work is also described regarding theettgwment, characterization, and
implementation of a new condensation particle ceunsing oleic acid as the working
fluid.



Chapter 2 : Dependence of Nucleation Rates on Sulfuric Acid

Vapor Concentration in Diver se Atmospheric Locations

2.1 Synopsis

Correlations between concentrations of newly formpadicles and sulfuric acid
vapor were analyzed for twenty one nucleation eser@asured in diverse continental

and marine atmospheric environments. A simple pdave model for formation rates of
1 nm particlesJ, = K[IH SO, T, whereP andK are least-squares parameters, was

tested for each environment. We found that, toiwiéxperimental uncertaintyp = 2.

ConstrainingP to 2, the pre-factoK,, ... ranges from 1% — 10* cns®. According to

kinetic
the nucleation theorem, an exponent value of Zatds that the critical cluster contains
two sulfuric acid molecules. Existing nucleatioteraxpressions based on classical
nucleation theory predict significantly larger veduof P. The pre-factor values vary
with environment and are 1 — 4 orders of magnituelew the hard-sphere collision
limit. These results provide a simple, robust peeterization for atmospheric new

particle formation that could be used in chemical segional transport models.

2.2 Introduction

New particle formation by nucleation of gas phgsecges significantly influences
the size distributions and number concentratioretmospheric aerosol particles. These
aerosol particles are believed to exert a condideiepact on global climate by
affecting the earth's radiation balance directhptigh the scattering of solar radiation or
indirectly through their role as cloud condensatioclei [PCC, 2007]. Several recent
field campaignsliihavainen et al.2003;Kerminen et al.2005;Laaksonen et §l2005]
and modeling effortsGhan et al. 2001;Spracklen et al.2008] have directly implicated
newly formed particles from atmospheric nucleaoents as an important source of

cloud condensation nuclei. It is essential that particle formation by sufficiently well
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understood since global climate models require ratewprediction of atmospheric new
particle formation in order to realistically captuaerosol radiative effects.

New particle formation in the atmospheric boundager has been frequently
observed in diverse locations including boreal $tseEuropean coastal environments,
and rural and urban continental regions in Northefina Kulmala et al, 2004a]. Field
studies conducted at remote marine and continsitéas have shown that sulfuric acid
vapor is involved with new particle formation amét the maximum measured new
particle formation rates at those locations vaitegroportion to [HSOy]* [Weber et al.
1996]. Analysis of two European measurement camgaiySihto et al[2006] and
Riipinen et al[2007] have further explored this correlation betw sulfuric acid and the
concentration of newly formed particles (nomindly 6 nm) and have demonstrated a
simple power law relationship between observedgaeariormation rates and sulfuric
acid vapor concentration where the exponenS[B] varies between 1 and 2. These
parameterizations were able to quantitatively arpl@any features of the observed
nucleation events and have subsequently been inepliexh in the off-line chemical
transport model oBpracklen et al[2008] and the one-dimensional aerosol formation
model ofBoy et al.[2006].

The present study was motivated by similar conahatbetween concentrations
of sulfuric acid vapor and newly formed particlesasured in various continental and
marine locations: Tecamac, Mexidalp et al, 2008b]; Atlanta, GeorgidMcMurry et
al., 2005]; Macquarie IslandNeber et al.1998a]; Hyytiala, FinlandHiedler et al,
2005;Sihto et al. 2006]; Boulder, COHisele et al.2006;lida et al, 2006]; Idaho Hill,
CO [Weber et al.1997]; and Mauna Loa, HWeber et al.1995]. Simultaneous
concentration measurements of sulfuric acid vapdrreewly formed particles were
analyzed from this diverse set of atmospheric looat

The nucleation rate of critical clusters was a i@ muantity in this analysis and
was estimated as the formation rate of 1 nm pa#i€l, ). Because critical clusters
formed by atmospheric nucleation events cannobgeheasured (minimum detectable
size ~ 3 nm),J, was extrapolated from the formation rate of 3 rartiples (J,), which
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was obtained from measured particle size distiimsti The functional dependence hf
on [H,SQO,] was studied by assuming a simple power law mtatatew particle

formation whereJ, = K[[H ,SO,]". An unconstrained least-squares fit between medsur
values ofJ;, and [HSQy] yielded best-fit parametel® and K . The nucleation exponent

P and pre-factoiK provide insight into the nucleation mechanism, rehié values of 1
and 2 correspond to the activatisfulmala et al, 2006] and kinetic model$4cMurry

and Friedlandey 1979;McMurry, 1980; 1983] for new particle formation, respeety

The activation model assumes that nucleation odbuesigh the activation of small
clusters containing one,BO, molecule through one of several mechanisms inetudi
heterogeneous nucleation and heterogeneous cheeactions. The kinetic model
assumes that critical clusters are formed througiolecular collisions of sulfuric acid
containing clusters. The pre-factors for both medeintain chemical and physical details
of the nucleation process. The resulting bestifdl@ation exponent and corresponding
pre-factor provide a simple parameterization fon@pheric new particle formation that

could be used in large-scale transport models.
2.3 Apparatus and Technigques

2.3.1 Campaign Sites

The data from Hyytiala were acquired by the redegam from the University of
Helsinki [Sihto et al. 2006] while the other measurements were carngdbp the group
from the University of Minnesota and the Nationan@r for Atmospheric Research. A
summary of pertinent parameters from each measunteraenpaign is listed in Table 2.1.
Mauna Loa and Macquarie Island are marine sitéisarPacific Ocean while Tecamac,
Atlanta, Boulder, Idaho Hill, and Hyytiala are vaus urban and rural continental sites in
North American and Europe. Detailed descriptionthefphysical and meteorological

conditions at each site can be found in the ciéderences.



Table 2.1 Summary of measurement campaign parenete

Measurement No. of

Location Air Mass Type Platform Month/Year Events Reference
I/Iee‘;?gac City Land 03/06 9 ”[‘;‘E‘)gét‘;"]"
éi%?;"’i‘é City Land 07-08/02 2 Mc“f'zl*égyaet al.
CB:?):Jokg;(:I’o Small city Land 09/04 5 ”?2""0%%?"
Eﬁ’gﬁ?’ Boreal forest Land 03/03 2 Si[hztgoth] al.
Iggho Hill, Mountain forest Land 09/93 1 W?;Jgg%t al.
tﬂo?nl-?l Marine/volcanic Land 07/92 1 W?fggs]t al.
:\gg (;qduarie Marine/biogenic  Aircraft 11/95 1 Wﬁ%egrgzt] al.

2.3.2 Measurement Instrumentation

Various instruments from each measurement campighled extensive
characterization of aerosols and major gas-phasgaeonds. The aerosol
instrumentation allowed for evaluation of the paetisize distribution and aerosol surface
area, while the gas-phase instrumentation prowdatinuous measurements of, 50y
and numerous meteorological parameters. A sumnfahe@ertinent instruments
utilized during each measurement campaign is listddhble 2.2. Details of the

measurement techniques are discussed in the efi@ences.



Table 2.2 Summary of pertinent measurement ingntation

Location [HSO] Particle Size Distribution

Tecamac: Atlanta: Boulder  SI-CIMS Nano-SMP& SMPS: OPC®

Idaho Hill; Mauna Loa SI-CIMS PHASMPS
Macquarie Island SI-CIMS PHA; CPC
Hyytiala cimMS DMPS'

®SI-CIMS: selected ion chemical ionization masscpeneter Eisele and Tanner
1993]; Sjostedt et al[l2007] describes instrument from Tecamac campaigietail.

PNano-SMPS: nano scanning mobility particle siBer @0 nm) $tolzenburg and
McMurry, 1991;Chen et al. 1998].

‘SMPS: scanning mobility particle sizer (20 — 250) fWang and Flagan1990].
YOPC: optical particle counter (0.1 -ufh), Lasair Model 1002.

°PHA: pulse height analysis method (3 — 4 nBarps et al.1996;Weber et al.1998b]
using an ultrafine condensation particle counteZRC) [Stolzenburg and McMurry
1991].

'CPC: condensation particle counter (> 10 nm), T8t#l 3020.

9CIMS: chemical ionization mass spectromeReiper and Arnold1993;Hanke et al.
2002].

"DMPS: differential mobility particle sizer (3 — 50@n) [Birmili et al., 1999].

2.3.3 Data Analysis

The rate (,) at which particles grow past the minimum deteletaize (~ 3 nm)

by vapor condensation is:

dD
[1] Jggd_N —P ,
dD,|, dt |,

wheredN/ dD, and dD,/ dt are the aerosol size distribution and particlendieer

growth rate, respectively, at 3 nm. This exact egpion was then approximated as
[Weber et a].1996]:

-10 -



AN
2]  J,0=MEGR,,
[2] *7AD, R

whereAD is the diameter size range of newly formed patiadssociated with the

following measurement techniques listed in Tab PHA (3 — 4 nm) and Nano-SMPS

(3 — 6 nm),AN,- is the number concentration of newly formed p&etien these size
ranges, andsR_, is the particle growth rate from 1 to 3 nm. Theragimations in
equation [2] assume that the distribution functai/ dD, is constant within the

diameter size range and does not vary with timeghvimtroduces some uncertainty in
J;.

The PHA technique measures ultrafine aerosols eeéfas particles in the narrow
size range from 3 nm, the lower detection limithe# ultrafine condensation particle
counter (UCPC), to nominally 4 nm in diameté&fdber et al.1998b]. The Nano-SMPS
diameter size range was chosen to be small enaugd tonsidered newly formed but
large enough to achieve good Poisson countingstatiMcMurry, 2000]. Values of
AN, Were obtained from size distribution measuremefite GR_, was estimated
from the observed time shiff\() between increasing B30, and AN, which is often
interpreted as the time required for a criticastdn of roughly 1 nm diameter to grow to
the lower detection limit of 3 nmWeber et al.1997;Kulmala et al, 2004b;Fiedler et
al., 2005;Sihto et al. 2006]. AsSihto et al[2006] had previously done, the appropriate
At was determined from the time delay which maximittezicorrelation coefficient
between bothAN, ., and [H:SQy], and AN, ., and [HSQy)? over the duration of the
nucleation event. The event was assumed to begam {hSO,] began to rise sharply,
and to end either whefAAN, ., began to decrease significantly or when there was
indication of an abrupt change in particle concaran, typically in the 10 — 50 nm
range, indicating that the measurement site wasyhieipacted by a strong source of
emissions or was sampling a different air masss/A&xplained later, values @it that

were obtained from correlations with §610;]? differed at most by 15% from those

-11 -



obtained from correlations with PSO,]. Therefore, values o\t obtained from the

correlation with [HSOy] were used to estimaBR_,.

Assuming a steady-state cluster distribution betwieand 3 nm patrticles, the

nucleation rate of 1 nm particled,() was extrapolated from time-shifted valuesigfby

incorporating the probability that a particle wogiebw from 1 to 3 nm by vapor
condensation before being scavenged by the prérexeerosol according to the relation
[Weber et a].1997;McMurry et al, 2005]:

1 Acrs | 48KT 1 1
EE(?RP3 {/ TP [E\/Dpl \/Dpsﬂ’

where A iS the median value of the Fuchs surface arelasopte-existing aerosol

B J(0= I (t+AyExp

during the time intervak[t + At ], k; is the Boltzmann constaril, is the temperature,
p is the aerosol density, arigl,, and D, correspond to the initial (1 nm) and final (3

nm) particle size. Values of the exponential inatpn [3] typically range from 2 to 10
for the analyzed nucleation events. This expressgsumes that the removal of particles
in the 1 to 3 nm range by coagulation with the gxesting aerosol can be calculated by
using the Fuchs-Sutugin transition regime condémsaxpressionfuchs and Sutugjn

1971]. In calculatingA. ... With this expression, we used a mean free pathlgim.

This value was chosen by comparing “condensatiatésrof 1 — 3 nm patrticles using the
Fuchs-Sutugin transition regime expression withgotation rates of 1 — 3 nm particles
calculating using Fuchs' transition regime coagaie¢quation Fuchs 1964], which is

the most accurate method available for calculdatiege removal rates. The value of 0.1
um for the mean free path leads to overall lossrttat are within 10% of the values that
would be obtained using Fuchs' transition regimegatation expression. The analyses of

Sihto et al[2006] andRiipinen et al[2007] use a similar expression connectihgand
J, in which the quantityCS' behaves analogously &g, [Kerminen and Kulmala

2002]. Our re-analysis of their published resultkes use of the following relationship

betweenCS' and A, as described ifMcMurry et al, 2005]:
-12 -



[4] CS' — El'A?:uchs ,
167D

whereC, is the condensing monomer mean thermal speedarsithe condensing vapor
(sulfuric acid) diffusivity. Uncertainties id, inevitably arise due to uncertainties in the

exponential of equation [3], but it will be showngection 2.4.3 that, under certain
assumptions, these uncertainties affect only tbefgotor K and not the nucleation
exponentP.

These estimated values 8f were fit by the method of least-squares to the

corresponding values of P80y according to a simple power law expression of the
form:

[5] 3 =KIHSO,T,

where both the exponeit and the pre-factoK were unconstrained fitting parameters.
For measurement campaigns where more than oneatiod@vent was measured, this
fitting approach was applied to the campaign asalev The resulting cumulative data

set contained measured valueslpfand [HSQy] from all nucleation events observed at

a particular location, enabling a wider dynamicgaver which the unconstrained least-
squares fit could be applied. Applying this cuntiviafitting method over the entire
measurement campaign would then generate one bestfit parameter® and K that
characterized nucleation events for a particuleation. Implicit in this approach is the
assumption that nucleation events occur by the saewhanism during each
measurement campaign, though there may be vatyaipildaily meteorological
conditions and gas-phase species concentrations.

