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Abstract. This study presents measurements of size anctcomparing the effects of constant and size-dependent growth
time-resolved particle diameter growth rates for freshly nu-indicate that neglecting the strong dependence of growth rate
cleated particles down to 1 nm geometric diameter. Novelon size from 1 to 3 nm observed in this study could lead to a
data analysis methods were developed, de-coupling for theignificant overestimation of CCN survival probability.

first time the size and time-dependence of particle growth
rates by fitting the aerosol general dynamic equation to size

distributions obtained at an instant in time. Size distributions .
of freshly nucleated total aerosol (neutral and charged) werd  Introduction

measured during two intensive measurement campaigns in ) ) ) ]
different environments (Atlanta, GA and Boulder, CO) us- Atmospheric aerosols influence climate and climate change

ing a recently developed electrical mobility spectrometer©" local to global scales by affecting the atmospheric radi-

with a diethylene glycol-based ultrafine condensation parti-2tion balance directly through scattering and absorbing in-
cle counter as the particle detector. One new particle formaS0ming solar radiation and indirectly as cloud condensation

tion (NPF) event from each campaign was analyzed in denuclei (CCN) (Charlson et al., 1992). Atmospheric mea-
tail. At a given instant in time during the NPF event, size- surement and modeling studies have shown that new particle
resolved growth rates were obtained directly from measuredormation (NPF), through photochemical reactions of gas-

size distributions and were found to increase approximatelyPase precursors, greatly increases the number concentra-
linearly with particle size from~1 to 3nm geometric di- tion of atmospheric aerosols, and is often followed by rapid

ameter, increasing from 5:50.8 to 7.6+ 0.6 nmhL in At- growth of the nucleated aerosol to a CCN-active size, sig-
lanta (13:00) and from 5 2 to 27+ 5nm ! in Boulder nificantly increasing the CCN population (Lihavainen et al.,
(13:00). The resulting growth rate enhancenterdefinedas 2003 Kerminen et al., 2005; Spracklen et al., 2008; Kuang
the ratio of the observed growth rate to the growth rate due &t &l 2009). This rapid growth, often many times that of

the condensation of sulfuric acid only, was found to increasé€ growth assuming the condensation of sulfuric acid alone
approximately linearly with size from1 to 3nm geometric (Weber et al., 1997), is neither well understood nor repre-

diameter. For the presented NPF events, valued'foad sented in regional and chemical transport models (Pierce and
lower limits that approacheg1 at 1.2 nm geometric diame- Adams, 2007; Wang and Penner, 2009; Spracklen et al,
ter in Atlanta and~3 at 0.8 nm geometric diameter in Boul- 2010). This lack of understanding limits the ability to realis-

der, and had upper limits that reached 8.3 at 4.1 nm geometrilically assess the impact of NPF on the global surface CCN
diameter in Atlanta and 25 at 2.7 nm geometric diameter inPopulation and its contribution to the aerosol indirect effect.

Boulder. Nucleated particle survival probability calculations ~Growth rates based solely on the condensation of sulfuric
acid vapor significantly underestimate the observed growth
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3574 C. Kuang et al.: Size and time-resolved growth rate measurements

rate (Sihto et al., 2006; Riipinen et al., 2007; lida et al., fine condensation particle counter (DEG UCPC) has enabled
2008; Kuang et al., 2010; Nieminen et al., 2010) largely be-the first mobility-classified measurements of the complete
cause organic compounds are responsible for up to 95 % ofiumber size distribution for the total aerosol during an atmo-
the growth (Makeh et al., 2001; O’'Dowd et al., 2002; Smith spheric nucleation event, bridging the size range from vapor
etal., 2008, 2010). This enhancement in growth can be chamolecules and molecular clustersi nm geometric diame-
acterized by a quantity;, defined as the measured diameter ter) to nanoparticles and sub-micrometer particles (Jiang et
growth rate divided by the diameter growth rate due to theal., 2011b). While earlier studies have presented sub 3 nm
condensation of sulfuric acid, quantifying the contribution of size distributions acquired during nucleation events using
other species to the observed growth. Compiled values ofctivation-sizing techniques (Sigilet al., 2009; Lehtipalo
I"for nanoparticle growth rates measured in diverse environ<t al., 2011), mobility-classified size distributions of freshly
ments indicate an average of value of 5 to 10 with valuesnucleated aerosol were measured in this study using a DEG
as high as 20 to 50, clearly showing that, on a global level UCPC to extend SMPS measurements dowriom (Jiang
growth rates of freshly nucleated particles are due to the upet al., 2011a). Such measurements enable the direct determi-
take of species other than sulfuric acid (Kuang et al., 2010). nation of not only the rates at which these nuclei are formed,
Particle growth rates reflect the sum of all gas-to-particlebut also the rates at which neutral nuclei as small as 1 nm
conversion processes that contribute to growth, and theregeometric diameter grow as functions of time and size.
fore include important information on chemical processes Using size distribution measurements of the total aerosol
that affect growth. Chemical models are needed to explainneutral and charged) down te1 nm geometric diameter,
observed growth rates and developing such models will renovel data analysis methods were developed in this study to
quire measurements of gas-phase species that contribute tie-couple, for the first time, the size and time-dependence of
growth, measurements of particle composition, as well as amparticle growth rates for freshly nucleated aerosol. While
understanding of the dependence of observed growth ratesarlier studies have presented evidence for size-dependent
on concentrations of the gas-phase precursors. For examplgrowth rates of nucleation mode particles, those results were
previous research has shown that sulfuric acid condenses agbtained from size distributions of the ambient ion popula-
particles at the diffusion limit with an accommodation co- tion and were averaged over particle size and growth time
efficient close to 1.0 (Jefferson et al., 1997), indicating that(Hirsikko et al., 2005; Manninen et al., 2009; Yli-Juuti et al.,
the contribution of sulfuric acid to the growth of large parti- 2011). Methods for obtaining size and time-resolved growth
cles (20 nm) can be modeled. Smith and co-workers haverates are presented, along with insights into the processes of
shown that alkyl ammonium carboxylate salts, formed by re-nucleation and growth provided by these measurements.
actions between amines and carboxylic acids, account for 20
to 50 % of observed growth in the atmosphere (Smith et al.,
2010), but the mechanism for this process is not yet under2 Experimental
stood in part because the gas-phase precursors have not been
measured. Establishing such chemical models requires acc2-1 Measurements
rate information on growth rates. This paper describes meth-
ods that can be used to de-couple the dependencies of growthnalyzed nucleation events were acquired during two inten-
rates on size and time for the smallestl(to 5 nm geometric  sive measurement campaigns: the nucleation and cloud con-
diameter) nucleated particles. densation nuclei (NCCN) study that was carried out in At-
This de-coupling is particularly crucial as it allows for the lanta, Georgia, during July and August 2009 (Jiang et al.,
clear interpretation of observed size-dependent growth as 2011b), and a new particle formation and growth study car-
consequence of the particular particle growth mechanism atied out at the Foothill Laboratory of the National Center for
work rather than the consequence of time-dependent vapohtmospheric Research (NCAR) in Boulder, Colorado, dur-
condensation on the growing aerosol. Early aerosol growtling August and September 2010. Geographic and meteoro-
studies developed and applied technigues to obtain, frontogical conditions at the NCAR site are described in Zhao et
measured size distributions, size-dependent growth rates afl. (2010). Observations of significant particle production at
30 to 600 nm particles growing through gas to particle con-3 nm followed by rapid growth to potential CCN-active sizes
version (Friedlander, 1977; Heisler and Friedlander, 1977(~80nm diameter at 0.2 % supersaturation) have frequently
McMurry and Wilson, 1982; McMurry and Grosjean, 1985). been made at both sites during the summer (Stolzenburg et
As aerosol sizing and counting instrumentation have im-al., 2005; Kuang et al., 2009). While only a limited number
proved since then (McMurry, 2000), particle growth rates of NPF events are presented in this study, their corresponding
have been obtained for even smaller sizes, down to 3 nm +esults are consistent with the results from other NPF events
the conventional size detection limit for measuring the totalobtained during both campaigns.
aerosol (Stolzenburg and McMurry, 1991). In the NCCN study, freshly nucleated aerosol size distri-
Recently, the development of a scanning mobility particle butions down to 1 nm geometric diameter were acquired with
spectrometer (SMPS) using a diethylene glycol-based ultraa newly developed scanning mobility particle spectrometer
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C. Kuang et al.: Size and time-resolved growth rate measurements 3575