For each cumulative data set, we examined thetsetysof P to the length of
the fitting time intervals over which the least-ages fit was applied. In one case, the
cumulative data set contained valueslpfand [HSO,] from time intervals spanning the
entire day for each nucleation event that was eeskern the other case, the cumulative

data set contained values &f and [HSOy] from time intervals during which particle

production was obviously taking place, startinghatinitial rise inAN,, and ending
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either whenAN ., decreased significantly or when there was indicatif an abrupt
change in particle concentration, typically in ft@®— 50 nm rangeRiipinen et al[2007]
also investigated the relationship betwekrand [HSOy] for nucleation events
measured in Hyytidla and Heidelberg, Germany. Tiiéimg approach was applied to
individual nucleation events as opposed to the @agmpas a whole. They fit their
measured], and [SOy] assuming constrained nucleation exponent valtiés 2, or 3
and allowed their pre-factors to vary freely. Oppaach both examines time interval

sensitivity and analyzes the campaign data setwdsoée while allowing both the

nucleation exponent and pre-factor to vary as fegameters.
2.4 Results and Discussion

2.4.1 Growth Rate Calculation from [H,SO,4] and AN, Correlations

The correlation between time-shiftéN, ., and both [HSQ] and [HSOy)? was

clearly observed during each of the land-based uneagent campaigns. Representative
examples of correlations with both4810;] and [H:SQy]? from the Tecamac and Atlanta

campaigns are shown in Figure 2.1. In these nucleavents, the time-shiftedN, ..

generally tracks the rise and fall in both,§@;] and [H,SO]% Differences between
values ofAt determined from correlating with eitherf50;] or [H,S0Os] were no more
than 15%. Therefore, time-shiftedN, ., was correlated with [}$O;] and the

corresponding correlation coefficients and resgltralues forAt and GR_, from each

analyzed nucleation event are listed in Table RaBir nucleation events from Tecamac,
Mexico yielded no discernible time shift, implyitigat, in those cases, the particle
growth from the size of the initial nuclei to tharpicle detection limit was faster than that
typically observed in rural, remote, and most otlmdan environmentsSfolzenburg et

al., 2005]. For two of these events, the diameter gioates were estimated from size-

dependent charge fractionglp et al, 2008b]. The growth rates for the remaining two
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events were calculated assumingtaequal to the measurement time resolution for

particle size distributions, yielding a lower linbit the actual growth rate.

a e
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Figure 2.1 Correlations between time-shifisd, ., and both [HSOy] and scaled

[H,S0O,)? as a function of local time for nucleation evemisasured during the Tecamac
campaign on 03/22/06 ((a) and (c)) and during tllama campaign on 07/31/02 ((b) and
(d)). Corresponding values of the time-shift and direction of shift are shown.
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Table 2.3 Calculated quantities for correlatioalgsis between [F80Oy] and AN, .,

Locatiorf Event Date (mm/dd/yy) At (min) GR_; (nm/h) R?
Tecamac 03/15/06 10 20 0.66
03/16/06 b 26 0.93
03/21/06 b 20 0.83
03/22/06 15 13 0.88
03/23/06 5 39 0.77
03/26/06 - >39 0.90
03/29/06 25 7.8 0.82
03/30/06 - >39 0.85
03/31/06 20 9.7 0.89
Atlanta 07/31/02 20 9% 0.73
08/05/02 10 20 0.84
Boulder 09/02/04 55 35 0.84
09/07/04 40 4.9 0.86
09/08/04 20 9.7 0.77
09/09/04 25 7.8 0.66
09/14/04 40 4.9 0.61
Hyytiala 03/25/03 140 1.3 0.97
03/26/03 40 4.9 0.91
Idaho Hill 09/21/93 60 2.4 0.95
Mauna Loa 07/15/92 20 8.3 0.93

®Correlation coefficient between jBO;] and AN, .

®Correlation analysis yieldeAt = 0; growth rate estimated from size-dependent chisagéions
[lida et al, 2008b].

‘Correlation analysis yieldeAt = 0; lower limit to growth rate calculated assumif\y equal to
measurement time resolution.

dCorrelation analysis not performed for Macquarierid nucleation event due to relatively
constant [HSQy] profile that accompanied measured particle bgrstywth rate estimated based
on transport time from island to measurement locafiVeber et al.1998a].

°Growth rates are in good agreement with modal draates calculated bysfolzenburg et al.
2005].
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The nucleation event measured at Macquarie Islasdumique in the analyzed
data set since evidence of new patrticle formatimoliving biogenic gas-phase species
was observed via aircraft-based measurements aseppo land-based measurements of
photochemically-driven nucleation even®@dber et al.1998a]. This intense burst of
particle formation was detected downwind of a pémgolony but not in immediately
adjoining air, which led to the conclusion thatdggaic emissions from the colony

contributed to new particle formation. A rough ebation betwee\N, ., and [(SOy]
was observed, but values fat and GR_, were not obtained from a correlation analysis

due to the relatively constant {6I0y] profile that accompanied the particle burst. éast,

AN, Was not time-shifted with respect tof6{;] and the particle growth rate was

estimated to be 4 nm/hr based on the transportftione the coast to the measurement

location, assuming the island was the startingtdomgrowth Weber et al.1998a].

2.4.2 Sensitivity of P to Fitting Time Intervals

The value of the nucleation exponddtwas sensitive to the lengths of the fitting
time intervals, varying from approximately 1 whdttirig over the entire day to 2 when
fitting only over the duration of the nucleatiorees. This sensitivity is illustrated in

Figure 2.2 and Figure 2.3, whede is plotted versus [p$0Oy] for the cumulative

Tecamac measurement campaign and for two nucleatiemts from the Hyytiala
measurement campaign, respectively. For the Tecaarmpaign, applying a cumulative
least-squares fit over time intervals spanningetiire day yielded & value and
corresponding 90% confidence interval of 08%.05 as shown in Figure 2.2a, while
applying the cumulative fit over time intervals spang only the duration of the
nucleation events yieldedR value of 1.99+ 0.09 as shown in Figure 2.2b. The
corresponding plots for the analyzed events froenHigytidla campaign are shown in
Figure 2.3a and Figure 2.3b, where thevalue varies from 1.15% 0.08 to 1.99+ 0.11
as the fitting time intervals are restricted fropasning the entire day to only the

duration of the nucleation events. This convergerice toward 2 was consistently
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observed when examining multi- and single-everd dats from the various campaigns.
This dependence of the nucleation exponent oretigth of the fitting time interval can

be attributed to the inclusion & and [HSQ4] values that were measured from sources

not associated with nucleation, such as pre-egistactkground aerosol, plume transport,
and vertical down-mixing associated with the mogrilevelopment of the boundary
layer. These best-fit values & and K, generated from choosing fitting time intervals
that span only the duration of the nucleation esjemere chosen as the parameters that

most accurately characterize nucleation rates fiaraicular location.
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Figure 2.2 Values of, extrapolated from particle measurements versusuned

[H2SOy] during the Tecamac measurement campaign. Thengtreined fits over time
intervals spanning (a) the entire day and (b) dméynucleation events are shown along
with the resulting best-fit nucleation expondhtand corresponding 90% confidence
interval. The power law model relatiny and [HSQy] is shown for reference.
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Figure 2.3 Values of, extrapolated from particle measurements versusuned

[H.SOy] for two nucleation events measured during thett&d campaign on 03/25/03
and 03/26/03. The unconstrained fits over timeruatis spanning (a) the entire day and
(b) only the nucleation events are shown along tighresulting best-fit nucleation
exponentP and corresponding 90% confidence interval. Thegydaw model relating

J, and [HSQy] is shown for reference.
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2.4.3 Best Fit Parameters P and K

Values for the best-fit parametels, K, and K (the resulting kinetic pre-

kinetic
factor whenP = 2) and the corresponding 90% confidence intervadisted for each
measurement campaign in Table 2.4. The nucleakipareentP varies narrowly from
1.98+ 0.23 to 2.04+ 0.27 for the different atmospheric environments within
experimental uncertainty, these results supporttimelusion that? = 2. According to

the nucleation theorem for multicomponent syste@maqgby and Kashchiexr994], an
exponent value of 2 indicates that the criticaktdu contains two sulfuric acid molecules.
This result is supported by the workiédnson and Eiself2002] in which their
measurements of prenucleation molecular clustelisate a critical cluster containing 2
H,SO, molecules. Our results suggest that current dakdinary, and ternary

nucleation theories do not correctly predict thetseospheric observations, since they
predict a critical cluster containing more than sudfuric acid molecules. A critical
cluster containing two sulfuric acid molecules taformed through a kinetically limited
nucleation process where a collision between2@ molecules or K50, containing
clusters is the rate-limiting step in the formatadra stable critical cluster.
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Table 2.4 Least-squares fit results

Location Air Mass Type pa log K &P log K e
Tecamac City 1.9% 0.09 -12.2+ 0.68 -12.2+ 0.59
Atlanta City 2.01+ 0.35 -13.9+ 2.77 -13.8%« 0.98
Boulder Small city 1.98 0.23 -13.3+ 1.63 -13.4+ 0.83
Hyytiala Boreal forest 1.99 0.11 -12.3+ 0.73 -12.4+ 0.49
Idaho Hill Mountain forest 2.04 0.27 -11.0+ 0.37 -10.8+ 1.03
Mauna Loa Marine/volcanic  2.06 0.16 -12.3+ 0.42 -12.3+ 0.40

Macquarie Island ~ Marine/biogenic  2.601.94 -14.0+ 12.6 -14.0+ 0.90

4Unconstrained results with 90% confidence intervals
Plog K shown instead oK due to linearization of power law model.

‘Constrained results whefe=2 with 90% confidence intervald,; ... has units of
31
cm’s™.
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A similar approach was followed [8ihto et al[2006] when analyzing nucleation
events measured in the Boreal forests in Hyytiditéere constrained nucleation exponent
values of both 1 and 2 were shown to adequatelyeinadtleation rateRiipinen et al.
[2007] arrived at a similar conclusion for theircheation exponent when analyzing a
more recent campaign at the same location. Ounaéysis of the published results of

Sihto et al[2006], while focusing on the time interval stagiat the initial rise iMAN, .,
and ending after the peak valueAN, ., yielded an unconstrainefd value of 1.99+

0.11 andK value of 3.86 x 18’ cns?, which is in reasonable agreement with the

kinetic
published mean pre-factor value of 5.7 X46nvs™ for that location assuming a kinetic
model Sihto et al. 2006]. While aP value of 1.99 best fits the measured nucleation

rates and sulfuric acid vapor concentrations ferabmposite data set as seen in Figure

2.3Db, it is worth noting that the best-fit slopésJp versus [HSQy] are different when

the nucleation events are analyzed individuallghvw# =1.30 £ 0.14 for the nucleation
event measured on 03/25/03 aRa:1.92 + 0.13 for the nucleation event measured on
03/26/03. It may be significant that sulfuric agapor concentrations on 03/25/03
extended to values as low 4 x>I0n°, which is the lowest value of §8Q,] at which

new particle formation was observed in these studibe lowest values for the other
nucleation events were typically > 2 x10n°.

Uncertainties in the extrapolated valueslof primarily from uncertainties in the
estimated value oGR_, and their subsequent propagation in equationarid][3],
represent the largest source of error when detémgthese best-fit parameters.
However, under certain assumptions, it can be sttbatuncertainties iIGR_, affect
only the value of the pre-factd¢ and not the value of the nucleation exponenfrhese
assumptions are: [1] uncertainties@R_, are constant from event to eventin a

campaign; [2] values oA, . are constant during a nucleation event; and [Blesof

uchs
the ratio A, ../ GR_, are constant from event to event in a campaiga.rébulting
effect of uncertainties iIGR_; is to then shift the values of the quantity ldgby a
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constant offset. The value of the nucleation expbmieis therefore not affected, while
the value of logK is offset by a constant factor. Our analysis fesusnly the short time
period during which new particle formation is ot and the corresponding values of

A, from our analyzed nucleation events deviate byi@dt 20% during a campaign.
The ratio A ./ GR_; gives an indication of whether new particle formatoccurs on a

particular day and for the nucleation events thertevanalyzed in each measurement

campaign, the values of the ratio varied by at r80%b. With these variabilities i .
and A ../ GR_;, a 50% uncertainty iGR_, results in uncertainties in values Bf and

log K that are within the 90% confidence intervals cii@d assuming no uncertainty in
GR.,.

The pre-factorK,. ... spans nearly 3 orders of magnitude frorit4:0 10 cni’s™

kinetic
across the different measurement campaigns. Cosgoawith the hard-sphere collision
frequency (~ 4 x 18’ cnm’s™) suggests that not every bimolecular collisioneen

H.SO, containing clusters results in the formation stable critical cluster. These values

for K are in the typical range of bimolecular gas-phasetion rate constants. There

kinetic
are several reasons why such reaction rates ar¢hias the hard-sphere collision
frequency, which include steric requirements fauacessful collision trajectory between
approaching clusters, and energetic requirementgtdble cluster formation. This
energetic barrier to stable cluster formation camubderstood within the context of
bimolecular reaction rate theop¢an 1985] where the rate of stable cluster formaison
governed by the competition between stabilizatioth @ecay of an energetically unstable
complex formed from the collision of two,BO, containing clusters. The variability in

K with environment points to a possible dependemcgas-phase species that co-

kinetic
nucleate with sulfuric acid vapor and stabilize ¢hécal cluster. The identity and
concentration of these species, which could vaggiScantly with environment, would
influence their ability to accommodate the clustgtision energy. Further work in
developing a bimolecular nucleation mechanism arahtifying the degree of energy

accommodation during cluster formation is detaitethe next chapter.
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2.5 Conclusions

Correlations between concentrations of newly formpadicles and sulfuric acid
vapor have been analyzed for nucleation eventsunegst various atmospheric
locations. Unconstrained least-squares fits betweessured formation rates of 1 nm
particles and corresponding sulfuric acid vaporcemtrations yielded a nucleation
exponent of 2 in different environments, suggestitkgnetically limited nucleation
mechanism in which the critical cluster contains sulfuric acid molecules. Analyzing
multi-event campaigns as a whole enabled a monestatata set with a wider dynamic

range inJ, and [SOy] over which the fitting method was applied. Resing the

fitting time intervals to only the duration of neeltion events ensured that the resulting
best-fit parameters would accurately characteheenucleation event. Best-fi€,; ...
values were 1 — 4 orders of magnitude below thd-Bphere collision limit, suggesting a
strong barrier to critical cluster formation thandoe rationalized within the context of
energy accommodation during the cluster formati@mt@ss. Factors that lead to

variability in K with environment need to be investigated furthret mmay be

kinetic
influenced by co-nucleating species which stabilieecritical cluster to varying degrees
based on their identity and concentration. Thidyamaprovides a simple power law
parameterization of atmospheric new particle foromathat could be implemented in

chemical and regional transport models.
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Chapter 3: Cluster Energy Non-Accommodation and Barriers

to Small Cluster Formation

3.1 Synopsis

The role of cluster energy non-accommaodation inllsohaster formation was
investigated using bimolecular quantum Rice-RanggreKassel (QRRK) theory. In the
context of this theory, stable cluster formatioows through a sequence of three steps:
[1] bimolecular collision yielding an energeticalipstable cluster complex, followed
either by [2] decay back into starting reactantf3pstabilization by collision with a third
body. This competition between decay and staltidimavas shown to introduce a
significant barrier to stable cluster formationttwihe cluster accommodation coefficient
(fraction of collisions yielding a stable clustegnickly decreasing with decreasing cluster
size. This model for cluster energy non-accommiodatvas applied to a sulfuric acid
aerosol system that starts with the formation efdimer species #3Os),, yielding a

dimer accommodation coefficiel®, ranging from 2 x 16to 2 x 10°. The effects of a

dimer formation barrier on aerosol concentratioesennvestigated by comparing
measured concentrations of,&0y), (n = 1, 3, and 4) and nanopatrticles (3 — 10 nnth) wi
predictions from a newly developed cluster popatatialance model. A dimer
accommodation coefficient af = 3 x 107 yielded the best-fit between measured and
modeled concentrations, while a valueaof= 1 (perfect accommodation) overestimated
cluster concentrations by 10 — 40 X. This empilyoabtained value of the dimer
accommodation coefficient( = 3 x 107 falls in the range predicted by QRRK theory

and is in qualitative agreement with valuesRfobtained from correlations of measured

[H2SOy] and extrapolated nucleation rates.

3.2 Introduction

The details of cluster formation from gaseous pre&mg are of fundamental and

practical interest to the study of gas-particlevanions, playing a definitive role in
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diverse fields including novel materials syntheséalysis, vapor deposition, and
atmospheric aerosol formatioRrjedlander, 1977;Seinfeld and Pandi4998]. A
detailed knowledge of cluster formation mechanigrmsld enable the accurate
prediction of particle nucleation rates, which, wieembined with accurate knowledge
of particle growth rates, would fully characterthe time and size-dependent dynamics
of an evolving aerosol system. Classical nucleat@ory (CNT) and subsequent
versions of it have been traditionally used to matiester formationYolmer and Weber
1926;Becker and Doringl1935;Frenkel 1946], treating clusters as spherical droplets
with bulk properties and assuming that the rateohomer addition to a cluster is given
by the hard-sphere collision rate multiplied byameommodation coefficient that is
usually set to unityHriedlander, 1977]. Over the past two decades, the cluster
thermodynamics predicted by CNT have been criffaaVised with molecular-based
modeling methodsMicGraw and Laaksonerd 996;Ford, 1997;0xtoby 1998;Schenter
et al, 1999]. The kinetics of cluster formation preditby CNT have also been re-
examined in experimental studié¥¢ber et al.1996;Lehtinen et al.2004;McMurry et
al., 2005;Kuang et al. 2008] and theoretical studiegdnkatesh et gl1995;Zahoransky
et al, 1995;0kada and Hara2007] indicating that the net formation rate wiadl

clusters may be significantly smaller than the ksplere collision rate.

This barrier to small cluster formation can beenstbod within the context of
elementary reaction kinetics where, in the eadgeas of cluster formation, bimolecular
collisions rarely lead to stable clusters, duehtodgxothermal nature of the reactions
providing sufficient energy for dissociatioH¢lbrook et al, 1996]. The energetically
unstable collision complex that forms immediatasdciates back into reactants, unless
that complex is first de-energized by collisionwat third body that removes the excess
energy. CNT neglects the energetics inherentarchirster collision process and assumes
that every cluster-cluster collision leads to sgabdister formation, which can
overestimate the cluster formation rate and theltiag cluster concentrations. Itis
reasonable to believe that this competition betwedirsion complex decay and
collisional stabilization can decrease the ratenoéll cluster formation below the hard-
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sphere collision limit. The probability that a star-cluster collision results in stable
cluster formation can be described by an accomnmdabefficient, which is expected
to be small for monomer- monomer collisions anddgmptotically approach unity as
cluster size increase¥¢nkatesh et gl1995]. Substantial energy non-accommodation
would result in a relatively small accommodatioefticient.

A particularly relevant system to which this copicef energy non-
accommodation can be applied is the formation fisa acid clusters and their
subsequent growth to detectable siz€artén et al[2009], using quantum chemically
calculated vibrational frequencies and anharmooigptng constants for small sulfuric-
acid containing clusters, calculated an accommonaitpefficient for the collision of two
H.SO, molecules that is at least 0.15 at the very leadtlikely equal to unity. While the
calculated vibrational frequencies and couplingstants oKurtén et al[2009] are
sufficiently accurate, the calculated range (0.1 #» accommodation coefficients is
based on a crude assumption regarding dimer dasaeproperties (which will be
addressed in subsequent sections) and can leadoieeestimation of the
accommodation coefficient by several orders of ntage.

Recent measurements of ambient sulfuric acid elsstyZhao et al[2009]
during a nucleation event have provided an excibipgortunity to obtain cluster kinetic
and thermodynamic properties. Using a newly dgyadacluster mass spectrometer
(Cluster-CIMS),Zhao et al[2009] were able to measure the cluster specigS@, (n
=1, 3, and 4) in conjunction with conventionalas®l instrumentation measuring down
to 3 nm during a nucleation event. These ambikister measurements are the first of
their kind. These cluster measurements can, incyplie, yield empirically obtained
accommodation coefficients in conjunction with astér population balance model,
providing the first estimate of a §HOy), formation barrier using measured cluster
concentrations.

In this study, a model was developed for calcotatiize-dependent cluster
accommodation coefficients for a nucleating aersgstem using basic reaction rate

theory. This model for cluster energy non-accomatiod was applied to a sulfuric acid
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aerosol system driven by formation of the dimercgge(HS0O,),. The effects of a dimer
formation barrier on aerosol concentrations wevestigated by comparing measured
concentrations of (), (n = 1, 3, and 4)4hao et al. 2009] and nanoparticles (3 — 10
nm) with predictions from a newly developed clugiepulation balance modeé{{lang et
al., 2009e]. An empirically obtained value for thendr accommodation coefficient was
then compared with QRRK predictions and correspumdccommodation coefficients
obtained from correlations of measured$dy] and extrapolated nucleation rates
[Kuang et al. 2008].

3.3 Theory

The mechanism of cluster formation can be readitynfulated within the context
of elementary reaction kinetics. In the early stagf cluster formation, few bimolecular
collisions lead to stable clusters, due to thelexwhal nature of the reactive collisions
providing sufficient energy for cluster dissociatioStable clusters will only form when
third bodies collide with and remove excess enéigy transient cluster complexes
formed from previous bimolecular collisions.

This competition between cluster dissociation aabfliszation can be modeled as
a set of three reactions with bimolecular quantuoefRamsperger-Kassel (QRRK)
theory Dean 1985], an extension to the unimolecular QRRK theteveloped by Rice
and RamspergeRjce and Ramsperget927; 1928] and Kassdl@sse) 1928a; b].
Bimolecular QRRK considers the formation gtsized cluster through monomer

addition to occur via the sequence:

[ A+A,0TE- 4(8

21 A(E)0EHT. A+ A,

B] A(E)+MOf- A+M,

where A is the monomerAjD( E) is an energetically unstable collision complexhwit

energyE, andM is a non-reactive third body. In equation [1jesiesA and A
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reactively collide to form an energetically unsebobllision complexAjD( E), wherek;
is the cluster-monomer collision rate constant dr{@) is the energy distribution

function of the resulting complex. This energetienplex AJ.D( E) can then either
dissociate back into starting reactants as shovegjuation [2] with energy-dependent
decay rate constark, ( E), or be stabilized by collision witM as shown in equation [3]
wherek; is the stabilization rate constant afdis a collisional deactivation efficiency.
In principle, the quantitiek,, f (E), k, (E), andk, are functions of cluster sieand

their size explicit size-dependence will be definedubsequent sections. A schematic
energy diagram for this reaction sequence is shovangure 3.1, wheree, is the
binding (dissociation) energy, the minimum energguired for cluster dissociation to

occur. Application of a pseudo steady-state caomib A]D( E) and integrating over

cluster energ)E yields the net formation rate constaqf, of the clusterA, :

“ k"e‘ziﬁks[M]ﬁks[k&)gii(E)dE

The energized compleAjD( E) contains an excess of energy relative to its stabl
ground stateA, , as illustrated in Figure 3.1. The decay ratthisf complex can be

described by unimolecular QRRK reaction rate theathich treats this excess cluster
energy as quantized vibrational energy. In thepkest form of unimolecular QRRK
theory, a cluster is assumed to be composeslidentical harmonic oscillators

(vibrational modes) having the same vibrationadjfiencyv , usually calculated as a

geometric mearjv) of the cluster’s actual vibrational frequency disttion [Holbrook
et al, 1996]. In order for cluster dissociation to acahe critical energye, must be
localized in a single oscillator. This criticalezgy is then expressed &s = mh(v) and
the total energy of the cluster is expresse&asnh{v), wherem is the number of

vibrational quanta that are equivalent to the @altenergy ana is the total number of
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vibrational quanta possessed by the clustetijrook et al, 1996]. For a cluster
complex A’( E) possessing oscillators anch vibrational quanta, the probabilit,
that a single critical oscillator han critical quanta is determined by an application of
straightforward combinatorial statisticStginfeld et a).1989]:

LN e
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kg f(E)
s F(E) A% (E)
kql(E) -
A}'_l + A4
E, Bhes[M]
__________; __________
Aj

Figure 3.1 Energy diagram for cluster growth tlglomonomer addition via the
sequence: monomeX reactively colliding with cluste@,_, to form energetically

unstable complexA (E) which can either dissociate into reactaAtsand A, or be
stabilized by collision with third bod} to form stable clusteA, with binding energy
E,. Refer to text for definitions of accompanyingeraonstants.
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This expression for single oscillator decay camxtended to describe multiple oscillator

decay, where the probability, , thatc critical oscillators contaim critical quanta is

given by the expression:

6] R(n)=|-T@rer T MTA or (o m] /(D!
ca\ c(=1+ )T L+ n)F (m) A( s-1)! |’

wherel is the gamma function.

For a cluster possessimgvibrational quanta, the probability of cluster dgc
decreases with increasing oscillator numbesince the cluster energy quamtas
distributed among more vibrational degrees of foee@dnd the resulting probability of
isolating the critical quanten in a single oscillator consequently decreasedurisby,

the decay probability would also decrease withaasing cluster siz¢ since the

oscillator numbes (vibrational degrees of freedom) is linearly degrmt on cluster size
j through the relationlcQuarrie and Simonl997]:

[7a] s(j)=3j-5 forlinear clusters
[7b] s(j)=3j-6 for non-linear clusters,

For monomers containinyl polyatomic molecules, the cluster sizés substituted with

the quantityNj in equations [7a] and [7b]. For the case of @ragcillator
decomposition, the rate constdqt( j,n) for the decomposition oA’(n) is then equal
to the product ofP, (n) and a proportionality constai_, the Arrhenius pre-exponential

factor for dissociation oz, in the high-pressure limit, yieldingdplbrook et al, 1996]:

ni(n-m+ o )-1)! |
n-m)!(n+  )-1)!

Obtaining an accurate value for the pre-exponefacibr A, is often difficult, as it

[8] kd(j,n)=Ao(

requires detailed knowledge of the cluster tramsisitate Gilbert and Smith1990]. In
the absence of such data, this parameter is usalatiyned either from available

literature data or estimated from group contributethodsBenson1968]. For
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reactions involving simple fission of complex malkxs (analogous to cluster
dissociation), the transition state tends to bes®& with a very shallow activation

energy yielding values oA, that fall in the range 10s’< A, < 10" s*[Gilbert and
Smith 1990;Holbrook et al, 1996]. InKurtén et al [2009], the calculation ok, ( j,n)
involved settingA, equal to the geometric mean frequelﬁrz}', which is usually in the
range 16°— 10 s* and in the case of §3Qy), equals 2.6 x 1§ s*. However,(v) is

known to underestimate measured valuegoby 2 — 4 orders of magnitudSteinfeld

et al, 1989;Gilbert and Smith1990;Holbrook et al, 1996]. This would then lead to a
dramatic underestimation of the cluster decayaate subsequently, the cluster stability.

For this analysis, the reported rangeAn for simple fission reactions (10s*< A, <
10'" s*) will be used to calculate a rangekp( j,n). The dependence ¢ on the

cluster sizej for a monatomic model systemN(= 1) is shown in Figure 3.2 for a set of

model cluster parameters. As expected, the ratkusfer decay decreases as cluster size
increases since there are a greater number oftiabah modes over which the cluster

vibrational quantan can be distributed.
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Figure 3.2 Cluster decay rakg of a j-sized cluster and the resulting accommaodati
coefficient P, for the formation of gsized cluster from the collision of a monomer with

aj-1 sized cluster. Calculations were performedgibimolecular QRRK theoryean
1985] for a monatomic monomer system with the feifgy cluster input parameters:
critical quantam =5, vibrational quantan =10 (for calculation ofk,), A,= 1 x 1G°s™,
£ =100 cm', —(AE,,,) =500 cnt, and geometric mean vibrational frequerey =
1000 cnf",
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The rate constarit, that is associated with formation of the initiallsion

complex AJ.D(n) can be described by hard-sphere collision theBengon 1968]:

E
9 K = pyoicZeXp ——22 |,
[ ] f pstenc Xp|: kBT :|

where p,.,;. is the fraction of collisions that have the propgentation for reactionZ is
the hard-sphere collision rate constant, &g is the activation energy barrier to initial
cluster formation. For cluster systems in whideimolecular interactions are
characterized by weak, non-directional bondingahdre no significant bond
rearrangement takes place during collision, it wWdag reasonable to set the steric factor
to unity and the activation energy to ze@ilpert and Smith1990]. Under these
conditions, the initial cluster formation step puation [1] becomes a barrier-less
process and, for a collision between a monomelagssilzed cluster, equation [9] reduces
to the hard-sphere limit expressidn defined asHriedlander, 1977]:

1/6 1/2 1/2
o 2= (5] (e fea-arT
s P j-

wherey, is the monomer volumd, is the temperaturek; is Boltzmann’s constant, and
p is the cluster density. This expression Zoiis equivalent to that off; defined in

Friedlander[1977]. With the cluster energy now quantize@, hsulting distribution

function f (j,n) for the collision complexA’(n) is calculated by applying the principle

of detailed balance to the energized cluster fanngirocess, yielding:

R LILE

Sk (i) P(ir)

where P( j,n) is the quantized thermal energy distribution degibyKassel[1928b]

that defines the probability that an energizedtelusf sizg hasn vibrational quanta

with geometric mean vibrational frequen@y} distributed among harmonic

oscillators, given by the expressid#dlbrook et al, 1996]:
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Values of the stabilization rate constdptare computed with Lennard-Jones

collision theory, yielding:

B

) NS
[13] ks—2.7OEZ[ij ,

where Z is the hard-sphere collision rate constant (seatemn [10]) ands is the well
depth of the interaction potential between theteluand colliding third body , usually

an inert gasGilbert and Smith1990]. A collisional deactivation efficienc§ has been
applied to modify the traditional but incorrectosig-collision assumption that every
collision betweenA’(n) and M results in the removal of all the excess energmfr
A,.D(n) [Westmoreland et al1986]. By analyzing the collisional energy tri@nswvith

master-equation methods, the temperature dependéngean be fit with the equation:

18 = _<AE00II>
1-JB F(E)kT’

where—(AEco,,> is the average amount of energy transferred gisiooa and F(E) is

[14]

an energy-dependent factor that has a median walLd5 over the temperature range
300 - 2500 K for a series of reactioisde, 1977a; b]. This approach modifies the
strong collision assumption so that not every swlh is deactivating, but when
deactivation does occur, it is complete, and &ldkcess energy is lost.

The accommodation coefficie® for a monomer-cluster collision that yields a
cluster of sizej can then be defined as the ratio of the net faonatte constank, ., to
the rate constant assuming every collision is &ffeck, (hard-sphere collision rate

constant), yielding:

e AM]f(jn
1l F’i—gﬁks[b]lkfé,-,z,)-

-37 -



The dependence of the cluster accommodation caffiwith cluster size at
atmospheric pressure for monatomic model systeshasn in Figure 3.2 for a set of
model cluster parameters. The accommodation cosftiincreases with increasing
cluster size due to the accompanying decreaseidebay rate of the energized cluster

complexk, . The lifetime of the cluster complex increaseth®point where third body

collisions withM are frequent enough to stabilize the complex.s Ebmpetition
between cluster decay and stabilization creatdmtléneck” to cluster formation at the
smallest sizes, and could potentially accountHerreduced rates of measured cluster
formation when compared to model predictions.

In order to make predictions of cluster non-accadation in a nucleating

system, one then needs the following species dep¢mpdrameters: the geometric mean

of the cluster complex’s vibrational frequenc(eyé , the pre-exponential factod, (in

this study, ranging from 1 x $0- 1 x 16" s%), the number of vibrational degrees of
freedoms of the cluster complex (calculated from clustesrgetry), the cluster binding

energy E,, the Lennard-Jones interaction well deptibetween cluster complex and
third body (estimated from tabulated values), d@average transferred per collision

with the third body-(AE,,, ) (estimated from tabulated values).