(SMPS) utilizing a DEG UCPC as the particle detector (lida rates, GRgs, were estimated using two new methods based
et al., 2009; Jiang et al., 2011a). In this study, uncertain-on fitting measured size distributions to the aerosol gen-
ties in the measured size distribution arise from uncertaintie®ral dynamic equation (GDE) (Gelbard and Seinfeld, 1978).
in the chemistry-dependent activation efficiency of particlesWhether the measured size distributions were consistent with
smaller than 2 nm geometric diameter using the DEG UCPCgsampling from a regional air mass or with interception of
uncertainties in the chemistry and size-dependent charging local plume determined the appropriate method to obtain
below 2 nm geometric diameter, and uncertainties from pargrowth rates from the measured size distributions. The anal-
ticle counting statistics in the DEG UCPC; uncertainties in ysis method for plume events utilizes the novel result that
the measured particle diameter were assumed to be neglsize distributions €~5nm) for a nucleating system in the
gible in comparison and were therefore not considered inpresence of an aerosol achieve pseudo steady-state shortly
this analysis. Further details regarding the setup and operafter the start of nucleation (McMurry, 1983). For regional
ation of the DEG SMPS are described in Jiang et al. (2011a)events, the analysis method is similar in principle to earlier
In the NCAR study, a DEG SMPS was also deployed andanalysis techniques (Lehtinen et al., 2004; Verheggen and
was operated identically to the system used in the NCCNMozurkewich, 2006) that fit size distributions to the GDE.
study, except for the DEG UCPC, which was operated atFor an aerosol system that is growing through simultaneous
a higher aerosol flow-rate and saturator temperature for ingas uptake and coagulation, the aerosol GDE can be inte-
creased particle detection efficiency (Kuang et al., 2012)grated to describe the evolution of the number concentra-
Aerosol number size distributions at larger sizes were action between particle diametef3y1 and Dp2 (Dp2 > Dp1)
quired with a conventional SMPS system (3 to 500 nm) (Wooaccording to Eq. (1):

etal., 2001) during NCCN and with a commercial TSI SMPS dN A (1)
system (10 to 500 nm) during the NCAR campaign. A clus-

ter chemical ionization mass spectrometer (Cluster CIMS) dr

(Zhao et al., 2010) was also deployed during both cam- +C0agSra (Dp1. Dpz. 1) — CoagSnk (Dpi. Dpz.1) (1)
paigns to measure concentrations of gas-phase sulfuric acishereA is the size interval defined bfp; and Dpy, GR=
monomer, [HSQy4], and neutral molecular clusters formed dDp/dt, andn =dN/dDy. In the RHS of Eqg. (1), the first

by nucleation. Systematic uncertainties in the measuremerdnd second terms are the condensational flux into and out
of [HoSOy] lead to an upper and lower limit that is a fac- of the aerosol size interval defined ky, CoagSrg is the

tor of 1.3 above and below the reported concentration, resource term defining the production of particlesAndue
spectively; random relative uncertainties were assumed to b&o coagulation, and CoagSaks the sink term defining the
10% (Zhao et al., 2010; Jiang et al., 2011b). Further detailgemoval of particles imA due to coagulation. With a mea-
regarding estimation of uncertainties in the measurement ofured size distributiom, the only unknown quantities in
[H2SO4] can be found in the appendices. During NCCN, di- Eqg. (1) are the diameter growth rates at the interval bound-
rect measurements of the molecular composition of freshlyaries, GRDp1, 1) and GR Dpy, t), which are then obtained
nucleated 10 to 40 nm diameter particles were performed usas functions of time and particle diameter through an iterative
ing a Thermal Desorption Chemical lonization Mass Spec-solution of Eg. (1) at various particle sizes. Further details of
trometer (TDCIMS) (Smith et al., 2004). The TDCIMS mea- each method can be found in Appendices Al (regional event
sured particles with mobility diameters chosen to correspondanalysis) and A2 (plume event analysis). Previous methods
to the peak of the growing nucleation mode. Molecular com-for obtaining growth rates from size distributions typically
position was inferred from the ion current detected in bothrequire either a distinct nucleation modegkég et al., 2000;
positive and negative ion mass spectra, with uncertaintied.ehtinen and Kulmala, 2003; Stolzenburg et al., 2005) or a
typically ranging from 10 to 30 % (Smith et al., 2008; Smith discernible time shift between concentration profiles at two

and Rathbone, 2008). sizes (Weber et al., 1997; Sihto et al., 2006). With the for-
mer method, it is not possible to analyze NPF events char-
2.2 Data analysis acterized by sustained periods of particle production as there

is no distinct nucleation mode nor is it possible to de-couple
DEG SMPS raw data were inverted to yield aerosol num-the size and time-dependence of observed growth rates. With
ber size distributions (Knutson, 1976; Stolzenburg and Mc-the latter method, NPF events with high growth rates are not
Murry, 2008; Jiang et al., 2011a). While particles were size-amenable to analysis due to the potential lack of a discernible
classified according to their mobility diameter, results from time shift, while growth rates that can be obtained are often
this study are presented in terms of particle mobility diam-averaged over large size intervals (1 to 6 nm) and time inter-
eter and particle geometric diameter, where the former isvals (typically hours). Both methods used in this study were
approximately 0.3nm larger than the latter (Larriba et al., developed to exploit the strong size and time-dependence in-
2011). Estimated uncertainties in the measured size distriherent in freshly nucleated aerosol size distribution measure-
bution and [BSOy] were fully propagated in the subsequent ments down to 1 nm without the restrictions of earlier meth-
analysis. Size and time-dependent observed particle growtbds.
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Size and time-dependent particle growth rates due solehgrowth rates were higher than were observed in Atlanta and
to the condensation of sulfuric acid, GR were calcu- were approximately constant with size for particles in the 3
lated using measured sulfuric acid concentrations and asto 5nm geometric diameter size range. These high growth
suming bulk properties for the sulfuric acid vapor (density rates above 3 nm are comparable with those observed during
= 1.84 gcnt3), explicitly accounting for the dimension and intense periods of particle production and growth in Mexico
motion of collision partners during condensation (Fuchs,City (lida et al., 2008).

1964; Lehtinen and Kulmala, 2003; Seinfeld and Pandis, Previous studies have reported growth rate measurements
2006); the effects of interaction potentials were neglectedduring the initial steps of aerosol formation (Birmili et al.,
The size-dependent growth rate enhancenie(defined as  2003; Kulmala et al., 2004b, c; Hirsikko et al., 2005; Stolzen-
the ratio of GRBs to GRsa) was then obtained, quantifying burg et al., 2005; lida et al., 2008; Manninen et al., 2009;
the size-dependent contribution of species other than sulfuKuang et al., 2010), with some studies suggesting that diam-
ric acid to the observed growth. In this study, size-dependengter growth rates increase with size for the smallest particles
particle growth rates Ggss and growth rate enhancements (Kulmala et al., 2004b; Manninen et al., 2009). While those
I' down to 1 nm geometric diameter will be presented for results were obtained from size distributions of the ambient
a regional event measured during the NCAR campaign (19on population rather than from the total aerosol population
September 2010) and for a plume event measured duringneutral and charged), such as reported here, their reported
NCCN (7 August 2009). The methods of analysis to obtaingrowth rate size-dependence is largely substantiated by our
both GRygs(Dp) andTI" (Dp) for regional and plume events results in this study. The results from this study de-couple
are described in Appendices 1.2 and 2.2, respectively. Basefbr the first time the size and time-dependence of observed
on the size-dependent growth rates and growth rate enhancearticle growth rates, due to the new analysis methods which
ments obtained for the events analyzed in this study, implicaobtain size-dependent growth rates at a specified time. This
tions for nucleation and growth processes will be discussedde-coupling allows the clear interpretation of observed size-
along with potential impacts on CCN production from new dependent growth to be an effect of the particle growth mech-
particle formation. anism at work.
The size-dependence of the observed growth rates (up to
~3 nm geometric diameter for both analyzed events) can be