3.4 Model Application

3.4.1 Non-Accommodation in (H,SO,), Formation

A particularly interesting and relevant test systeat is amenable to this model
for cluster energy non-accommodation is the foramatf the stable dimer g30;), from
the collision of two sulfuric acid molecules. Dige measurement campaigns have
indicated the critical role that sulfuric acid pday atmospheric nucleatioMeber et al.
1996;Eisele and McMurry1997;Riipinen et al. 2007;Kuang et al. 2008]. In these
same studies, the formation rates of the smallastars were shown to be 1 — 4 orders of
magnitude below the hard-sphere collision limitiaating the presence of a barrier to

cluster formation. If this “bottleneck” to clustErmation is assumed to occur at the
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formation of the sulfuric acid dimer (which is reaable as the effects of non-
accommodation diminish rapidly with increasing tdusize), then cluster non-
accommodation can provide a physical basis footiservation that extrapolated cluster
formation rates are orders of magnitude below thkson limit.

It is important to note that non-accommodationasthe only process that can
lead to reduced rates of cluster formation, agetussaporation would have the same
gualitative effect, reducing net cluster formatrates and concentrations. Also, it is
speculated that the cluster formation process dowlalve species other than sulfuric
acid (e.g. ammonia or amines), leading to multiqponent interactions that can have
substantial effects on cluster stabiliW¢ber et al.1997;Kulmala et al, 2000;Kurten et
al., 2008]. A method for obtaining empirical estingaté the dimer evaporation
coefficient from cluster measurements is describesiction 6.1.2.

While four minimum-energy structures of the suléuaicid dimer have been
identified [Salonen et a).2009], the c1 isomer was chosen for this study &st case for
non-accommodation. Model inputs for the c1 isomelude the anharmonic cluster
frequencies calculated B§urten et al.[2009], a zero-point corrected binding energy of
6255 cn' calculated bySalonen et al[2009], and collisional energy parametersand
—(AE,,, ) obtained fronTroe[1979] andGilbert and Smit§1990] assuming Pas the
third body. Based on their anharmonic frequendgutations and visualizations of
dimer dissociationkurten et al[2009] determined that there were 22 vibrationatles
that were coupled to the dimer dissociative masle 22). Even though this number is
less than the 36 total vibrational modes expecsseth on cluster geometry, it is
consistent with the observation that often the begt experimental results is obtained
by taking the number of accessible modes to behlguwlf the total number of

vibrational modesHolbrook et al, 1996]. With the harmonic oscillator numbes 22,

the geometric mea(‘v) of the corresponding vibrational frequency disitibn was

calculated to be 900 ¢t With this value for{v) and the reported cluster binding

energy, the critical vibrational quanta was caltedao be 6. Because of the uncertainty
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in the Arrhenius paramete, , the dimer accommodation coefficient was calcalate
using the measured rangeAy (10”s*< A, < 10" s?) associated with simple fission

reactions Holbrook et al, 1996]. These types of reactions are often chanized by
potential surfaces without a pronounced energetiady [Gilbert and Smith1990],
which is not an unreasonable assumption for th&diation of a sulfuric acid dimer
[Kurtén et al, 2009]. All calculations were performed at a temgpure of 298 K, at a
pressure of 1 atmosphere, and assuming bulk paprolperties of sulfuric acid for the

calculation of collision parameters utilizing clesstolume.

3.4.2 Effect of Non-Accommodation on Modeled (H,SO,),

Concentrations

Recent measurements Blgao et al[2009] of ambient sulfuric acid cluster
concentrations during a nucleation event have pexl/a unique opportunity to test for
the presence of a cluster formation barrier; sutottleneck” at the smallest cluster
sizes would reduce the cluster formation rate aedésulting cluster concentrations.
The concentration measurements of sulfuric acidtels were acquired during
atmospheric nucleation events observed in an yBanlder, CO) and forested site
(Manitou Experimental Forest) using a newly devetbpluster chemical ionization mass
spectrometer (Cluster-CIMSXlao et al. 2009].

These concentration measurements of sulfuric dagters (HSQOy), (N =1, 3,
and 4) were compared with modeled cluster concemtisausing a recently developed
aerosol population balance mod€lpng et al. 2009e]. The model was used to simulate
the dynamics of a single-component aerosol systarardby sulfuric acid nucleation
with simultaneous coagulation and condensatiorthisximodel, the evolution of the

dimer concentratiorN, (smallest cluster) was described with the follayjralance
equation:

dN >
(16] d_tzzakf Nl2 =T B,N, N, - szlgz N,

i=2
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where N, is the measured concentration of sulfuric acid omoer, [ is a growth
enhancement factor that parameterizes the condemsditvapor phase species other than
sulfuric acid that contribute to the measured plrtgrowth rateKuang et al. 2009e¢],

andg, is the collision frequency function between clustef sizei andj calculated from

the Fuchs transition regime expressibodhs 1964]. The second and third terms on the
RHS of equation [16] defined the depletion of timet through condensational growth
past the dimer and through coagulation with thegxisting aerosol, respectively.
Cluster growth rates were parameterized from medsgirowth rates of 5 — 25 nm
particles and the measured contribution from sidfacid condensatiorkuang et al,
2009e]. The first term on the RHS is the rate laictvthe dimer is produced from the
bimolecular collision of two sulfuric acid monomevghere the hard-sphere collision rate
K, is reduced by an empirical parameter(0< a <1) in order to simulate the presence
of a barrier to cluster formation. This parametewas then decreased from 1 (no
barrier) to 1 x 18 so as to explore the sensitivity of the resultimadeled cluster
concentrations to an increasing barrier to clustenation. The value ofr that

provided the best model fit to measured clustecentrations was then compared with
predictions from bimolecular QRRK theory and witlfeirred values calculated from

parameterized dimer formation rate constalitsaphg et al. 2008].
3.5 Results and Discussion

3.5.1 Theoretical (H,SO,4), Accommodation Coefficient

To illustrate the sensitivity of the magnitude ohraccommodation to input

cluster parameters, the accommodation coefficirior the formation of the c1 isomer

of (H.SOy), was calculated for a range in two input quantitigld the number of

accessible vibrational modes and [2] the Arrhenius pre-factdk,. Depending on the

strength of intermolecular interactions within théfuric acid dimer,s can range from 6

(weakly bound cluster) to 36 vibrational modesosgly bound cluster)urtén et al,
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2009]. The resulting sensitivity of the dimer atcnodation coefficient to the
vibrational mode numbes is shown in Figure 3.3, whef® ranges from 1 x 10
(weakly bound cluster) to 1 x T@strongly bound cluster) given a geometric mednesa
of the Arrhenius pre-factdk, = 1 x 10'®s™. This increase in energy accommodation
with increasings is expected as there are a greater number oftaibed modes over
which the excess collision energy can be distrithuyeelding an energized cluster

complex with a longer lifetime that can be subsatjyestabilized by collision with a
third body.
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Figure 3.3 The dimer accommodation coefficiehtas a function of the number of
accessible vibrational modesfor the c1 isomer of (}6Qs),. P, defines the probability

that a monomer-monomer collision will result in flbemation of a stable dimer. The
vibrational mode numbes varies from 6 (weakly bound cluster) to 36 (stigrigpund
cluster) and defines the number of vibrational nsathat are coupled to the dimer
dissociative mode. Calculations were performedgibimolecular QRRK theorydean
1985] and vibrational frequencies from Kurtén ef2009] with the following input
parameters for the c1 isomer of,80,),: critical quanta 6A,= 1 x 13°s*, ¢ =78

cmit, =(AE, ) =501 cnt, number of critical oscillators = 3, arfd) = 900 cnt’
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Qualitatively, the pre-factoA,, describes the frequency at which the energized

cluster complex dissociates and for the simpledrssf complex molecules into two
relatively large fragments, this pre-factor falisthe range 0 s'< A, <10 s*
[Holbrook et al, 1996]. Using a vibrational mode numbersf 27 (an upper limit
determined b¥urtén et al.[2009]), the sensitivity of the dimer accommodatio

coefficient to the given range iA, was explored, as shown in Figure 3.4, wth
decreasing from 2 x 10to 2 x 10° as A, is increased from 1 x 10to 1 x 18" s*. This
decrease in accommodation is expected since asaiseinA, results in a faster cluster

decay rate (see equation [8]), leading to a redlifttme for the energized complex,
which then decays before it can be stabilized bystan with a third body. This
calculated range in dimer accommodation is at l@asirder of magnitude smaller than

that calculated biurtén et al[2009], due to the much smaller value &f that is used.
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Figure 3.4 The dimer accommodation coefficihtas a function of the Arrhenius pre-
factor A, for the c1 isomer of (}6Qs).. P, defines the probability that a monomer-
monomer collision will result in the formation otable dimer. The pre-facta,

varies in the range 10s*< A, < 10" s?, corresponding to the measured rangéjn

associated with simple fission reactions with nenpunced activation barrieG[lbert
and Smith1990;Holbrook et al, 1996]. Calculations were performed using bimolac
QRRK theory Pean 1985] and vibrational frequencies from Kurtémle{2009] with
the following input parameters for the c1 isome(HSOy),: critical quanta 6s= 27,

£ =78 cmi', —(AE,, ) = 501 cm, number of critical oscillators = 3, ad) =
900 cnt',
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3.5.2 Empirical (H,SO,4), Accommodation Coefficient

Measured concentrations of {&04), (n = 1, 3, and 4) and nanopatrticles (3 — 10
nm) produced during a nucleation event were congparth predictions from an aerosol
dynamics model, as shown in Figure 3.5. Modeledlte are shown for the case of
perfect accommodatiora( = 1) and for the value af (a = 3 x 10°) that yielded the
best fit with measured cluster and nanoparticleceatrations. The modeled results are
anchored by the measured sulfuric acid concentratiBnth model results utilize the
same size-dependent growth enhancement féctoarameterized from the measured
growth rate of 3 — 25 nm particles and the meascoattibution to growth from the
condensation of sulfuric acid. A size-dependentas used that increased linearly from
1 at the dimer to 20 at a cluster size of 100 (n13. When perfect dimer
accommodation is assumed, concentrations gbQs, (H.SOy)4, and 3 — 10 nm
particles are overestimated by at least facto#ofLO, and 20, respectively, when
compared to their measured values. Reasonableragr between measured and
modeled concentrations is only obtained wiseiis decreased to a value of 3 X?10nly
3% of sulfuric acid monomer-monomer collisions glistable dimer formation. This
inferred value of the dimer accommodation coefficialls within the range (2 x 10to
2 x 10%) predicted by bimolecular QRRK theory.

This best-fit value of the dimer accommodation fioet (o = 3 x 107 can
also be compared with location-dependent dimerracoodation coefficients obtained
from correlations of measured {6i0,] and extrapolated nucleation rat&ufng et al.
2008]. InKuang et alJ2008], location-dependent accommodation coeffitievere
calculated, varying in range from 16 102 suggesting the presence of a barrier to dimer
formation. In that work, a dimer accommodationftioient of 4 x 10° was obtained for
nucleation rates measured at Idaho Hill, a forestiedin the Colorado Front Range
Mountains that is similar to the Manitou Experinaritorest where these cluster
measurements were obtained. The qualitative agneebetween these two values of the

dimer accommaodation coefficient (3 x40s. 4 x 1) is encouraging, given the
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different methods through which they were obtainBeésults from this study, combined
with the non-accommodation results frétnang et al[2008], further point to the

presence of a barrier to small cluster formatioauturic acid-driven nucleation systems.
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Figure 3.5 Comparison of measured concentratib(id&50,), (n =1, 3, and 4) and
nanopatrticles (3 — 10 nm) with time-dependent téshs from an aerosol dynamics
model assuming perfect accommodatian£ 1) and using a value @f (a = 0.03) that
yielded the best fit with measured cluster and partecle concentrations. Measured
data were obtained during a nucleation event medsatr12:30 PM local time in the
Manitou Experimental Forest. Concentrations ofS&,), were obtained with a Cluster-
CIMS [Zhao et al. 2009] while concentrations of 3 — 10 nm particiese obtained with

a conventional SMPS systeMving and Flagan1990]. The model results are anchored
by the measured concentration oiS,.
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3.6 Conclusions

Using bimolecular QRRK theory, a model for clustaergy non-accommaodation
was developed which predicted the presence ofreeb&w small cluster formation. This
barrier arises from the competition between deddfiedenergetic cluster and collisional
stabilization of the energetic cluster with a tHwady. The resulting cluster
accommodation coefficient (fraction of collisionglging a stable cluster) was shown to
be a strong function of cluster size, asymptotcafiproaching unity as cluster size
increased due to the increased number of vibrdtimodes over which the excess
collision energy can be distributed. This modeldioister energy non-accommodation
was applied to a sulfuric acid aerosol system drive formation of the dimer species

(H2SOy),, yielding a dimer accommodation coefficielt ranging from 2 x 1%to 2 x

103, An empirical best-fit value of the dimer accontation coefficient & = 3 x 107)
was shown to yield the best agreement between mezhsancentrations of g3Os), (n
=1, 3, and 4) and nanopatrticles (3 — 10 nm) widdjztions from a newly developed
cluster population balance model. A valuenof= 1 (perfect accommodation)
overestimated cluster concentrations by 10 — 40’ MXis empirically obtained value of
the dimer accommodation coefficient falls in thegea predicted by QRRK theory and is
in qualitative agreement with inferred values & thmer accommodation coefficient

obtained in similar environments.
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Chapter 4 : An Improved Criterion for New Particle

Formation in Diver se Atmospheric Environments

4.1 Synopsis

A dimensionless theory for boundary layer new phtiormation (NPF) was
developed, using an aerosol population balance hiottEporating recent developments
in nucleation rates and measured particle growtdsraBased on this theoretical analysis,
it was shown that a dimensionless parametercharacterizing the ratio of the
scavenging loss rate to the particle growth ratelusively determined whether or not
NPF would occur on a particular day. This parameégtermines the probability that a
nucleated particle will grow to a detectable sieéobe being lost by coagulation with the
pre-existing aerosol. Cluster-cluster coagulatu@s shown to contribute negligibly to
this survival probability under conditions pertimém the atmosphere. Data acquired
during intensive measurement campaigns in TecaMHAAGRO), Altanta
(ANARChAE), Boulder, and Hyytiala (QUEST Il and QUES®/) were used to test the
validity of L. as an NPF criterion. Measurements included aesizeldistributions
down to 3 nm and gas-phase sulfuric acid conceoiait The model was applied to
forty-eight NPF events and five non-events (charaotd by growth of pre-existing
aerosol without NPF) measured in diverse enviroriseith broad ranges in sulfuric
acid concentrations, ultrafine number concentratiamd particle growth rates (nearly

two orders of magnitude). Across this diverse dataa nominal value df- =1 was

found to determine the boundary for the occurrexfdéPF, with NPF occurring when

L. <1 and being suppressed when>1. Calculation ofL. for measured events and

non-events yielded an empirical value of 0.7 adthendary for NPF. Moreover, more

than 65% of measureld values associated with NPF fell in the relativedyrow range

of 0.23<L; < 0.4
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4.2 Introduction

Atmospheric aerosols contribute significantly te tiet radiative forcing that
drives the earth’s energy balance, directly throtinghscattering and absorption of
incident solar radiation, and indirectly througkeittrole as potential cloud condensation
nuclei (CCN) [1992]. Boundary layer new partiaberhation (NPF), an important source
of atmospheric particles, occurs frequently in ddedocationsKulmala et al, 2004b],
and is also an important source of CCN, as dematestin various measurement
campaignsKerminen et al.2005;Laaksonen et gl2005] and modeling efforts
[Spracklen et al.2008;Kuang et al. 2009b]. Since the highest uncertainties in the
current estimates for global radiative forcing associated with these direct and indirect
aerosol effectsChin et al, 2009], it is essential to understand processaigtermine
new particle formation (NPF) rates.

NPF occurs when nucleated particles grow to atbaecan be detected. Until
recently, the minimum detectable size was abouh3Stolzenburg and McMurry
1991], but recent developments have extended datdehits to sizes below 2 nniifla
et al, 2008a;Sipila et al, 2009]. While nucleation potentially occurs evday, NPF
only occurs when particle growth to the detectiantidominates over particle losses
from coagulation with the pre-existing aerosol. alysis with aerosol dynamics models
[McMurry and Friedlander1979;McMurry, 1983;Kerminen and Kulmala2002] have
indicated that conditions favorable to NPF inclingh growth rates and low
concentrations of pre-existing aerosol (low scavgngates). These conditions have also
been correlated with measured NPF events obsenvdigerse field campaign&iedler
et al, 2005;McMurry et al, 2005]. The development of a simple, quantitatared
universal criterion for NPF would form an importaaeimponent of predictive models for
aerosol formation, and would also characterize¢haive importance of these processes
that influence aerosol dynamics as the nucleateétles grow to the detection limit.

Past and recent efforts to model boundary layer fiéf the gas-phase have
focused on simulating the dynamics of a nucleatiegsol growing through
condensation and coagulatidigMurry, 1983;Lehtinen and Kulmala2003;Korhonen
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et al, 2004;Gaydos et a).2005]. In light of the broad range (at leasbaaer of
magnitude) in the measured nucleation rates, ipteexisting aerosol concentrations
and in the particle growth rates associated witlir NBis logical to take a non-
dimensional approach in modeling NPF so as to ohmaiversally applicable results.
This approach was used McMurry et al.[1983] in developing a simple dimensionless
loss parameteL, which is the ratio of the particle loss rate tlmscavenging to the
particle growth rate, determining whether or notHNfan occur. This parameterwas
then calculated for NPF events measured in thestth environment of Atlanta where
it was shown that NPF was observed whenl but not whenL >1 [McMurry et al,
2005].

This NPF criterion, however, was derived assumistgady-state, single-
component system which greatly limits its applicativhen modeling ambient aerosols.
Cluster concentrations may not reach steady-state atmospheric new particle
formation is photochemically driven and therefongrigial and dynamic. The derivation
of the criterion assumes that both nucleation aod/tp are single-component processes,
where every monomer-monomer collision generatéaldescluster (collision-limited
nucleation), and where condensation of the mondges-phase sulfuric acid) accounts
for all the particle growth. A collision-limited edel for nucleation, however, yields
particle formation rates that are several ordemmadnitude larger than observations
[Weber et a].1996;Kuang et al. 2008]. Also, sulfuric acid condensation accodots
only 10% of the measured particle growtlidber et al.1997;Méakela et al. 2001;
O'Dowd et al. 2002;Wehner et a).2005;lida et al, 2008b;Smith et al.2008]. Not
only are nucleation and growth multi-component peses, but species that are
responsible for the growth of newly formed particéee likely different from those that
participate in nucleation. In these environmettits,old L criterion greatly
underestimates the particle growth rate and coresgtyuunderestimates the nucleated
particle survival probability and subsequent fregryeof NPF.

To address these limitations, we have developeshaaerosol population balance
model that predicts new particle formation in adidependent system, incorporating
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recent developments in nucleation rates, parametgrihem as power-law functions of
sulfuric acid concentrationSjhto et al. 2006;Riipinen et al, 2007;Kuang et al. 2008],
and recent work in determining the contributiorsolfuric acid condensation to
measured nanoparticle growth rat8sojzenburg et g§12005;Sihto et al. 2006;Riipinen
et al, 2007;lida et al, 2008b]. This model adapts a single-componemhddation for
aerosol dynamics to include a multi-component regméation through the use of
measured nucleation and growth rates. This mogw@iogly incorporates the
competition between particle loss due to clustércgmgulation and scavenging by the
pre-existing aerosol and particle gain due to memkgrowth, using measured aerosol
size distributions and sulfuric acid concentratiodModel analysis yielded a new

dimensionless parametéyf , characterizing the ratio of the particle los® ttat the

measured particle growth rate, which determinedtidreor not NPF would occur on a
particular day. This criterion was validated agaiorty-eight NPF events and five non-
events (characterized by growth of pre-existingopanticles without observed NPF)

measured during various campaigns.

4.3 Experiment

This analysis utilized measurements of aerosoldigteibutions and gas-phase
sulfuric acid concentrations from forty-eight nearticle formation events and five non-
events observed during an environmentally divees®@smeasurement campaigns:
MILAGRO (Tecamac, Mexico)l{da et al, 2008b], ANARChE (Atlanta, Georgia)
[McMurry et al, 2005], Boulder, COlida et al, 2006], QUEST II (Hyytiala , Finland)
[Sihto et al. 2006], and QUEST IV (Hyytidla , FinlandRiipinen et al. 2007]. The
measurements from the QUEST Il and IV campaigrnsyitidla were acquired by the
research team from the University of Helsinki whhe other measurements were carried
out by the research team from the University of Misota and the National Center for
Atmospheric Research. Descriptions of the physiodl meteorological conditions at
Tecamac, Atlanta, and Boulder as well as a sumofahye pertinent aerosol and gas-

phase instrumentation can be foundirang et al[2008].
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4.4 Theory

Currently, the photochemical nucleation and groeftetable atmospheric clusters
is believed to occur through multi-component prgesshat often include sulfuric acid.
New particle formation occurs when these nucleahesters grow to a detectable size,
typically about 3 nm$tolzenburg and McMurnd991]. The probability of these clusters
surviving to 3 nm depends on the relative rateduster growth and loss due to cluster-
cluster coagulation and scavenging by the predegisterosol. For a steady-state system,
McMurry [1983] developed a simple, limiting criterion fohether or not new patrticle
formation would occur by comparing rates at whiktsters grow by condensation and
are lost by coagulation with the pre-existing aelodt is the goal of this work to extend
this criterion to more environmentally diverse syss where other gas-phase species
besides sulfuric acid may contribute both to nuae®sand growth by developing a
cluster balance model that incorporates measurenagiot observationally constrained
parameterizations for growth and nucleation, respely.

The dynamics of an aerosol driven by simultaneaceation, condensation, and
coagulation can be described by a set of dimenkpopulation balance equations for
discrete cluster sizésiMcMurry, 1983;Lehtinen and Kulmala2003]:

dN C1A=uchs
[l] d t ﬁlkT l kf th Z ,B ki N 4 '_T

de — - C.LAFuchs
[2] dt (lg:lk 1" Yk-1 :B:lk ) kZlBklN+ ;ﬁu N N /

i+j=k
where equation [1] is the balance equation fomieleating critical clusterk = k') and

equation [2] is the balance equation for clustargdr than the critical clustek & k').

In these equationd\, is the number concentration for newly formesized clustersN,
is the number concentration of the condensing vapase specieg3; is the collision

frequency function between clusters of sizedj (the free-molecular expression is used

since the particles of interest are much smallen the mean free path of air,

uchs
the pre-existing aerosol surface area correctediffusion to transition regime particles
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[Fuchs and Sutugirl971], andg, =/(8kT)/(7pv,) (mean monomer thermal speed)
wherey, is the molecular volume of the condensing spediesquation [1], formation

of the critical cluster is defined by the nucleatiate J*, while depletion occurs through
condensational growth past the critical clustee sttuster-cluster coagulation, and
coagulation with the pre-existing aerosol. In emue[2], cluster production processes
include condensational growth and coagulation dadlnclusters while loss mechanisms
include condensational growth of the cluster, @ustuster coagulation, and coagulation
with the pre-existing aerosol.

In order to model the cluster dynamics of obsetaanhdary layer nucleation
events, recent developments regarding nucleaties end growth rates are incorporated
into equations [1] and [2]. For atmospheric bougdayer nucleation, studies have
shown that the nucleation rate can be modeledoasvar-law function of gas-phase
sulfuric acid concentration B3$Qy):

8] J'=K@H,;SO,T,

where K is a measurement campaign-specific pre-factoitt@xponenf varies
between 1 and 2Neber et al.1996;Sihto et al, 2006;Riipinen et al. 2007;Kuang et
al., 2008]. Based on the work Ktiang et al[2008], a value of° =2 and the

corresponding pre-factdf are used in this analysis and this power-law esgpom for

nucleation is substituted fat" in equation [1]. Growth rates based solely ofusia
acid vapor condensation have been shown to signilic underestimate the measured
growth rate Weber et al.1997], largely because organic compounds arensspe for
up to 90% of the growthMakela et al. 2001;0'Dowd et al, 2002;lida et al, 2008b;
Smith et al.2008]. A growth enhancement factoris included in equations [1] and [2]
as a multiplier of the condensational growth rate tb sulfuric acid in order to capture
the condensation of other vapor-phase speciestinéibute to the measured particle
growth rate. The growth enhancement fadtois obtained by dividing the measured

growth rate,GR c,s, by the growth rate assuming free-molecule coralérs of sulfuric

acid, GR,,, defined by the equatioieber et al.1997]:
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1 -
[4] GRSA=§U1 MQ!
where N, is the number concentration of gas-phase sulaaid, v, is the corresponding

sulfuric acid molecular volume (estimated to beX. 0% cnT), andg, is the mean

thermal speed of the condensing sulfuric acid (dated to be 240 M. This yields the
following cluster population balance equations:
dN ,

k' Clp?:uchs
[5] o “-TB NN, - NKTZ/?W N- \/_T

ﬂ_ c _k K C.LA:uchs
[6] dt N (IBJkl k-1 :sz Nki;ﬁklN+ ;ﬁuNN 4 \/_

i+j=k
While the growth enhancement factorincorporates the effects of multi-component
condensation, equations [5] and [6] are still based single-component formulation
sincerl is calculated assuming a condensing moleculamvelaf sulfuric acid”
essentially becomes a multiplier of the sulfuriamncentration It is assumed in this
analysis that particles smaller than 3 nm undengesame enhancement to growth, even
thoughT is obtained from aerosol measurements larger3han and there is evidence
that growth rates depend on sikallmala et al, 2004a]

With the appropriate dimensional scaling followagnethod analogous to that of
McMurry and Friedlandef1979], equations [5] and [6] can be cast intoelsionless

form by making the following substitutions:

[7] N, = Nk M
B
8 t=r |
K(N,) B,
[9] IBij = Qj :811

[10] N,=N.N,

-56 -



[ 1 1] - Cl A:uchs
KN A,

whereK is the pre-factor associated with the nucleatigoaentP =2, N, is the peak

value of [HSQy] during the nucleation event, aid is a dimensionless parameter
characterizing the scavenging rate scaled by themrman nucleation rateK(Nm)z.

The variablesN, , 7, ¢, and N, are the dimensionless analogues\gf, t, B, andN,,

IJ !
wherec; is defined inMcMurry and Friedlandef1979]; 3, is the monomer-monomer

coagulation coefficient and is calculated assunaimgolecular volume of sulfuric acid.

The dimensionless forms of equations [5] and [6]then:

N, _y2 e NN NS R N,
[12] d—;:(Nl) —r\/%qwl\lll\%— N D Gy N= lr\/F

,511 _ __oo _ Ek—k* — &
[13] dT \/I (le k-1 N<) I\LZC“N-FZ.Z: g’NN 1L\/E’

where the processes of nucleation, growth, andesitang are fully decoupled and their
effects on the concentration of newly formed p&tican be explored. Scaling
equations [5] and [6] by the maximum nucleatio® rabdt only reduces the computational

load during simulation but also reveals two key esionless parameters, and I,

wherel, defined as:

N
[14] rl_r\/z,

which, respectively, drive the scavenging and ghogvbcesses in equations [12] and
[13]. In subsequent sections, it will be showrt thase two parameters provide a
strategy to develop a simple, robust criterionrfew particle formation.
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4.5 Model Application

Analysis begins by verifying that the set of dimengess cluster balance

equations [12] and [13] can adequately model thasmed number concentratidy,_,,

at the detection limit (3 — 4 nm) during a new d&tformation event. For a particular

event, measured inputs into the model include &k sulfuric acid concentratioN,,,
the corresponding scaled sulfuric acid concentngtiofile N,, the growth enhancement

factor I , the Fuchs surface arég ., and the nucleation rate pre-factér. While the

pre-factorK is campaign specific, the growth enhancement factes event-specific
and obtained by dividing the measured growth rgtéhb growth rate assuming only the

condensation of sulfuric acid at concentratid). The measured growth rate is

estimated either from the time delay betweesS§Bk] and measured ultrafine particle
concentrations (3 - 6 nmy\Jeber et al.1997;Fiedler et al, 2005;Sihto et al. 2006;
Riipinen et al. 2007;Kuang et al. 2008] or from size-dependent charge fraction3 -ef

25 nm aerosollida et al, 2008b]. The Fuchs surface area is calculatedtegrating

over the measured aerosol size distribution acogrti the method d¥icMurry et al.
[2005]. The nucleation rate pre-factir for each analyzed campaign is obtained from a
least-squares fitting of measured.§0,] with nucleation rates extrapolated from the
particle production rate at the detection lin8tHto et al. 2006;Riipinen et al. 2007;

Kuang et al. 2008].

Equations [12] and [13] are then solved with thédhcondition of N, =0

(k= k"). The output dimensionless number concentratidpsre then dimensionalized

according to equation [7] for comparison with camtcation measurements of 3 — 4 nm
mobility diameter particles. The correspondinggeim geometric (mass) diameter is
approximately 2.7 — 3.7 nm, based on the worKwfaind de la Mord2009]. This
conversion between mobility and geometric diamesteecessary when comparing

measured and modeled results. Assuming spheficsikcs, the cluster sizés
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corresponding to this geometric size range areutked according to the relation
[McMurry, 1980]:

6kU 1/3
a5 o,
T

The analysis is simplified by focusing only on fiesak values ofN,_, when comparing
measured and modeled number concentrations. Qaossily) the input values df and
A are those corresponding to the measured peak walNg ,. Sensitivity of the
modeledN,_, to the peak sulfuric acid concentratidl), is explored by using a range of

concentrations taken 15 minutes before and afeep#iak sulfuric acid concentration.

Uncertainty in the measured pebk_, is calculated as Poisson error from the finite

number of particles detected by the instrumentlhéncorresponding size range. Itis

expected that the modeled and measured valuesakfyg, would be in qualitative

agreement since the nucleation expression tha¢glthe model in equation [5] is

parameterized from measured values\gf, .