3 Results and discussion compared with predictions of theoretical aerosol growth laws
(Friedlander, 1977), providing information regarding possi-
3.1 Size-dependent growth rates ble mechanisms for aerosol growth. Particle growth laws

that are qualitatively consistent with the observed increase
Observed size-dependent growth ratesogdfDp), downto  in growth rate with size include: (1) nanodKler activa-
1nm geometric diameter and their corresponding uncertaintion of nanometer-sized nuclei (Kulmala et al., 2004a), (2)
ties are presented in Fig. 1a and b. Measurement uncertaimmulti-component diffusion corrected for the effect of particle
ties arising from particle counting statistics were included in curvature on vapor pressure (Kelvin effect), and (3) surface
the calculation of GBgs(Dp). The effects of size-dependent or volume-controlled reaction corrected for the Kelvin effect
uncertainties (in the composition dependent detection effion surface and volume concentrations, respectively (Fried-
ciency and in the bipolar charging efficiency) on&f(Dp)  lander, 1977; Heisler and Friedlander, 1977; McMurry and
are discussed in the appendices. The results in Fig. 1a ang/jilson, 1982; Kulmala et al., 2004b). The observed size-
based on measurements in Atlanta on 7 August 2009 durdependence could very well be a result of a combination of
ing the NCCN campaign. Growth rates increased systemgrowth mechanisms occurring simultaneously.
atically with size, and tended to be higher during the after-
noon at 13:00 (5.3 0.8 to 7.6+ 0.6 nm 1) than duringthe 3.2 Size-dependent growth rate enhancements
morning at 09:50 (2.4 1 to 6.0+ 0.4 nm h1). These values
of the growth rate are consistent with results reported in arSize-dependent growth rate enhancemenig)p), down to
earlier study at this site (Stolzenburg et al., 2005). We did1 nm geometric diameter and their corresponding uncertain-
not attempt to calculate growth rates for particles larger tharties are presented in Fig. 2a and b. Measurement uncer-
3nm because the steady-state assumption required for anginties arising from particle counting statistics and random
lyzing size distributions from intercepted plumes becomeserror in the measurement of §80y] were included when
increasingly questionable as size increases (McMurry, 1983)calculating the uncertainties in(Dp). The effects of size-
The results in Fig. 1b are based on midday measurements aependent uncertainties (in particle detection and charging
NCAR on 19 September 2010. Again, growth rates increasecfficiency) and systematic uncertainties in the measurement
approximately linearly with size up to 3 nm geometric diam- of [H,SO4] are discussed in the appendices. The results in
eter during the period of peak particle production (13:00), in-Fig. 2a are based on values of gd3(Dp) and GRsa(Dp)
creasing from 5.& 2nmh 1 to 27+ 5nmh ! over the size  obtained during the morning at 09:50 and the afternoon
range 0.8 to 3 nm geometric diameter. For the NCAR eventat 13:00 for the NPF event measured on 7 August 2009
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Fig. 1. Observed growth rates and corresponding uncertainties are plotted as functions of particle mobility d@‘ﬁ@(erpper abscissa)

and geometric diametdbgeo (lower abscissa) for NPF events measureda)rv August 2009 (NCCN), where uncertainties are presented

as one standard deviation and (@) 19 September 2010 (NCAR study), where uncertainties are presented as one standard error, calculated
according to Cantrell (2008). Geometric particle diameters were estimated according to Larriba et al. (2011).
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during the NCCN campaign. At 09:5@;(Dp) increases al., 2005; Kuang et al., 2010) and nanoparticles composed
with size, from 1.9 1 at 1.2 nm geometric diameter, where primarily of ammonium sulfate (Smith et al., 2005).

) . . 0 i
sulfuric acid condensation accounts fe50 % of _the_ ob During 7 August 2009, the TDCIMS measured the compo-
served growth, to around 8431 at 4.1 nm geometric diame- ... . o

sition of freshly nucleated particles at two sizes: 20 nm par-

; : . 0
ter, where sulfuric acid condensation accounts\fap %01 icles at the beginning of the NPF event (08:45-11:00), and
the observed growth. During the afternoon at 13:00, a sim- : ; . )
. : o 40nm diameter particles later on during the event (13:30—
ilar size-dependence fdr was observed, albeit with lower

values, ranging from 1.20.2 at 1.2nm geometric diame- 14:30) in order to track the composition of the peak of

ter, where sulfuric acid condensation accounts for nearly aIIthe quickly growing nucleation mode. At the beginning of

the event, measurements of the ion current indicated that
the observed growth, to around 228.3 at 4.1 nm geomet- . . .
S . . . dimethyl ammonium sulfate comprise@® % of the total mo-
ric diameter, where sulfuric acid condensation accounts forIar composition of 20 nm diameter particles. Measurements
~40 % of the observed growth. These relatively low values P P '

: . . . . of the composition of 40 nm particles later on during the
of I' are consistent with earlier observations in Atlanta of sul- ; .
furic acid-dominated condensational growth (Stolzenbur etevent showed that sulfate salts of ammonium and dimethy|
9 9 € ammonium comprised-60 % of the total molar composi-

tion.
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TDCIMS measurements of freshly nucleated nanoparticleface, leading to an upper limit estimate of &RDp) and,
composition provide direct information of gas-phase speciexonsequently, a lower limit estimate bfin this study. At
that participate in nanoparticle growth (Smith et al., 2008; the size of critical clusters or smaller, evaporation competes
Smith and Rathbone, 2008). The nanoparticle compositiorwith or even overwhelms the sulfuric acid-limited condensa-
measurements on 7 August 2009 suggest that, at the begiion flux, and the resulting’ is then substantially less than
ning of the event, the observed growth rate for 20 nm par-1. Therefore, & value greater than unity is only expected
ticles is a factor of 30 higher than the corresponding sul-at sizes greater than the critical cluster size. For the NCCN
furic acid limited growth rate, which is consistent with the event at 09:50]" = 1.9 at 1.2 nm geometric diameter, indi-
observation that nanoparticle composition is dominated bycating that the critical cluster is formed at a smaller size,
species other than sulfate. During the event, the TDCIMSthat the bottleneck to nucleation must occur below 1.2nm
measurements indicate that sulfate contributes an increaggeometric diameter. This result is consistent with the ambi-
ing amount to the composition of 40 nm particles, suggestingent aerosol size distribution measured at 10:00 (Jiang et al.,
that the enhancement to growth is a factor of 1.5 for 40 nm2011b), where the steepest drop in the distribution function
particles. This observation of increasing sulfate contributionoccurs between [5Q4] and [HoSOu]3, implying that the
to nanoparticle composition (20 to 40 nm) measured by thebottleneck to nucleation occurs belewl nm geometric di-
TDCIMS supports the observed decrease in growth rate enameter, the estimated size of the sulfuric acid trimer. For the
hancement” (1 to 4 nm) from the morning to the afternoon NCAR event from 12:40-13:00, B value of ~3 suggests
measured by the DEG SMPS. that the critical cluster size is less 0.8 nm geometric diame-