After model verification, the competing effectssafavenging and growth on new
particle formation were explored by calculating fleak dimensionless particle fluk
(3 nm) as a function of parametdrsand I, calculated from the measured ranges in
A« N, and growth enhancemefht for each measurement campaign. Each
campaign simulation is initialized with input paraters K (campaign specific
nucleation rate pre-factor) ard,, (event specific peak [#$Oy]); equation [8] is used to
map the time resolution associated with measiNgdnto the dimensionless time scale
7. Sensitivity of the modeled peak to the range i\, measured during a campaign
was investigated and compared with the result usinmgean value for the peakf50y]

measured during a campaign, defined\gs J, is defined as:

(6] 3= r\/%qks NN,
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wherek, is the cluster size associated with the deteditior at 3 nm (see equation
[15]). Critical values ofl, andl", at which new particle formation was suppressedewer

identified from this model analysis and comparethwearlier work McMurry, 1983]. A

dimensionless parameter was then derived baseuksg triticalL, and T, , and was

subsequently validated as an NPF criterion aganestsurements of both NPF events and
non-events. In this analysis, non-events are chenaed by periods where growth of

pre-existing nanoparticles was observed but newcpaformation was not.

4.6 Solution Procedure

Following the methods dRao and McMurry1989] andWu and Flagarj1988],
equations [12] and [13] are solved via a discretgisnal method so as to reduce the
computational burden when solving a system of diegpopulation balance equations.
In this study, discrete equations were solved fiasters of sizek <100 (calculated to
overlap with the lower detection limit at 3 nm)deae sectional representation was used
for larger clustersGelbard et al. 1980]. Numerical diffusion associated with
condensation is mitigated by the use of a numbesewing expression for condensation
fluxes between adjacent sections followi@rren and Seinfelfl985]. Accuracy of the
discrete-sectional method when applied to equafib?isand [13] was checked by
comparing the numerical and analytical resultstertime-dependent cluster number
concentrations for the special case of a size-ied@gnt collision frequency function.
Agreement was within 0.01%. Aerosol dynamic semiohs were run on a Sun Fire
Linux cluster requiring a typical simulation timé®seconds per nucleation event. This
short computational time enables the efficient esadion of the fairly large parameter

space forL, andl"; needed to satisfactorily determine the sensitioftthe particle flux

to the measured range in scavenging and growth astociated with a particular field

campaign.
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4.7 Results and Discussion

Relevant modeled and measured parameters for aagbaggn and NPF event are
listed in Table 4.1:K (campaign-specific nucleation rate pre-factdy), (campaign
average of peak [f$0Qy]), ' (event-specific growth enhancement factiw), (peak
[H2SOy) during NPF event) A . (Fuchs aerosol surface area averaged over dumtion
NPF event), andl, (maximum nucleation rate calculated frad), and equation [3]).

The calculated values of the growth enhancemetarfac span the range from 1
(Atlanta and Hyytiala) to 25 (Tecamac), emphasizimgmulti-component nature of
particle growth where the condensation of sulfag accounts only for a fraction of the
measured particle growth. The input data intonloelel span several orders of
magnitude (2.4 x fcm® < N < 3.6 x 18 cm®, 7.5umPem® < A, < 570um?cm?;

0.43 cm’st < J,, <6600 cntst), demonstrating the insights that might be affdrbg a

dimensionless theory that quantify the relativetabations of nucleation, cluster

growth, cluster-cluster coagulation, and clustawveaging by the pre-existing aerosol.
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Table 4.1 Summary of relevant model inputs derivech measured aerosol size distributions
and sulfuric acid concentrations acquired duringly@ed measurement campaigns. See text for
input parameter descriptions and calculations.

Campaign K N, Date r N, Arichs I
(cm’sh (cm®) (mm/ddlyy) (cm®) (um*cm®) (cm®s?)
MILAGRO 6.3E-13 4.25E+07 03/15/06 14 1.77E+07 217 97E+02
03/16/06 4 8.05E+07 571 4.08E+03
03/21/06 4 5.48E+07 350 1.89E+03
03/22/06 7 2.45E+07 361 3.78E+02
03/23/06 5 1.02E+08 441 6.57E+03
03/26/06 11 4.70E+07 336 1.39E+03
03/29/06 5 2.12E+07 207 2.82E+02
03/30/06 25 1.77E+07 208 1.98E+02
03/31/06 7 1.73E+07 256 1.88E+02
ANARChE 1.6E-14 2.12E+08 07/31/02 1 3.58E+08 356 03E+03
08/01/02 4 4.97E+07 267 3.91E+01
08/05/02 1 2.27E+08 266 8.20E+02
Boulder 4.0E-14 2.21E+07 09/02/04 2 2.94E+07 97 4B#01
09/07/04 2 3.16E+07 122 3.98E+01
09/08/04 5 1.69E+07 80 1.14E+01
09/09/04 7 1.24E+07 64 6.12E+00
09/14/04 3 2.03E+07 90 1.64E+01
QUEST Il 4.0E-13 6.41E+06 03/20/03 3 3.35E+06 10 46E+00
03/21/03 1 6.34E+06 19 1.60E+01
03/23/03 3 3.06E+06 22 3.73E+00
03/25/03 2 4.77E+06 11 9.06E+00
03/26/03 3 6.91E+06 40 1.90E+01
03/28/03 2 3.49E+06 8 4.85E+00
03/31/03 2 3.20E+06 15 4.08E+00
04/01/03 4 5.02E+06 23 1.00E+01
04/02/03 3 5.23E+06 36 1.09E+01
04/03/03 1 1.85E+07 48 1.36E+02
04/04/03 1 6.41E+06 12 1.64E+01
04/06/03 2 3.02E+06 12 3.62E+00
04/07/03 1 1.32E+07 16 6.95E+01
04/08/03 2 7.16E+06 20 2.04E+01
QUEST IV 5.5E-14 9.31E+06 04/12/05 6 1.60E+07 21 41E+01
04/13/05 2 1.30E+07 27 9.30E+00
04/16/05 6 3.90E+06 23 8.37E-01
04/17/05 9 5.80E+06 18 1.85E+00
04/18/05 1 1.10E+07 23 6.66E+00
04/24/05 3 5.70E+06 55 1.79E+00
04/25/05 2 7.70E+06 35 3.26E+00
04/26/05 1 1.40E+07 50 1.08E+01
04/27/05 4 1.80E+07 66 1.78E+01
04/30/05 4 2.80E+06 25 4.31E-01
05/02/05 1 2.30E+07 41 2.91E+01
05/08/05 8 4.90E+06 31 1.32E+00
05/11/05 12 5.20E+06 29 1.49E+00
05/12/05 1 8.00E+06 23 3.52E+00
05/13/05 20 3.60E+06 25 7.13E-01
05/14/05 20 5.70E+06 24 1.79E+00
05/16/05 4 9.90E+06 50 5.39E+00
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The modeled and measured peak valueN.of for each of the analyzed new

particle formation events are compared in Figute wWith vertical bars representing the

sensitivity of the modeled pedH, , to the measured peak sulfuric acid concentration

and with horizontal bars representing the measpagiicle counting uncertainties. The
modeled and measured peak valuedof, are in qualitative agreement with each other
spanning three orders of magnitude in number cdret®an. This agreement between
model and measurement is somewhat expected siagother-law nucleation model
used to drive the aerosol simulation was paranegerrom measured ultrafine particle

concentrations. Scatter in the modeled pbigk (under and over-estimations of the

measured\,_,) can be partially attributed to the use of a srgimpaign-specific
nucleation rate pre-factd , which has an associated confidence interSditp et al.
2006;Riipinen et al. 2007;Kuang et al. 2008]. Underestimations of the measured peak
N,_, by the model can also be due to the contributadisarticle source processes not
accounted for in the model (e.g. ion-induced nuaed In spite of this scatter, this
model verification result is significant in thaethise of a single campaign-speciic

value can reasonably model the peak ultrafine gartioncentrations observed at a

particular location.
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Figure 4.1 Comparison of measured and modeled yeakine particle number
concentrations,_,) for forty-eight new particle formation events raeged during the
field campaigns (location) listed in the figuredegl. The solid diagonal line represents
perfect agreement between model results and measnts. Vertical and horizontal bars
represent ranges associated with the maximum guHduard concentration and
uncertainties associated with the measured padatlets, respectively.
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After model verification, the effect of scavengiaigd growth on new patrticle

formation was investigated, focusing primarily tie tlimensionless particle fluk, as a
function of the dimensionless quantities (scavenging parameter) aiid (growth
parameter). By definition], is also equivalent to the dimensional particledpiciion

rate J, scaled by the maximum dimensional nucleation dgtewhich is a representative

value for the probability that a nucleated partigi# grow to the detection limit. As an

example, a contour plot of the modeled pdakas a function of measured ranged.jn
and T, is shown in Figure 4.1 for the MILAGRO campaighhis result was obtained
using the mean peak sulfuric acid concentratignto initialize the model, as opposed to
calculating aJ, contour for each event. Use of campaign-averagads was justified
since event-specific inputs yielded results wittimabsolute error of less than 1 %
compared to the results obtained with the campaigmagedN . Similar model results

were observed for the other campaign models. Miogeits for each campaign analysis
are listed in Table 4.1.
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Figure 4.2 Contour plot of modeled pedk (0.05 — 0.70) as a function of measured
ranges in cluster scavenging parameteand cluster growth parametgr for the
MILAGRO campaign (Tecamac)l, is equivalent to the survival probability of a

nucleated particle growing to the detection liithfn). Model input parametets and
N, are listed in Table 4.1.

-66 -



Generally, the peak values f are seen to increase with increasifgat a
given value ofL,, and to decrease with increasihgat a given value of ;. These

trends are expected as cluster growth and scavgaginsource and sink processes,

respectively, for ultrafine particles. From Figdr@, contours of constant pedk were
identified along with their corresponding pairsigfandl",. The linearity of those

contours over the measured rangesirand ", suggests a linear log-log relationship
betweenL, and T, for a given value ofl,: logL, =M logl, + B, whereM andB are

least-squares fit parameters obtained for eactewvafiu,. Least-squares analysis yielded

an averageM value of1.03+ 0.0z (95% confidence) over the range of modeled peak

J;. With M essentially equal to one, the parameieis then equal to the ratib, /T, .
Since each line of constad} has a unique intercef@, J, is then seen to depend only

on the ratioL, /T",. This result suggests that the effect of clustester coagulation (as

both a source and sink process from equationsg@][13]) contributes negligibly to the
evolution of the cluster distribution. Identicahavior was also observed in the model
results for the other measurement campaigns. pparant inconsistency of this result
with the observation that substantial coagulati@as wbserved in Atlant&folzenburg et
al., 2005] and Mexico CityHuang et al. 2009b] is resolved by noticing that the
contribution of coagulation is a strong functionctister size. The contribution of
cluster-cluster coagulation would be nearly neblegup to the detection limit, yet would
be significant at larger sizes. A more detailedlgsis of the contribution of cluster-
cluster coagulation to the cluster survival probghbwill be included in a subsequent
paper Kuang et al. 2009d] focusing on intercomparisons of nucleatate
parameterizationd/feber et al.1997;Kerminen and Kulmala2002;Lehtinen et al.
2007].

The negligible contribution from cluster-clusteagolation and the fact thakt,

depends only on the ratig /T, (hereafter renamed. ) indicates that.. is the
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controlling parameter that exclusively determirtes probability that a nucleated particle
grows to the detection limit. From equations [af§l [14], L is defined as:
2

which is essentially a ratio of the scavenging lags to the measured growth rate. This
new dimensionless parameter is nearly identicédrim to theL parameter oMcMurry
and Friedlande{1979]:

[18] L= CLA:uchs ,
4'ﬁllNl

which was reasonably successful in predicting teuence of NPF in the sulfur-rich
environment of Atlanta during the ANARChE measuratrtampaign. There, it was
shown that sulfuric acid condensation accountediéarly all of the growth early in the
nucleation event. Under those conditions, thevtfienhancement factdr is equal to

one (see Table 4.1) and the parametersind L become functionally equivalent. The
advantage of this new parameter is that it is derived from a more general fornthaef

aerosol population balance equations that can jiocate the observed range in
experimentally parameterized nucleation rates aeasored growth rates. It is worth

noting thatL is independent of the nucleation rate pre-fa¢¢oand nucleation
exponentP from equation [3]. Therefore, any nucleation mtpression of the form
J"=K[H,SO,T can be used.

With L. as the controlling parameter, the results fronufégt.2 can then be
recast in a more compact form, where the modeledl ge is now plotted only as a
function of L. for each measurement campaign, as shown in Fg8reThe results
from each campaign at each valuelpfare nearly identical, deviating by less than 5%

from each other. This similarity is a remarkaldsult given that the measured inputs
into the model vary over several orders of magm®itacross the different campaigns.

This location-independent result further indicates the contribution of cluster-cluster
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coagulation up to 3 nm is nearly negligible, evepolluted environments like Tecamac

and Atlanta, where significant coagulation mightdnaeen expected to occur. From
Figure 4.3,J, is seen to asymptotically approach unity in thatliof L. << 1, which is
consistent with the fact that at fast enough growatbs (", >> L)), all nucleated particles

survive to 3 nm and the particle flux at the detectimit approaches the nucleation rate.

J, is also seen to decrease with increadipg L, >>T,), approaching a survival
probability of 0.2% at =1, where new particle formation is effectively supgsed.

New particle formation would then occur only fotwes of L <1.
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Figure 4.3 Modeled peak, as a function oL, (L. =L,/T,) for the analyzed
measurement campaigns (locations), whigres the dimensionless scavenging parameter
(equation [11]) and", is the dimensionless growth parameter (equatidi).[1
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This limiting criterion was then tested against swead new particle formation

events by calculating, from the scavenging and growth parametgrand I,
associated with the measured values of peak for each of the forty-eight new particle
formation events that were analyzed. values were also calculated for non-events

where nanoparticle growth of the pre-existing agrass observed but NPF was not:
three from the QUEST IV campaign, one from the ANKHE campaign, and one from
the Boulder campaign. Only five of these non-esevdre identified due to the analysis
requirement of measurable growth of the pre-exgstierosol mode so that a growth
enhancement factdr can be obtained. Relevant modeled and measurathpters for
these non-events are detailed in Table 4.2, withegaof the growth enhancemdnt
ranging from 3 — 6, average peak sulfuric acid eatrations ranging from 4 x 16 4 x
10° cm®, Fuchs surface area ranging from 10 — g@cm®, and calculated nucleation
rates ranging from 6 x T0- 4 x 10' cm®s™. The importance of these non-events where
pre-existing aerosol growth occurs without NPF matsbeen discussed in the literature
and represents a crucial subset of aerosol measntsmgainst which thi, >1

criterion (where NPF is suppressed) can be tedféithout such observations, only half
of the NPF criterion can be verified. The restriten this analysis are shown as a

histogram in Figure 4.4, whetlg values associated with NPF and non-events are
displayed. All NPF events fell in the ranQe3< L < 0.4 corresponding to survival
probabilities in the rangg5%< J, < 90%, while non-events fell in the range

1.0<L; < 4.Ccorresponding to survival probabilities much l#sm | %. L. values
associated with NPF all fell below the =1 boundary, where the model predicts NPF
should occur. Conversely, four of the fike values associated with non-events fell well
above the boundarl, =1. Though the remaining non-event had a valug of 0.96,

the corresponding low predicted particle survivalgability to 3 nm @, ~ 0.2%)

reasonably suggests NPF suppression. An empyridatermined value ok =0.7
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appears to separate all events from all non-evértss universal behavior across

different measurement campaigns indicates thais a robust parameter that can be used

to predict the frequency and strength of NPF events

Table 4.2 Summary of relevant model inputs derivech measured aerosol size
distributions and [E5Qy] for non-events, characterized by the growth efexisting
nanoparticles without new particle formation. $od for input parameter descriptions
and calculations.