The results in Fig. 2b are obtained for the time interval ter.
12:40-13:00 during the period of peak particle production
for the NPF event measured on 19 September 2010 durin@.3 Impact on nucleated particle survival probability
the NCAR campaign.I"(Dp) increases approximately lin-
early with size during that time period, ranging from around This observed size-dependence in growth rate up to 3 nm not
3.1+ 1 at 0.8nm geometric diameter, where sulfuric acid only provides constraints on potential growth rate mecha-
condensation accounts fer33% of the observed growth nisms, but also provides, for the first time, realistic growth
(the balance of which could include volume contributions rate inputs when modeling the nucleated particle survival
from associated ammonium and water), tot2% at 2.7nm  probability in aerosol microphysical modules used in re-
geometric diameter, where sulfuric acid-limited condensa-gional and chemical transport models (Pierce and Adams,
tion accounts for-5 % of the observed growthl™ then re-  2007; Spracklen et al., 2008; Pierce and Adams, 2009; Wang
mains approximately constant with size up to 5 nm geometricand Penner, 2009; Spracklen et al., 2010). The nucleated
diameter. Values df as high as 20 to 50 have been observedparticle survival probability is defined as the probability that
at other locations (Kuang et al., 2010). A number of studiesa nucleated particle~x{1 nm) will grow to a detectable size
have presented evidence of sulfuric acid limited condensa¢3 nm) before being scavenged by the pre-existing aerosol.
tion accounting for only a fraction of the observed sub 3nmThis probability is usually parameterized assuming a con-
growth in ambient (Weber et al., 1997; Fiedler et al., 2005; stant growth rate as the nucleated particles grow to 3 nm (We-
Sihto et al., 2006) and laboratory experiments (Metzger eter et al., 1997; Kerminen and Kulmala, 2002; McMurry et
al., 2010). Due to the nature of the methods used to obtairal., 2005; Lehtinen et al., 2007). Results from this study
sub 3nm growth rates in those studies, the reported growtlindicate that this assumption is not valid below 5nm. The
rate enhancements are, by definition, averages over the sizelative impact of a size-dependent growth rate on particle
and time it takes for a nucleated particle to grow~t8 nm. survival probability was modeled by numerically integrating
The growth rate enhancement values presented in Fig. 2a arttie aerosol general dynamic equation for an aerosol popu-
b are the first reported results of size-resolNedlown to  lation growing by simultaneous gas-uptake and coagulation
~1 nm geometric diameter, providing a direct indication that (Friedlander, 1977; Gelbard and Seinfeld, 1978; Kuang et
species other than sulfuric acid can play a significant role inal., 2009), explicitly accounting for size-dependent growth
particle growth below 2 nm geometric diameter. below 3nm. Measured inputs for this calculation were the

The values of” at the smallest particle sizes also provide observed size-dependent growth rates, growth rates derived
insights into the nucleation process, namely, upper limit esfrom observed sulfuric acid concentrations, and the pre-
timates on the critical cluster size. For both analyzed NPFexisting aerosol size distribution obtained at 12:40 for the
events" decreases with decreasing size, approaching valueBICAR NPF event. Nucleated particle losses were deter-
of 1.9 and 1.2 at 1.2 nm geometric diameter during the mornmined exclusively from coagulation with the pre-existing
ing and afternoon of the NCCN event, respectively, and ap-aerosol. The results from this model calculation are event
proaching a value of 3 at 0.8 nm geometric diameter during and environment-specific and are meant to be representative
the period of particle production for the NCAR NPF event. only of regions where sulfuric acid-limited condensation ac-
It is worth noting that GBa(Dp) is determined assuming counts for only a fraction of the observed growth. Model re-
zero evaporative flux of sulfuric acid from the particle sur- sults for the survival probability as a function of final particle
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: : : : understanding of the processes and species responsible for
.......... [11GR(D,) = GR (3 nm) this size-dependent growth.

——[2IGR(D,) = GRyg4(D,)

_____ [BIGR(D,) = GRg,(D,)

. 4  Summary

This study presents measurements and analysis methods that
de-couple, for the first time, the size and time-dependence of
diameter growth rates for freshly nucleated particles down to
1nm geometric diameter. Data analysis methods were de-
veloped to obtain size-dependent growth rates at an instant
in time for regional and plume NPF events by fitting the
aerosol general dynamic equation to measured size distribu-
tions. Observed growth rates were found to increase approx-
imately linearly with size from 1 to 3 nm geometric diame-
ter, consistent with predictions from nanailer theory, and

i ) - i Kelvin-limited diffusion, surface, and volume growth laws.
Fig. 3. Survival probability of a nucleated particld = 1.12nm) ¢, rasnonding growth rate enhancemdntsere also found

as a function of final particle diameter for three growth rate sce-, . . . . . .

o to increase approximately linearly with size, starting from
narios: (1) GRDp) = GRops(3 nm), where the growth rate below N . iy
3nm is assumed to be constant and equal to the observed growth at1 and 3 at the ,Sma”eSt Sizés (1,'2 and 0.8nm Qeomet”c di
3nm (14nmrl); (2) GR(Dp) = GRogs(Dp), Where the growth ~ @meter, respectively) and reaching values as high as 8 and
rate below 3 nm is equal to the observed size-dependent growth rate?d (4.1 and 2.7 nm geometric diameter, respectively) for the
and (3) GRDp) = GRsa(Dp), where the growth rate below 3nm events that were analyzed in this study. The contribution
is equal to the size-dependent growth rate assuming the condensaf species other than sulfuric acid to the observed growth
tion of only sulfuric acid. Inputs for this model calculation were the for the analyzed events is significant below 3 nm, account-
observed size-dependent growth rates, growth rates derived frorfng for up to 95 % of the observed growth. For such events

Ob_Sérved [I‘iSO4], and the pl’e-eXiSting aerosol size distribution ob- Where growth |S domlnated by Spec|es Other than Sulfurlc
tained at 12:40 for the NPF event on 19 September 2010 (NCAR). acid, neglecting size-dependent growth could lead to a sig-

nificant overestimation of the resulting CCN survival proba-
bility. Further measurements and analyses of freshly nucle-
. - .. ..ated aerosol number size distributions will help to provide
size are shown in Fig. 3 for three growth rate scenarios: (1)r . o . . .
. urther constraints and insights into ambient nucleation and
constant growth — the growth rate below 3nm is assumed to . ;
i rowth processes, complementing measurements of particle
be constant and equal to the observed growth at 3 nm; (2?Om osition by mass spectrometr
size-dependent growth — the growth rate below 3 nm is equal P y P Y-
to the observed size-dependent growth rate; and (3) sulfuric
acid-limited growth — the growth rate below 3 nm is equal to endix A
the size-dependent growth rate assuming only the condensgtpp
tion of sulfuric acid, a model for condensational growth that

has been used in a number large-scale simulations (Piercll-a)_eCOuPIing the size and time dependence of particle
and Adams, 2007: Wang and Penner, 2009; Spracklen et aidiameter growth rates
2010).

© o oo oo o oo
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Data analysis methods were developed to obtain aerosol pop-
Under the size-dependent growth scenario, the modeledlation dynamics information from measured size distribu-

probability of a nucleated particle growing to 3nm before tions, namely the aerosol diameter growth rate as a function
being scavenged by the pre-existing aeroset&%, orders  of particle diameter and time during the period of particle
of magnitude larger than the survival probability assumingproduction and growth. Two different approaches were used
sulfuric acid-limited growth, and-4x lower than the sur-  to obtain these growth rates, depending on whether the nu-
vival probability assuming a constant growth rate below 3 cleation event was more regional or plume-like in nature.

nm equal to the growth rate at 3 nm. While growth scenarios

1 and 3 have been regularly implemented in aerosol simuAl Regional event analysis

lations, they can potentially lead to gross over and under-

predictions of survival probability for particle growth to a Al.1 Model development

CCN-active size, since particles are most vulnerable to loss

below 3nm. Accurate representation of the impact of NPFFor a regional event, the state of the aerosol system is char-
and growth on CCN production will require a mechanistic acterized as being spatially and chemically homogeneous.
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In such a system, the evolution of the number concentraEquation (Al) can be re-arranged to yield an equivalent ex-
tion between size®y,; and Dpy (Dp2 > Dpy) for an aerosol  pression for the condensational fluxiag,:
system that is growing through simultaneous growth due to
gas uptake and coagulation is described mathematically with dNa ()
: . ; Ybal(Dp1, 1) = +n(Dpa, 1) - GR(Dp2, 1) (AB)
the following population balance equation (Eq. A1) (Gelbard dt
and Seinfeld, 1978) and term definitions (Eqgs. A2—A4): — CoagSrq (Dp1, Dp2, 1) + CoagSnk (Dp1, Dp2, 1)

dNA () = n(Dp1. 1) - GR(Dpy. 1) — n(Dpa, 1) - GR(Dpa. 1) wh_ere the subsgript idpa| refer; to the balance m“ethod by
dr which J (Dp1, 1) is obtained (Sihto et al., 2006; Riipinen et

+C0agSrg (Dp1. Dp2, 1) — CoagSnk (Dp1, Dp2, 1) (Al) al., 2007). To facilitate the analysis, the observed diameter
growth rate GRDy, 1) is represented as the product of two

Dp2 terms, as shown in Eq. (A7):
dNa(t) _ d /n(Dp,t)de (A2)
Dp1
Dp2 where GRa(Dp, t) is the diameter growth rate based on the

condensation of only sulfuric acid vapor, aiidDy) is the

CoagSnk (Dpi, Dpz, 1) = / n(Dp. 1) -dDyp ratio of the observed growth rate GBy, 1) to GRsa(Dp, 1),

Dp1 an empirical factor that represents the contribution of other

oo species and processes to the observed growth. Implicit in
-/ﬂ(D:p, Dp) -n(Dp,1)-dDp (A3) Eq. (A7) is the assumption thatis constant with time at a

5 given size. For the short time interval during the NPF event

analyzed with this method, this assumption will be verified in

D
p2:2 — the subsequent section describing HowD,») is calculated.
CoagSrq (Dp1, Dp2,t) = [ D§-dDp Substituting Eq. (A7) into Egs. (A5) and (A6), and letting
Dp1 Jsa(Dp1, 1) =n (Dpl, t) -GRsa(Dp1, 1), yields:
Dp /243 o Jiux (Dp1. 1) = T'(Dp1) - Jsa(Dp1, 1) (A8)
— — _dD
f BW.Dp) -n(y.1)-n(Dp.t) - w—zp (A4) .
0 Jbal(Dp1.1) = dAt +n(Dp2.1) - T (Dp2) - GRsa(Dp2, 1)
whereA is the size interval defined bp; and Dpp, GR= —C0agSrg (Dp1, Dp2, 1) + CoagSnk (Dp1, Dpa, 1) (A9)

dDp/dt, n =dN /dDp, B is the Fuchs form of the Brownian
coagulation coefficient (Lehtinen and Kulmala, 2003; Sein- Equating Egs. (A8) and (A9) then yields:

— :3
feld and Pandis, 2006), anef + Dp° = Dy . Inthe LHS of  J,; (Dp1, 1) = T(Dp1) - Jsa(Dp1, ). (A10)
Eq. (A1), d—I\'@(—’) is the time rate of change of the size distri- )
butionn integrated fromDp1 to Dpy. In the RHS of Eq. (A1), Values ofJsa(Dpa, 1) andJoai (Dpa. 1) are obtained from the
the first and second terms are the condensational flux into an@easured slize d'St_“bUt'on and sul_furlc acid concentration,
out of the aerosol size interval defined hyCoagSrg is the vyherg GRA(Dp1, t)_ Is calculated using t_he measured sulfu-
coagulation source term defining the production of particles/'¢ @cid concentration and a sulfuric acid monomer volume
in A due to the coagulation of particles, and CoagSitk and diameter assuming a bulk density of 1.84 gém

the coagulation sink term defining the removal of particles in  EStimated uncertainties from the measurement of aerosol
A due to self-coagulation of particles within, coagulation and sulfuric acid number concentrations are included and

with particles smaller thaby;, and coagulation with parti- propagat(_ed _th_rough Eqs._ (A1) through (Ag)' Co_rrelations
cles larger tharDp,. Equation (A1) is simply the general between individual terms in Eq. (A9) are included in the un-

dynamic equation integrated frofip; to Dp (Gelbard and certainty propagation. For the results presented in the main

Seinfeld, 1978), where CoagSrand CoagSnk define the text, uncertainties in the aerosol size distribution and number
total (rather than net) gain and loss, respectively, in particleconcentration are estimated from particle counting statistics

number inA due to coagulation. With a measured size dis- (where it has been assumed that there is no uncertainty in the
tribution r, the only unknown quantities in Eq. (AL) are the meas_urgmgnt of particle diameter), while random relative un-
diameter growth rates at the interval boundaries(GR, t) certainties in the measurement OTZEE Ou] were gssgmed o
and GRDpa. 1). be 10%. The effects of systematic uncertainties in the mea-

The condensational flux d@p; is defined as (Heisler and surement of [HSQy] (see Appendix B) and the aerosol size

Friedlander, 1977; Weber et al., 1996): distributio_n _(due_ to uncertainti_es in gh_emi;try-depende_nt d_e-
tection efficiencies and charging efficiencies) are detailed in
Jrux (Dp1,1) = n (Dp1,t) - GR(Dpy, ). (A5) Appendix C.
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With values ofl"(Dypy), obtained by a method which will 20 ; ;
be discussed in the subsequent section, a linear least-squart (| ® measurement
regression can be performed where valueslt;af(Dpl,t), t1o
. . e . 16 ——A=T()"B - 1
Jsa(Dp1, 1), and their corresponding uncertainties are fit to ! o ]
14 A =[I(i) = 1se]"B ,

Eq. (A10), yielding a best-fit estimate fdt(Dp;) and its
standard error. Standard techniques for applying a least- 12 T / ]
———

squares algorithm to data with uncertainties in both coor- 1g
dinates were applied (Williamson, 1968; Neri et al., 1989; < gl
Cantrell, 2008). The time interval for this procedure is cho-
sen to be long enough to yield a large enough data set for
fitting (~20 min, 5 data points), but short enough so that the
assumption of constarit over that brief time interval can
be reasonably made. Fixing the upper size boundafyyat
(Dp2=5.4nm), this regression procedure can then be re- L N e
peated at different values dbp; to obtainI" as a function 0O 01 02 03 04 05 06 07 038
of size belowDpy. B

N O N RO

Fig. A1. Comparison ofA andB calculated at 5.4 nm geometric di-
ameter with a least-squares fit line over the time period 12:40-13:00
during an NPF event observed on 19 September 2010 in Boulder,
CO (NCAR). A relative uncertainty of 10 % was assumed for the
sulfuric acid concentration measurements when calculaimnd
dN (1) its corresponding uncertainty. Median values 0§ §@,] were used
——=T(@)-Jsa(Dp1,1) —I' (i) - Jsa(Dp2, 1) in this particular calculation (no systematic uncertainty applied).
dr Uncertainties inA and B are presented as one standard deviation
+CoagSrg (Dp1. Dp2, 1)—CoagSnk (Dp1, Dp2, 1) (A11) (10). The uncertainty in the best-fit value Bfis presented as one
standard error (1se) calculated according to Cantrell (2008).

Al.2 Determining I'at the upper size boundary Dy,

Over a single size bir (~0.5nm bin spacing aDp; =
5.4 nm geometric diameter), Eq. (A1) can be rewritten as:

whereT is initially assumed constant over such a small

bounded byDp1 and Dp,. This assumption will be relaxed

during a subsequent iterative calculationfofRe-arranging 3 period of strong nucleation and rapid growth during the an-

Eq. (A11) yields: alyzed NPF event, where there are sufficient particle counts
at the smallest bin sizes.