. K Date I\lm Aiuchs 'Jm
Campaign r
(cm’s?)  (mm/ddlyy) (cm®  (@m’em®  (cm’s?h
ANARChE 1.6E-14  08/07/02 6 2.01E+06 303 6.40E-02
Boulder  4.0E-14  06/11/04 4 3.91E+05 39 6.07E-03
QUESTIV 5.5E-14  04/28/05 3 3.94E+06 103 8.73E-01
05/01/05 3 8.37E+05 33 3.94E-02
05/15/05 3 7.03E+05 11 2.78E-02

From Figure 4.4] . values associated with 65% of the NPF events gpan
relatively narrow rang®.23< L < 0.4z, corresponding to a nucleated particle survival

probability to 3 nm of between 10 and 30%. Thisoa range suggests a self-regulating
process in the boundary layer where high growtbsrédr sub 3 nm particles, which
increase survival probability, are often accompaitg a large pre-existing aerosol
surface area, which depletes the newly formed@anpiopulation and decreases the
survival probability, as observed in Tecamac ame viersa as observed in Hyytidla.
Analogous self-regulating behavior for the prodorctof CCN (~100 nm) from newly
formed particles was observed in simulation re§@fgacklen et al.2008] and

constrained model¥uang et al. 2009b].
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Figure 4.4 Histogram of measurégd values associated with forty-eight NPF events and
five non-events, wheré. =L /T,: L is the dimensionless scavenging parameter
(equation [11]) and", is the dimensionless growth parameter (equatidi).[1
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To accurately predict NPF, it is imperative to inmurate the measured

enhancement to the particle growth ratesincel. scales withl/I" . Assuming no

enhancement to particle growth €1) compared with a typical enhancementof 10

leads to an overestimation &f by a factor of 10. For NPF events with values

greater than 0.1 (>80% of analyzed NPF eventsynaisg that sulfuric acid accounts for

all the growth (" =1) yields L. values that are greater than 1, where NPF is not

predicted to occur. Therefore, assuming that salfacid accounts for the all the
measured growth leads to a dramatic underestimafiboth the frequency of NPF

events and the associated particle production.rates

4.8 Conclusions

A dimensionless cluster population balance modal developed to analyze new
particle formation from a nucleating system growirygcondensation and coagulation in
the presence of a pre-existing aerosol. The miadetporates recent developments in
boundary layer nucleation rates parameterized agplaw functions of gas-phase
sulfuric acid and recent work in nanopatrticle giowates. Model results were validated
against forty-eight measured new particle formagoents, yielding good agreement
between modeled and measured ultrafine particleoearwoncentrations. Model analysis
indicated that nucleated particle survival prokbgbdepends only on a simple
dimensionless parametér . L. was shown to determine exclusively whether or not
new particle formation could occur on a particulay and was validated against
measured NPF events and non-events characterize@&surable growth of pre-existing
nanoparticles without NPF. New patrticle formatwas shown to occur only at values of

L. <1, and was suppressed for valued pf>1, with an empirically determined
boundary atL. =0.7. Measured values df- and corresponding survival probabilities

fell in a relatively narrow range, suggesting d-segulating process in the boundary
layer where enhancements from high growth ratesnétigated by depletions from a

substantial pre-existing aerosol surface areayasdversa.
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Chapter 5: The Production of Cloud Condensation Nuclei

from New Particle Formation Events

5.1 Synopsis

An analytical expression has been developed tlrafrately models the
population dynamics of an aerosol growing fromdeeection limit (3 nm) to CCN size
(100 nm), quantifying the contributions of size dimde-dependent source and sink terms
such as coagulation of smaller particles and s@angrby the pre-existing aerosol.
These model inputs were calculated from measunesalesize distributions and growth
rates acquired during intensive measurement campaigBoulder, CO, Atlanta, GA,
and Tecamac, Mexico. Twenty CCN formation everdmfthese campaigns were used
to test the validity of this model. Measured growdtes ranged from 3 — 22 nm/h. The
modeled and measured CCN production probabiligesead well with each other,
ranging from 1 — 20%. The pre-existing CCN nundmercentration increased on

average by a factor of 3.8 as a result of new @artormation.

5.2 Introduction

Atmospheric aerosols exert a significant impacglmtal climate by affecting the
earth’s radiation balance directly through thetecatg and absorption of solar radiation
and indirectly through their role as cloud condéosanuclei (CCN) Albrecht 1989;
Charlson et al.1992]. This indirect effect of aerosols conttdmithe largest uncertainty
to estimates of global radiative forcin@{CC, 2007]. Accurate assessment of the
relationship between CCN and forcing in global @iexmodels requires understanding
processes that determine CCN concentrations. &ldied campaigns{erminen et al.
2005;Laaksonen et 812005] have implicated newly formed particles fratmospheric
nucleation events as an important source of CCN.

New particle formation in the atmospheric boundager and subsequent growth

to 100 nm, a representative CCN-active diametBr28 supersaturation (typical of
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stratocumulus cloudsBinfeld and Pandid998], has been observed in the continental
troposphere$tolzenburg et 312005]. As these newly formed particles grow frdmm

to 100 nm, they undergo processes that enhanceeghete the growing population, such
as coagulation production and scavenging by theeyisting aerosol, respectively
[Stolzenburg et 812005]. Reducing the uncertainty in the CCN nungapulation due

to the growth of newly formed particles dependsocurately accounting for these
sources and sinks, which depend on particle sidegewth rate.

Recent modeling efforts incorporating aerosol nptrgsics have studied the
effect of boundary layer new particle formation@@N concentrations using an off-line
chemical transport modebSpracklen et al.2008] and a particle growth modé&li¢rce
and Adams2007]. The model inputs included parameterizagd particle formation
rates Bpracklen et a).2008] and simulated size distributions and ghorates Pierce
and Adams2007]. In the present work, a model for CCN fation was developed
based on measured new particle formation evergkligg an analytical expression for
the number distribution of nucleated particles tiratwv to 100 nm based on measured
aerosol size distributions and growth rates. Thedehwas applied to twenty CCN
formation events measured in three North Amerioaations: Boulder, CQifla et al,
2006]; Atlanta, GA McMurry et al, 2005]; and Tecamac, Mexicbda et al, 2008b].

The results of these calculations are compared otiffervations. Enhancements to pre-

existing CCN number concentrations due to new g@arformation were also calculated.

5.3 Measurements and Techniques

Data from the three measurement campaigns weraraddyy researchers from
the University of Minnesota and the National CefdverAtmospheric Research. Detailed
descriptions of the physical and meteorologicalditions at each site as well as a
summary of pertinent aerosol instrumentation cafobad inKuang et al[2008]. This
analysis utilized measurements of aerosol sizeligions.

For a measured CCN formation event, the size bigion of 100 nm particles

was modeled by following a population of newly faanparticles as they grew from 3 to
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100 nm, and accounting for how various aerosolcasiand sinks added to and depleted
the population during growth. An example of sunkegent is shown in Figure 5.1,
where new patrticle production occurred just befi®@®0 on 09/02/08 and was followed
by nearly continuous particle growth approaching fafh in diameter over the next 33
hours. It is the goal of this work to develop mgle analytical expression that accurately
models the size distribution of the nucleated plasias they grow to 100 nm using

measured size distributions and growth rates towatdor sources and sinks.
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Figure 5.1 Contour plot of aerosol size distribntversus mobility diameter and local
time for a new particle formation event resultingermation of CCN (assumed to be
100 nm — solid black line) measured at Boulder,&@r the period 09/02/08 — 09/03/08.
Included is a representative diameter trajectory sfibset of the growing aerosol
population.
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The dynamics of an aerosol population growing bydemsation and coagulation
are described by the patrticle size distributicevolving through size and time according
to the general dynamic equatidddinfeld and Pandi<998]:

%[n(Dp,t)]:—aiDp[GR( D, ) D, §]
[1] +DPZDDp/fm (¢ B,)d(yw )m(D t)E-Idf)—p,

[/jz
—n(Dp t,)

WhereGR( D,, t) is the particle diameter growth ratg,= (Dp3 - Dp3) , and

K(D, B,)m(D, tjud,

o
o‘—D—.S

K (zp, Dp) is the coagulation coefficient for particles ofigtery andD,. There are
well-established analyticaRamabhadran et gl1976] and numericadelbard and
Seinfelgd 1978] methods of solving equation [1] and obtagm. In this work however,
equation (1) is solved only for a subset of th@selrpopulatiom’ that follows a
diameter trajector)D;, defined as the path through diameter space theivaing
particle follows according to the measured grovetie ra representative example of

which is shown in Figure 5.1. After expanding ¢ftewth term in equation [1] and

grouping similar terms, equation [1] is reducedmoordinary differential equation along

D; by the method of characteristics:

d Dj /23 3 N df)

ail" (0]=0°0 [ K(w.5,)n(w, 9 n(D, )=
—n*(t)z{IK(Ds 0,) (B, 40, + 4o oR f’)]}

which defines the size and time-dependent soum@siaks ofn' as it grows along the

[2]

=)

measured diameter trajectot)/;. On the RHS of equation [2], the first term defin

contributions ton' from coagulation of smaller particles that yieltheger particle of
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size D;, the second term defines losses due to scavebyitite pre-existing aerosol,

and the third term defines losses due to size-dbgdrgrowth. For the CCN formation
events analyzed, the loss from self-coagulation’ofvas calculated to be negligible.

Equation [2] is then integrated anrIigZ, yielding an analytical expression fof :

3 n*(t):exp[—r.oss(tne{rwlFmg(t)cexp[r.oss(t)]mt}

[4]  1(t) = Hj K(D%LD,)m(D,1) Edf);%[GR( dp)]} [l

Ty oll3
Dj/2

[5]  Fuy(t)=DP0 | K(w,Dp)m(w,t)m(Dp,t)G(j%

coag

wheren, is the value of the measured distribution functothe start of growth
(nominally 3 nm),7,... is a sink term characterizing the various losshmatsms that

depleten', andF___ is a source term representing all collisions o&ken particles that

oag

. . . . . . T .
yield larger particles with sizes equal to the ditentrajectoryD . To determine the
size distribution for 100 nm particles'(= n,,), equation [3] is evaluated at a tifne

along the diameter trajectory wheﬂ% =100 nm. This approach is an extension of

earlier methodsWeber et a].1997;McMurry et al, 2005] where particle growth from 3
to 100 nm is now examined and where time and sepevaldent particle sources, sinks,
and growth rates are now included. This is padityiimportant during periods of
substantial new particle formation, where the a@rosmber concentration and surface
area (from which sources and sinks are calculatad)change significantly. In this

analysis, the percent contributions to the popartedif particles D, > 100 nm) from

coagulation of the pre-existing aerosol with and self-coagulation af’ are relatively

small (< 5%) compared to the contribution from giiowf n' through 100 nm.
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A natural product of this analysis that can be ioletch from equation [3] is the
CCN production probability defined as,,/ n,, which is the ratio of the size distribution
of 100 nm patrticles at the end of the diameteettayy to the size distribution of 3 nm
particles at the beginning of the trajectory. @ case of constant particle growth rate,

the value ofn,/ n, is equivalent to the ratio of particle productrates at 100 and 3 nm.

For CCN formation events where there is negligdsilbancement from coagulation of

smaller particlesn,,,/ n, represents the survival probability of a populatd 3 nm

particles growing to 100 nm. For this case, thhesa populationn” only undergoes
loss as it grows and therefore only contains pgadithat were originally present at 3 nm.

The ration,,,/ n, is then only a function of,_, a dimensionless particle lifetime that

oss?
captures the competing interactions between lodgeswth as the particles approach
100 nm. For CCN formation events characterized kst growth rate, there is a
relatively shorter time over which the various lasschanisms can act, resulting in a
relatively larger CCN population. This dimensi@ddifetime is conceptually similar to
the L parameter itMcMurry et al.[2005], which accounts for the survival probayilif
clusters growing from 1 to 3 nm while being depdey coagulation.

A related quantity of interest is the enhancemerthé pre-existing number

concentration of CCN-active particlég, (D, > 100 nm) due to new particle

formation, defined as the ratio of the peldk, after new particle formation to the initial,
pre-existingN,,,. Enhancements tdl,,, due to condensation of the pre-existing aerosol,
condensation of the growing aerosol, and coagulaifemaller particles and depletions
to N,,, due to self-coagulation are determined by soleqgation [1] forN,,, from the
start of new particle formation to when the peakigaf N,,, occurs.

Analysis of a given CCN formation event begins tgntifying the initial
distribution of the growing aerosol population, alhiwas defined in this study as the
peak value of the distribution function of 3 — 6 particles during a new patrticle

formation event. The diameter width for this iaitdistribution was small enough to be
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considered newly formed but large enough to achi@gal particle counting statistics.

The diameter trajectoer; of this initial population was then defined by tirae

evolution of the peak of the measured distributidmch, to a first approximation,
ensures that the same aerosol population is bettpl®d during growth. The diameter

trajectory defines both the size and time-depensiekts and sources,(, and F,,)

that deplete and increase the particle populasobhgrows to 100 nm, as well as the
length of time over which the effects of these siakd sources are integrated. Model

sensitivity to the initial conditiom, was explored by starting individual trajectory
calculations over an interval of 15 minutes befamd after the peak value of during

the period of new particle production.

5.4 Results and Discussion
. . T . .- . . . . . - .
The diameter trajectorp, is a critical quantity in this analysis, definitige

various sink and source terms that control the dyosiof n' as it grows. A
distinguishing feature of this model is the us@aiticle trajectories determined by
measured growth rates (3 — 22 nm/h for the threesorement campaigns included in
this analysis). Previous studies modeling CCN fatam from aerosol processd&dgrce
and Adams2007] assume sulfuric acid vapor as the domioantiensing species
contributing to particle growth and use either noeed or modeled sulfuric acid vapor
concentration to estimate growth rates. Studige BAown that growth rates due solely
to measured sulfuric acid vapor condensation agmfgiantly underestimate the
measured growth rat®\feber et al.1997], largely because organic compounds are
responsible for up to 90% of the growidkela et al. 2001;0'Dowd et al. 2002;lida

et al, 2008b;Smith et al.2008]. This underestimation of the growth reda tead to
overestimation of the particle lifetime and corm@sging losses as the population grows
up to 100 nm.
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The modeled and measured valuesigf/ n, range from 1 — 20% across the three
measurement campaigns and are plotted versuslthdatad loss parametery, . in

Figure 5.2. These measured and modeled prodyatairabilities are several orders of
magnitude larger than the corresponding probadslitialculated biierce and Adams
[2007]. Their models were initialized with simwddtstationary pre-existing aerosol size
distributions and particle growth rates based dfusa acid condensation, rates which
are an order of magnitude smaller than the meagmeudth rates used in this analysis.
The results in Figure 5.2 apply only to those eseavtiere growth was strong enough for
newly formed particles to reach 100 nm, which repne half of the observed new
particle formation events from the three measurémampaigns. For the remaining
events, the growing particles did not reach 100msize. Also included on the plot is

the model prediction oh,,,/ n, versusr, ., assuming no coagulation enhancement (loss-

only solution =0).