AW =T-B() (A12) This initial best-fit estimate of”(i) is then input into
whereA andB are defined as: E_q. (A10) fco determinerl” (i - 1) for the adjacent s_ize
bin. Relaxing the assumption of constdn{i;) over bin
A = dNA () CoagSrea(Dpt, Do 1) i in Eq. (A1), a weighting factor is then introduced into
dr Eq. (A14) in order to match condensational fluxes at the
+CoagSnk (Dp1, Dp2, t) (A13) boundary between binsandi — 1, yielding:
d r@a+raE-1
an B(t)= (()T(z())> -Jsa(Dp1,1) — Jsa(Dp2,1).(A15)
B (t) = Jsa(Dp1,t) — Jsa(Dp2, 1). (A14)

The subsequent calculation of a nE\¢) andI" (i — 1) is it-
Values of A and B are calculated from the measured size erated until" (i) changes by less than a user-set criterion, in
distribution with corresponding uncertainties due to propa-this case, 1%. An example of this iterative convergence is
gation of measurement uncertainties in aerosol and sulfurighown in Fig. A2, wherd (i) at the upper boundary con-
acid number concentration. Correlations between terms ifverges to a value of 18 3.5 (one standard error). For this
Eq. (A13) and between terms in Eq. (A14) are included in theparticular calculation, median values of46(04] were used
uncertainty propagation. Values afand B along with their  (no systematic uncertainty applied). It should be noted that

uncertainties are then fit to Eq. (A12) to yield a best-fit esti- gver a different time interval of similar length; (i) will
mate forl"(;) and its standard error using established meth-jikely be a different value.

ods (Williamson, 1968; Neri et al., 1989; Cantrell, 2008).

The standard error is equal to the square root of the variA1.3 Determining I'(Dp) and GR(Dy, t)

ance multiplied by the sum of squared residuals weighted by

the inverse variances of the individual data points (Cantrell, As mentioned earlier, this converged, bestHitDp,) and
2008). An example of such a fit is shown in Fig. A1. The corresponding standard error is then used in Egs. (A9) and
time interval selected for analysis in Fig. Al corresponds to(A10) to calculate best-fif' (Dp) at sizes belowDpy, results
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Fig. A2. Convergence of (i) as a function of iteration step. Val- Fig. A3. Time-dependent particle number concentrations at various
ues of A and B were calculated at 5.4 nm geometric diameter for particle geometric diametei3y, for collision-controlled nucleation

the time period 12:40-13:00 during an NPF event observed on 19n the free-molecular regime for a system that is initially particle-
September 2010 in Boulder, CO (NCAR). At each stéfi) and its free. For particles smaller than 5nm, less than an hour is needed to
corresponding standard error (1se) were obtained by a linear leasteach a quasi-steady state. After quasi-steady state is reached, the
squares fitting method modified for regression through the origindecrease in number concentration is due to the increase of aerosol
with measurement uncertainties in both axes (Cantrell, 2008). Mesurface area (a coagulation sink), and does not depend explicitly on
dian values of [HSOy] were used in this particular calculation (no time.

systematic uncertainty applied).

ing aerosol surface area.as time progresses. For free molec-
of which are shown in the main text in Fig. 2b. Us- ular kinetics, which was assumed in obtaining these illus-
ing Eq. (A7) and best-fit estimates bf(Dp), the observed trative results, coagulation losses vary in proportion to the
growth rates GBgs(Dp) and resulting uncertainties can be pre-existing aerosol surface area, which varies in proportion
calculated, results of which are shown in the main text into /> (McMurry and Friedlander, 1977). Although the time

Fig. 1b. dependence for atmospheric aerosols (which fall in the tran-
sition regime) will have a quantitatively different time de-

A2 Plume event analysis pendence, it will follow a qualitatively similar weak depen-
dence on time. It is this weak time dependence that allows

A2.1 Steady state assumption the establishment of a quasi-steady-state determined by the

instantaneous aerosol size distribution.
Previous work has shown that in a nucleating system, steady All the new particle formation events observed in Atlanta
state concentrations can be achieved for small particlesluring the 2009 intensive measurement campaign appear
(~5nm) in time periods of less than about one hour for typ-to be due to the impact of plumes from nearby coal-fired
ical atmospheric conditions (McMurry, 1983). This steady power plants. Evidence for this is the correlation between
state is due to the balance between formation from smalleconcentrations of freshly nucleated particles andjjSénd
particles by condensation and coagulation, and removal byhe sharp variabilities in particle concentrations as the wind
coagulation with particles of all sizes. Figure A3 shows thetransported the plume towards and away from our site. We
simulation results for collision-controlled nucleation in a sys- estimate that, depending on the wind direction and speed,
tem that initially contains no particles and with the monomertransport times from the stack to the sampling site typically
concentration fixed at & 10° #cm 2, which is in the range  exceeded about two hours. This leads us to conclude that
of sulfuric acid vapor concentrations observed in Atlanta dur-number distribution functions of sub — 5 nm particles should
ing NCCN 2009. Concentrations initially increase rapidly be quasi-steady-state.
because formation rates exceed coagulation loss rates due to
the low particle concentrations immediately following for- A2.2 Model development
mation. After 30 to 60 min, however, quasi-steady state is
achieved. The slow, steady decrease in concentrations witkor each 15 min measurement of the aerosol size distribu-
time (¢) that is observed after this period is due to the grad-tion, a smooth curve is fitted to obtain a continuous size dis-
ual increase in coagulation losses resulting from the increastribution. Number distributions were obtained by merging
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data from the Cluster Chemical lonization Mass Spectrome-  1e+10
ter (Cluster CIMS) and a diethylene glycol scanning mobil-

ity sizing spectrometer (DEG SMPS) data as described by
Jiang et al. (2011b) and shown in Fig. A4. The fit to the 1e+8
measured size distribution was performed for sizes ranging*c

1ei9 F A e SWPs

A Cluster CIMS

1e+7 |

from 0.8 nm geometric diameter (clusters containing 3 sul- & a0
furic acid molecules) to 5.0 nm geometric diameter. Particle g e+ F \
geometric diameters were estimated from measured mobility 5 i [ A

diameters according to the method of Larriba et al. (2011). 3

o ]
Applying steady state to the number concentration in the e+ ' K‘“.. ’.ﬁ-\\ E
GDE of Eq. (A1) (Appendix A.1.1) yields: ®e " |

1e+3 F

0=n(Dp1,1) - GR(Dp1,t) — n(Dp2,t) - GR(Dp2, 1) tes2 . . .
1 10 100 1000

A
—i—CoagSrg (Dpl» DDZv t)—CoagSng (Dpl, Dp21 l) (A16) Geometric Diameter [nm]

where the terms CoagSpkand CoagSig are defined in  rig a4. Particle size distribution observed on 13:00, 7 August 2009
Egs. (A3) and (A4), respectively, = dN /dDp, and GRiS  (NCCN). Filled triangles are data obtained by the cluster chemi-
the particle diameter growth rate. In the plume analysiscal ionization mass spectrometer (Cluster CIMS) and filled circles
method, Dp; and Dy are adjacent size bins. GR is esti- are data obtained from two scanning mobility particle spectrome-
mated by first solving Eqg. (A16) for GR through iteration, ters (SMPS) (Jiang et al., 2011b). The dashed line is obtained by
initially assuming GRDpz1,1) = GR(Dp2,1). This is a rea- fitting a second order_polynomial using the method of least squares
sonable starting point provided that the diameter bin sized0 the data over the size range where growth rates are calculated in
dD,, are small enough. So for each sipg; we first obtain s work.

GR(Dp1,1), defined by:

charged fraction,Q, is the aerosol flow rate through the

GR(Dp1.1) = (Al7)  peg UCPC, andy is the size and flow rate-dependent parti-
_ CoagSrg (Dpy, Dz, 1) — CoagSnk (Dp1. Dpz. t) cle transmission efficiency through the sampling system up-
n(Dp1,1) —n(Dpa, 1) ) stream of the DEG UCPC. The relative uncertainty ¢ois
o 1/+4/C, which is derived by assuming particle counting as a
For subsequent iterations, Poisson process. Flow rates were calibrated twice daily and
I, Lo
GR(Dpy. 1) = (A18) were accurate to Wlthlrj 5 %. Unc.ertalnnes in flow rateT (gnd
nt) are therefore negligible relative to other uncertainties.
_ CoagsSrg (Dp1, Dp2, 1) — CoagSnk (Dp1. Dp2.1) Wiedensohler’s approximation for Fuchs’ diffusion charging
GR(Dp2, ) i i -
1(Dp1. 1) — n(Dp2. 1) - R( p2.1) _theory (W|edensohler_, 1988) is used to cal_culate the .charg
GR(Dp1,1) ing fraction fcharging Since the charged fraction for particles
The relative change in Gy, ¢) after one iteration is less ;ma[ler than 2nm h{:\; not been stgdled, relative uncertain-
than 3%. ties in f(_;hargi_ng are _d|ff|cult to quantify and have been ne-
glected in this section. However, the effects of uncertainties
A2.3 Calculation of the relative uncertainty in fchargingON the inverted size distributions and subsequent

growth rate calculations can be determined and are investi-
Uncertainties in the number concentrati¥rand the diame- gated in Appendix C. The relative uncertainty ffifetection
ter growth rate GR are estimated at each size for which meais determined from the activation efficiency of sodium chlo-

surements were obtained. ride particles (Jiang et al., 2011a). If activation efficiencies
of freshly nucleated atmospheric particles are different from
Uncertainties in N sodium chloride, this will lead to systematic errors in the in-

] ] ) o verted size distribution, which have been neglected in this
The particle concentratioN for each size bin is calculated gection. The effects of uncertainties in activation efficiency
using Eq. (A19): on the inverted size distributions and growth rate calculations
C are investigated in Appendix C. With these assumptions, the

(A19)  relative error forN is,

UtfdetectionfchargingQa

where C is the number of particles counted by the DEG
UCPC, fyetectioniS the size-dependent DEG detection effi-
ciency (which includes the activation efficiency and frac-
tional diffusional deposition)/chargingis the size-dependent
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Appendix B
2
AN \/(g_](\j,)z AC2+ (andaT’Zmﬂ) ANZiection Estimation of systematic uncertainties in the
= N measurement of [HSO4] using the Cluster CIMS
1 Andetection) > Sulfuric acid_ concentration ([SA] was calculated according
=Vt 5 .- (A20)  to the following equation (Berresheim et al., 2000):
Tdetection

Uncertainties in GR _ .1 Ssa
SAl=¢fm—In{ 1+ — B1
[SA] Cfmkl‘ ( +SRe) (B1)

Uncertainties in the size of mobility-classified particles are h is th q d ission factoi
negligible relative to uncertainties in number concentration'VNer€¢/m Is the mass-dependent transmission factois

and are therefore neglected in this analysis. Let Eq. (A17) bé.he |on-mqlecular e _constant,ls the mc—_zasur.ed react|p n
rewritten: time, Ssa is the counting rate for sulfuric acid summing

A overm/z97 (when available) and 160, asge is the count-
GR(Dp1, 1) = 3 (A21) ing rate for the reagent ions summing owerz 125 and
188. The overall systematic uncertainty in [SA] can be es-
whereA = CoagSra (Dp1, Dp2,1)—CoagSnK (Dp1, Dp2,1)  timated from the systematic uncertainties in each term of
andB = n(Dpa, 1) —n(Dp, ). _ o Eq. (B1). The uncertainty associated with the ion-molecular
For the sub — 5nm particles of interest in this study, the ate constart was obtained from the measurements of Vig-
relative uncertainty iM is approximatelyAN/N. For B, giang et al. (1997), who estimated a relative systematic un-
n(Dp1,1) andn(Dpy, 1) are highly correlated when the bin  certainty of £10 to 15%. Here, we use a value bi=
size is small. The correlation coefficienbetweem(Dp1. 1) 1.86x 10~ cs~2, the rate constant between sulfuric acid
andn(Dp,t) is larger than 0.997 for the data sets we US€.5( the reagent ion NFHNO3, assuming it is the predomi-

The relative uncertainty i can be expressed as, nant reagent ion. However, concentrations of NEINOs),
AB (A22) &e sometimes elevated, which introduces an additional un-
B certainty. Therefore, a slightly higher relative systematic un-

tainty of £20 % is used in this analysis. The relative un-
An(Dp1, 1))2+(An(Dp, 1))2—20 An(Dp1, ) An(Dpa, t certal : : :
\/( n(Dp1, )™ (An(Dp2, 1))"=2p An(Dp1, 1) An(Dp2, 1) certainty associated with the ratfea/Sgre Was estimated to

B be+10 % from laboratory measurements with relatively sta-
~ AN ble sulfuric acid concentrations. For ambient measurements,
N~ the relative uncertainty is expected to be somewhat larger,
The relative uncertainty of GR is then, +15%. Background measurements (usually taken at night)

have a counting rate lower than 100 Hz, which is equal to

2 2
AGR _ (AA> + (AB> 2o AAAB (A23)  @bout2x10° cm~3. Given that sulfuric acid concentrations
GR A B AB during an NPF event are above®in—2, background counts

wherepa g, the correlation coefficient betweehand B, is have a negligible impact on the calculation of sulfuric acid
estimated from measurements of the whole day and is foungoncentration. The relative systematic uncertainty associ-

to have a value between 0.2 and 0.3. ated with the ratidsa/ Sre is therefore estimated to be about
+15%. The relative systematic uncertainty associated with
Uncertainties in the growth rate enhancement the mass-dependent transmission facfarwas estimated to

be +£10 % for the Cluster CIMS using positive ions (Zhao et
The growth rate enhancemenis defined as the ratio of the  al., 2010), and is a combination of the transmission efficiency
observed growth rate to the growth rate due to condensatioghrough the octopole and quadrupole, and the mass discrimi-

of sulfuric acid only: nation of the electron multiplier. Values for the reaction time
GR GR t were measured, yielding a relative systematic uncertainty of
I'= GRsa ~ [H2S0u] (A24) +10%. Propagating the uncertainties in the individual terms

in Eq. (B1) yields an overall relative systematic uncertainty

with a relative uncertainty defined as: of +:30% for the measurement of [SA].

AT AGR\? [ A[HSOy])\?
— = == — . A25

r \/< GR) +< (250 > (A29)
In this calculation, a relative random uncertainty-610 %
was assumed for [F8Q4]. The effects of systematic uncer-

tainties in [HSO4] on the calculation of” are discussed in
Appendix C1.
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Fig. B1. Effect of systematic uncertainties in $80y] on growth rate enhancemenhtas a function of particle mobility diameté)g“"b

(upper abscissa) and particle geometric diamb)%?o (lower abscissa) for the NPF event observedann7 August 2009 (09:50, NCCN)

and on(b) 19 September 2010 (12:40-13:00, NCAR). Value§ afalculated using the median values obB0y] are presented as open
circles. Resulting upper and lower limits @i based on lower and upper limits on4804] known to within a factor of 1.3, are shown for
each value of” as horizontal bars. A line indicating = 1 is shown for reference. Geometric particle diameters were estimated according
to Larriba et al. (2011).