’ Fcoag
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Figure 5.2 Measured,,,/ n, (symbol) versus the dimensionless loss paranwter

obtained from the listed measurement campaigns)dexliby modeleadh,,/ n, (vertical

bar) and.., (horizontal bar), representing 95% confidencetBmiThe loss-only solution
(Feoag =0) is also shown for reference.
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For those events where the modeled and measyygd, lie on or close to the
loss-only solutionn,,,/ n, approximates the survival probability of newlyrfeed 3 nm
particles growing to 100 nm. For these eventsi@pmately 1 — 10% of newly formed
particles survive to 100 nm. It is primarily thengpetition between loss and growth rates

contained withinr, ., that controls the CCN survival probability. Fhose events where
the modeled and measureg,/ n, deviate significantly (at least an order of maigiét)

from the loss-only solutiomy’ contains both particles from the initial growing
population and particles formed by coagulationatiples beneath the growing mode.
These events were observed in Tecamac and Atladtavere characterized by sustained
periods of particle production with large total @l number concentrations (> 1 10
cm).

The pre-existing number concentrations of CCN-acpiarticles (,,,) are
increased due to new particle formation by factdrs.6 — 9.1 with a mean value of 3.8,
which are plotted as a histogram of enhancemetdram Figure 5.3. The mean and
upper range of these enhancement factors are cabipdo the maximum CCN
concentration enhancements reporte®pyacklen et al[2008] when modeled growth
rates were increased to match observed growth etgzhasizing the importance of
using measured growth rates when simulating CCNifadipns. The percent
contributions of self-coagulation loss, coagulatwaduction, pre-existing aerosol

condensation, and growing aerosol condensatidmetdf,, enhancements are shown in
Figure 5.4 along with the pre-existing and peakieslofN,,,, averaged over each

measurement campaign. Condensation of the groaengsol past 100 nm contributes
more than 80% to the observéy,, enhancement in Tecamac and Atlanta, while the
contribution of pre-existing aerosol condensat®namparable to that of the growing
aerosol in Boulder. Because of the slower growths in Boulder, the contribution from
pre-existing aerosol condensation is integrated avenger time interval, yielding a

larger contribution relative to the condensatiohef growing aerosol.
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The relatively narrow distributions of CCN surviyabbabilities (1 — 10%) and
CCN enhancement factors (> 50% are between 2 uggjest a self-regulating process in
the atmosphere, as was observed by Spracklen[20@B]. High particle growth rates
tend to be mitigated by rapid depletion due toraespondingly large pre-existing

aerosol surface area as in Tecamac, and vice astisaBoulder.

5.5 Conclusions

An analytical model for CCN production was develbjpg simulating the growth
of a subset of an aerosol population from 3 to A@0and accounting for various source
and sink processes constrained by measured sizibulimns and growth rates. Modeled
production probabilities agreed well with measwaltlies, ranging from 1 — 20%. The
analytical model enabled a quantitative compardoss processes (scavenging and
size-dependent condensation) with coagulation praoty, which was shown to be
significant in Tecamac and Atlanta. For eventhwatatively little coagulation
production, survival probabilities ranged from 16%. New patrticle formation
increased pre-existing CCN number concentrationatiprs of 1.6 — 9.1 with a mean
enhancement of 3.8. These enhancements were dechimyacontributions from

condensation of the growing aerosol.
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Chapter 6 : FutureWork

Recent developments in instrumentation have allowgeid approach the
measurement of the complete size spectrum of vaploiters, and nanoparticles during
a nucleation event. A newly developed cluster nsaestrometerghao et al. 2009] has
enabled measurements of the sulfuric acid monomerer, and tetramer, while two
prototype condensation particle countdidd et al, 2008aKuang et al. 2009a] have
lowered the particle size detection limit down t& &am mobility diameter (nominally
equal to 1.2 nm geometric diameter). These importeeasurements, combined with the
cluster population model developedkinang et al[2009¢], will enable important
estimates of cluster kinetic and thermodynamic eriigs. Based on these developments,
I have identified three areas of future and comtiguesearch: [1] constraining the
cluster population balance modglang et al. 2009e] with measurements in order to
extract important cluster properties; [2] using thester population balance model to
develop more accurate nucleation rate parametenzatethods, and then applying those
methods to combined data sets acquired by resesaficdme the University of Minnesota,
the National Center for Atmospheric Research, aeduniversity of Helsinki; and [3]
the development and characterization of a condiemsparticle counter that extends the

detection limit towards 1 nm mobility diameter,ngioleic acid as a new working fluid.
6.1 Extraction of Cluster Properties with Constreed Cluster Model

6.1.1 Distinguishing Non-Accommodation from Evaporation

The cluster population balance model developéduang et al[2009¢e] and
applied to cluster concentration measuremenkaiging et al[2009c] can, in principle,
be used to infer cluster kinetic and thermodyngomnoperties by constraining the model
with measured size distributions of clusters. drtain limiting cases, the model can also
be used to help distinguish between processefdivatthe same qualitative effect on the

cluster population, but different physical foundas.
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Energy non-accommodation would have the sametgtinad effect on cluster
concentrations as evaporation, since both processalsl lead to reduced net rates of
cluster formation. While both processes couldaict be occurring simultaneously, it
would be helpful to identify limiting criteria wittwhich we might examine the relative
contributions of dimer non-accommodation and diewvaxporation. This can be
accomplished by adding the effect of evaporatiothéodimensionless dimer population
balance equatiorKjuang et al. 2009¢]:

dN,,

(1] dr :a(Nl)z_rclkt N1RL1 - I_\{Ji %T\J__gt_l\i!n

where N, is the dimensionless concentration for a clustsizek, ¢, is the

dimensionless coagulation coefficient between ehssof sizei and j, a is an

empirical accommodation coefficient, afdis a growth enhancement factor calculated

as the ratio of the measured growth rate to thesjroate due solely to sulfuric acid

condensation. For a single-component aerosolmsy&ialy sulfuric acid),” =1. EkT IS

a new, dimensionless evaporation parameter, deéised
_ E,

2]  E,=—,
“ ﬁlle

where the quantityE , is the dimensional dimer evaporation rate consténtis the

dimensional monomer-monomer coagulation coefficiantd N, is the dimensional peak
monomer (sulfuric acid) concentration.

This dimensionless parametﬁ[T provides a means of distinguishing the effects
of non-accommodation and evaporation since itagescwith respect to the maximum
sulfuric acid concentratiofN,,. This concentration, in principle, can be vaiiea

controlled manner in the photochemical aerosol ggime chamber currently being
constructed in the Particle Technology Lab at the/grsity of Minnesota. If
dimensionless cluster concentrations (scaled fraasured cluster concentrations) are

seen to be insensitive to changes\ip, then dimer evaporation would be seen to
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contribute negligibly to cluster dynamics. Howeviéthe dimensionless cluster

concentrations change substantially with changds,_jnthen dimer evaporation is likely

playing a significant role in reducing net cludi@mation rates.

6.1.2 Obtaining Cluster Kinetic and Thermodynamic Parameters

With time-dependent cluster size distributions, oae obtain estimates of the
cluster growth rate, and, in certain limiting casgso obtain the dimer accommodation
coefficient or the dimer evaporation rate constant.

Cluster growth rates are important not only becdlsg help determine the
probability of cluster survival to CCN-active sigdcMurry et al, 2005;Lehtinen et al.
2007], but because they can also give a crude a&stiof composition by comparison
with growth rates assuming only contributions freaifuric acid condensatiotida et
al., 2008b;Smith et al.2008]. Cluster growth rates can be estimatesltyin several
methods: [1] tracking the size and time evolutibthe peak in the cluster size
distribution, a method analogous to thastdlzenburg et a[2005] who calculated
growth rates for nucleation mode particles; ord&@lculating the time required for a
cluster to grow to a larger size by determiningtthee delay between the concentration
profiles of the initial and final size¥\[eber et a].1997;Fiedler et al, 2005].

Two limiting cases regarding the net dimer formatiate can be explored to
obtain either the dimer accommodation coefficianthe dimer evaporation rate. In the
case where the reduced dimer formation rates cattieuted entirely to the effects of
energy non-accommodation, the dimensionless dimgulption balance can be written
as:

dN,,

[3] d; = ( )_rclk*Nll\L '\Lz%

i=k"

With measured cluster concentratioNs and cluster growth rates inferred from

measured cluster distributions (enabling calcutagbl” ), the only unknown parameter
in equation [3] is the dimer accommodation coediintic which can be varied

empirically until reasonable agreement between aredsand modeled cluster
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concentrations is achieved. In the case whereettéced cluster concentrations can be
attributed entirely to the effects of dimer evapiora(the dimer accommodation
coefficient would be unity), the dimensionless dimpepulation balance can be written
as:

dN

@ =) T, MR- N g M- B

In this limiting case, the only unknown would be timensionless evaporation

parameterEkT , Which can be varied empirically until reasonaddeeement between

measured and modeled cluster concentrations isahi The evaporation rate constant

E. can then be obtained from equation [2], yieldimgimation regarding the dimer

free energy of formation.

6.2 Nucleation Rate Calculations: Method Intercqarisons, Method
Validations, and Data Set Linking

Due to particle size detection limits (~ 3 nm),rm@tion rates of freshly nucleated
particles (~ 1 nm) currently cannot be directly smwead. These nucleation rates at 1 nm,

J,, are usually calculated in two steps: [1] catioh of the particle formation raté,

from measured size distributions at the detectioit,Ifollowed by [2] extrapolation of

J, from J, by accounting for the probability that a 1 nm fdetwill grow to 3 nm

before being lost by coagulation with the pre-emgsaerosol. A number of different

methods have been developed to calculgtérom measured size distribution&/gber et

al., 1996;Sihto et al. 2006;Riipinen et al. 2007], and to calculate the survival
probability for a particle growing from 1 to 3 nWEgber et al.1997;Kerminen and
Kulmala 2002;Lehtinen et a].2007]. Each of these methods contains approiomain
its derivation and therefore has limits of applitab

The goal of this work is to intercompare the vasiooethods for steps [1] and [2],
validate them against the cluster population baanodel ofKuang et al[2009e] which
exactly solves the aerosol general dynamic equadiot then develop a set of analysis
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criteria where certain methods in steps [1] anctf2] be expected to give reasonably
accurate results. Such criteria would provide wisgberating guidelines for data
reduction, enabling the consistent calculationwfleation rates from diverse measured
aerosol size distributions. Once these guidelioesucleation rate calculation are set,
one can then process the combined data sets addpyiresearchers from the University
of Minnesota, the National Center for Atmospheras®arch, and the University of
Helsinki for the following measurement campaighlLAGRO (Tecamac, Mexico)
[lida et al, 2008b]; ANARChHE (Atlanta, Georgial)cMurry et al, 2005]; Boulder, CO
[Eisele et al.2006]; QUEST II (Hyytiala, FinlandHedler et al, 2005;Sihto et al,
2006]; and QUEST IV (Hyytiala, FinlandiRfipinen et al. 2007]. This work will be
presented itKuang et al[2009d].

6.3 Condensational Growth Detection and SizingSfb — 3 nm Diameter

Aerosols

A new instrument for the detection and sizing aftr&@ sub — 3 nm aerosols has
been developed, has undergone preliminary labgrataracterizations, and has been
deployed in several field campaigns. This instratnknown as the nanoparticle growth
(NPG) instrument, is based on the principle of @nstional growth sizing, which
exploits the axial dependence of saturation ratisisle a laminar flow condensation
particle counter (CPCXftolzenburg and McMurpyl991]. As nanoparticles pass through
a CPC, they are exposed to air that is supersatuveith a working fluid (typically
butanol), which then condenses onto the nanopestichusing them to grow to a size
large enough to be detected by light scatteringQ(zrm).

For small enough particles (< 15 nm), their finedlet size can be used to infer
their initial particle size. Due to increasing fide curvature with decreasing size,
smaller particles require a higher saturation rbé&fore they can be activated for growth.
These smaller particles must travel farther aldvegcdondenser axis before they are
exposed to a high enough saturation ratio and egmtio grow. Smaller particles
therefore have less time to grow before they édtdondenser, yielding a smaller droplet
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size. For small enough patrticles, the final dropiee exiting the condenser is therefore a
function of the initial particle size, yielding mfmation regarding the initial sampled
nanoparticle size distributioisfros et al.1996;Weber et a].1998b].

Rather than using butanol however, the NPG instnimses oleic acid as the
working fluid. lida et al.[2008a] showed that, because of its low vapor jpresand
high surface tension, oleic acid can activate plagias small as 1.2 nm mobility
diameter without undergoing self-nucleation, whaclturs when butanol is used to
activate particles smaller than about 2.5 nm miyldiameter. This low vapor pressure
also enables size-dependent condensational grautdre 1 — 3 nm particles grow to
sizes of only 16 — 26 nm within the CPC. The sitribution of “grown” particles are
measured by mobility classificatioMang and Flagan1990], which is then inverted
with characterized activation efficiencies and gitovaws to obtain the number
concentration and size of the initial sampled pbasi, respectively.

Laboratory experiments showed that this instrurhasta 50% activation
efficiency for NaCl particles with a mobility diartee of 2.1 nm (about 1.8 nm geometric
size) and can detect particles as small as ~ 1legomgtric size, albeit with a low
activation efficiency. Figure 6.1a shows laborpt@sults for the activation efficiency
while Figure 6.1b shows the corresponding relatignbewteen the final “grown”
particle size and the initial size of the NaCl mdet The NPG system was deployed for
the measurement of new particle formation evenBoumlder, CO and in the Manitou
Experimental Forest during the summer of 2008 lirRneary analysis of those

measurements indicates the detection of partidesrall as 2.1 nm mobility diameter.
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Figure 6.1 NPG characterization of (a) activadiiciencies and (b) size-dependent
growth relationships for laboratory-generated redigodium chloride particles with oleic
acid as the working fluid.
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Accurate analysis of those measurements howevairescadditional work to be
performed. Because the activation efficiency df 8&inm particles are particle
composition dependentida et al, 2008a] and the composition of ambient sub 2 nm
particles is currently unknown, there will be urtaetties in the sampled patrticle
concentration. The condensational growth of samZoarticles is likely composition
dependent as well, leading to uncertainties reggrttie initial particle size. Two
approaches to reducing these uncertainties arg peirsued: [1] characterizing the NPG
instrument with neutral particles of known compiosit(inorganic, sulfate-based, amine-
based, etc.) using established methods of gengnaiimo-disperse aerosol standards;
and [2] developing a diffusion sampling inlet (D&¥)be placed upstream of the NPG
instrument. In this DSI, the sampling flow ratevégied, and the resulting size-dependent
penetration efficiencies of sub 3 nm particlesraeasured (diffusional losses increase
with decreasing flow rate and decreasing partiae)s The flow-rate dependence of the
penetration efficiency can then be inverted tod/tble sampled particle size, providing
an independent measure of particle size, unaffdmtathcertainties in particle

composition.

6.4 Final Remarks

The synergistic relationships between model devety, theory development,
instrument development, and field campaign measemesrhave provided insights and
testable hypotheses regarding atmospheric nuatealibe cluster population balance
model, constrained by ambient measurements, camdpraseful upper and lower limits
for particle production rates and their effect bea CCN population, for instance. As
progress is made in lowering the instrument sizeafi®n limit, these model hypotheses
regarding cluster formation rates and stability tan be tested and improved upon with

these new measurements.
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