Appendix C
Cc

N = . (C1)
Mt fdetectionfchargingQa

Effect of systematic measurement uncertainties olr

C1l Effect of systematic uncertainties in the

measurement of [FbSOy] We believe the primary sources of uncertainty in calculated

values ofN are associated with uncertaintiesfigpiectionand
feharging both of which become more uncertain as particle

CIMS measurement of [160Oy] leads to upper and lower size decrease_s and may depenq on composition (O’Dowd
limits that are a factor of 1.3 above and below the reportect @l-» 2002; lida et al., 2009; Jiang et al.,, 2011a; Prem-
concentrations. The effect of this systematic uncertainty wad'ath et al., 2011). We have measurfieectionin the lab-
propagated through the relevant equations in Appendix A,oratory for particles of known composition (NaCl, Ag, and

the results of which are shown in Fig. Cla for the NCCN tetra-alkyl ammonium ions NC,H2,11]4). For the salt
event and in Fig. C1b for the NCAR event. The only effect and metals, measurements were done for particles of differ-

of this systematic uncertainty in j$0] is to either increase €Nt charges: +1, 0, and1. Some of these data were re-
or decrease the sulfuric acid-limited growth rategafand ~ Ported by Jiang et al. (2011a), and more results will be de-
the resultingl’(Dp) by a factor of 1.3 at each sizB, (see scribed in forthcoming publications. The DEG UCPC did

Egs. A7 and A24). While the range between valueE @by) not detect Ag particles smaller than 1.7 nm mobility diame-
is somewhat large (1:7), the dependence f on size is Sn- ter, while atmospheric nuclei as small as 1.1 nm mobility di-
ambiguous since the applied uncertainty is systematic. Ther@Meter were detected. The tetra-alkyl ammonium ions were

is no effect on the observed growth rate &R(Dy) since the even more difficult to detect than the silver. Furthermore, we
calculation of GRgs(Dp) does not depend on BSOy]. found that if fgetectioniS assumed equal to values measured
or sodium chloride andchargingiS calculated using bipolar
f d hlorid ging Iculated bipol

stationary state theory (Wiedensohler, 1988; Reischl et al.,
1996; Alonso et al., 1997), distribution functions measured
with the DEG SMPS are in good qualitative agreement with
distribution functions of neutral molecular clusters measured
independently by the cluster chemical ionization mass spec-
C2.1 NCCN event trometer (Cluster CIMS) (Jiang et al., 2011b). Therefore,
this is the approach that was used to calculate distribution
In this study, the number concentrations of mobility- functions in this study.
classified particles are calculated according to the equa- To estimate the effects of size-dependent uncertainties of
tion (see Appendix A.2.3.1 for the description of individual the productfgetection fcharging We assume that uncertainties
terms): increase linearly with decreasing size frarl0 % at 3nm

A systematic relative uncertainty af30 % for the Cluster

C2 Effect of systematic uncertainties in
chemistry-dependent parameters: size-dependent
charging efficiency and DEG UCPC detection
efficiency
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Fig. C1. Upper and lower bound estimates (dotted lines) to the quafiiifiection fcharging (the product of size-dependent detection and

charging efficiencies) as a function of particle mobility diamdrgr“’b (upper abscissa) and particle geometric diam@t&ero (lower ab-

scissa) obtained for DEG SMPS operation du(@gNCCN and(b) the NCAR campaign. The differences between the two figures arise from
differences in the detection efficiency: the DEG UCPC was operated at higher flow rates and super-saturation ratios during the NCAR study.
For both campaigns, the same size-dependent systematic relative uncertgifiédfion fchargingWas assumed, linearly decreasing from

+50 % at 1 nm geometric diameter 4610 % at 3 nm geometric diameter. The solid black line represents the product of the size-dependent
detection efficiency of negatively charged NaCl and the bipolar charging efficiency using the parameterization of Wiedensohler (1988).
Geometric particle diameters were estimated according to Larriba et al. (2011).
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Fig. C2. Effects of systematic uncertainties in particle detection and charging efficiencies on growth rate enhahcasneritinction of
particle mobility diametermOb (upper abscissa) and particle geometric diamﬁéero(lower abscissa) for the NPF event observeday?

August 2009 (09:50, NCCN) and ¢b) 19 September 2010 (12:40-13:00, NCAR). ValueE cflculated using the size-dependent detection
efficiency of negatively charged NaCl and the bipolar charging efficiency using the parameterization of Wiedensohler (1988) are presented
as open circles. Resulting upper and lower limitsfgrbased on assumed systematic uncertainties in the prggitettion fcharging are

shown for each value df as horizontal bars. A line indicating = 1 is shown for reference. Geometric particle diameters were estimated
according to Larriba et al. (2011).

to £50% at 1 nm, as shown in Fig. C2a. The solid black Appendix A2. Figure C3a shows the corresponding range of
line corresponds to the value fifetection fchargingused inour  T' for measurements at 09:50 on 7 August 2009. The rela-
work, and the dotted lines show our upper and lower boundgive uncertainty inl" is about 15% at 1.2 nm geometric di-
for this product. We further assume that uncertainties of theameter and 40 % at 3 nm geometric diameter. Furthermore,
same magnitude are associated with Cluster CIMS measurd- approaches a value of unity close to 1 nm geometric di-
ments of neutral molecular clusters that contained three oameter, and increases monotonically with size above that. It
four sulfuric acid molecules. With these assumptions for sys-follows that our important qualitative conclusions, thaap-
tematic uncertainties itfgetection fcharging Upper and lower  proaches unity for the smallest particles and increases sys-
limits on the size-dependent growth rate enhancement factematically with size above that, are not seriously compro-
tors, T, are calculated according the procedure described irmised by uncertainties iffgetection fcharging The relative
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effect of these same uncertainties on GR is identical to theFiedler, V., Dal Maso, M., Boy, M., Aufmhoff, H., Hoffmann, J.,

effect onT" since GR scales linearly witlh according to Schuck, T., Birmili, W., Hanke, M., Uecker, J., Arnold, F., and
Eq. (A7) (GR=T -GRsp) in the appendices, where GR Kulmala, M.: The contribution of sulphuric acid to atmospheric
is the growth rate based on the condensation of onl$®} particle formation and growth: a comparison between boundary

layers in Northern and Central Europe, Atmos. Chem. Phys., 5,
1773-1785¢0i:10.5194/acp-5-1773-2008005.
C2.2 NCAR event Friedlander, S. K.: Smoke, Dust, and Haze, Wiley, New York, 1977.
Fuchs, N. A.: The Mechanics of Aerosols, Pergamon Press, New

A similar calculation was performed for the NCAR event . Tgrkalgm-d Seinfeld. 1. H. Numerical solution of the d .

i i ) i : CH: tion of the dynamic
assuming the size-dependent prodfigkection fchargingPre- elbard, . and seinteld, umerical solu
sented in Fig. C2b, which has a slightlyl higher %/Ia?ue com- equation for particulate systems, J. Comp. Phys., 28, 357-375,

’ ' . 1978.

pared to t_hat used for.the NCCN eve_nt, due to the hlgherHeisIer, S. L. and Friedlander, S. K.: Gas-to-particle conversion in
values Offdete_Ctionresumng from o_peratlng the NCAR DEG_ photochemical smog: Aerosol growth laws and mechanisms for
UCPC at a higher flow rate and instrument super-saturation organics, Atmos. Environ., 11, 157-168, 1977.
cpmpared to the NCCN DEG UCPC_- For the NCAR event, aHirsikko, A., Laakso, L., Horrak, U., Aalto, P. P., Kerminen, V., and
size-dependent systematic uncertaintyfiatection fcharging Kulmala, M.: Annual and size dependent variation of growth
was assumed, linearly decreasing fram0% at 1 nm to rates and ion concentrations in boreal forest, Boreal Environ.
+10% at 3nm. The resulting rangelindue to this assumed ~ Res., 10, 357-369, 2005. _
systematic uncertainty iffgetection fchargingiS presented in  lida, K., Stolzenburg, M. R., McMurry, P. H., and Smith,
Fig. C3b, where the upper and lower limitsIirare still seen J. N..  Estimating nanoparticle growth rates from size-
to increase monotonically with size up 68 nm geometric erendent gharged_ fract_lons: analysis of new particle forma-
diameter. The overall trends I'(Dp) and the resultant con- tion events in Mexico City, J. Geophys. Res., 113, D05207,

. L . . . doi:10.1029/2007JD009262008.
clusions are maintained given the prescribed systematic UNGia K Stolzenburg, M. R., and McMurry, P. H.: Effect of working
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