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Abstract. A dimensionless theory for new particle forma- rence of NPF, with NPF occurring whdry- <0.7 and being
tion (NPF) was developed, using an aerosol population balsuppressed whehr>0.7. Moreover, nearly 45% of mea-
ance model incorporating recent developments in nucleatiorsured L values associated with NPF fell in the relatively
rates and measured particle growth rates. Based on this thearrow range of 0.4 L <0.3.

oretical analysis, it was shown that a dimensionless param-
eter L, characterizing the ratio of the particle scavenging
loss rate to the particle growth rate, exclusively determined; |ntroduction

whether or not NPF would occur on a particular day. This

parameter determines the probability that a nucleated partiAtmospheric aerosols contribute significantly to the net ra-
cle will grow to a detectable size before being lost by coagu-diative forcing that drives the earth’s energy balance, directly
lation with the pre-existing aerosol. Cluster-cluster coagula-through the scattering and absorption of incident solar radia-
tion was shown to contribute negligibly to this survival prob- tion, and indirectly through their role as potential cloud con-
ability under conditions pertinent to the atmosphere. Data acdensation nuclei (CCN) (Charlson et al., 1992). New par-
quired during intensive measurement campaigns in Tecamatgcle formation (NPF), an important source of atmospheric
(MILAGRO), Atlanta (ANARChE), Boulder, and Hyydla  particles, occurs frequently in diverse locations (Kulmala
(QUEST Il, QUEST IV, and EUCAARI) were used to test the et al., 2004b), and is also an important source of CCN, as
validity of Lr as an NPF criterion. Measurements included demonstrated in various measurement campaigns (Kerminen
aerosol size distributions down to 3 nm and gas-phase sulfuet al., 2005; Laaksonen et al., 2005) and modeling efforts
ric acid concentrations. The model was applied to seventy(Spracklen et al., 2008; Kuang et al., 2009). Since the high-
seven NPF events and nineteen non-events (characterized leyt uncertainties in the current estimates for global radiative
growth of pre-existing aerosol without NPF) measured in di-forcing are associated with these direct and indirect aerosol
verse environments with broad ranges in sulfuric acid con-effects (Chin et al., 2009), it is essential to understand pro-
centrations, ultrafine number concentrations, aerosol surfaceesses that determine new particle formation (NPF) rates.
areas, and particle growth rates (nearly two orders of mag- NPF occurs when nucleated particles grow to a size that
nitude). Across this diverse data set, a nominal value ofcan be detected. Until recently, the minimum detectable size
Lr=0.7 was found to determine the boundary for the occur-was about 3 nm (Stolzenburg and McMurry, 1991), but re-
cent developments have extended detection limits to sizes
below 2 nm (Kulmala et al., 2007; lida et al., 2008a; Sipil
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dominates over particle losses from coagulation with the pre- To address these limitations, we have developed a new
existing aerosol. Analysis with aerosol dynamics modelsaerosol population balance model that predicts new particle
(McMurry and Friedlander, 1979; McMurry, 1983; Kermi- formation in a time-dependent system, incorporating recent
nen and Kulmala, 2002) have indicated that conditions favor-developments in nucleation rates, parameterizing them as
able to NPF include high growth rates and low concentrationgpower-law functions of sulfuric acid concentration, (Kulmala
of pre-existing aerosol (low scavenging rates). These condiet al., 2006; Sihto et al., 2006; Riipinen et al., 2007; Kuang et
tions have also been correlated with measured NPF evental., 2008), and recent work in determining the contribution of
observed in diverse field campaigns (Fiedler et al., 2005;sulfuric acid condensation to measured nanoparticle growth
McMurry et al., 2005). The development of a simple and rates (Birmili et al., 2003; Stolzenburg et al., 2005; Sihto
universal criterion for NPF would form an important compo- et al., 2006; Riipinen et al., 2007; lida et al., 2008b). This
nent of predictive models for aerosol formation, and would model adapts a single-component formulation for aerosol dy-
also quantify the relative importance of these processes thatamics to include a multi-component representation through
influence aerosol dynamics as they pertain to NPF. the use of measured nucleation and growth rates. This model

Past and recent efforts to model NPF from the gas-phasexplicitly incorporates the competition between particle loss
have focused on simulating the dynamics of a nucleatingdue to cluster self-coagulation and scavenging by the pre-
aerosol growing through condensation and coagulation (Mc-existing aerosol and particle gain due to measured growth,
Murry, 1983; Lehtinen and Kulmala, 2003; Korhonen et al., using measured aerosol size distributions and sulfuric acid
2004; Gaydos et al., 2005). In light of the broad range (nearlyconcentrations. Model analysis yielded a new dimension-
two orders of magnitude) in the measured nucleation ratesiess parametet, characterizing the ratio of the particle loss
in the pre-existing aerosol surface areas, and in the particleate to the measured particle growth rate, which determined
growth rates associated with NPF, it is logical to take a non-whether or not NPF would occur on a particular day. This
dimensional approach in modeling NPF so as to obtain unicriterion L, determined from measurements of the aerosol
versally applicable results. This approach was used by Mcsize distribution, was validated against seventy-seven NPF
Murry et al. (1983) in developing a simple dimensionless lossevents and nineteen non-events (characterized by growth of
parametef., which is the ratio of the particle loss rate due to pre-existing nanopatrticles without observed NPF) measured
scavenging to the particle growth rate, determining whetheruring various campaigns.
or not NPF can occur. This paramefewas then calculated
for NPF events measured in the sulfur-rich environment of
Atlanta where it was shown that NPF was observed wherg Methods
L <1 but not wherL > 1 (McMurry et al., 2005).

This original NPF criterion, however, was derived as- 2.1 Measurements
suming a steady-state, single-component system which
greatly limits its application when modeling ambient multi- This analysis utilized measurements of aerosol size dis-
component aerosols. Cluster concentrations may not reactributions and gas-phase sulfuric acid concentrations from
steady-state since atmospheric new particle formation iseventy-seven new particle formation events and nineteen
photochemically driven and therefore diurnal and dynamic.non-events observed during environmentally diverse mea-
The derivation of thig. criterion assumed that both nucle- surement campaigns: MILAGRO (Tecamac, Mexico) (lida et
ation and growth are single-component processes, where ewal., 2008b), ANARChE (Atlanta, Georgia) (McMurry et al.,
ery monomer-monomer collision generates a stable cluste2005), Boulder, CO (lida et al., 2006), QUEST Il (Hya/a,
(collision-limited nucleation), and where condensation of the Finland) (Sihto et al., 2006), QUEST IV (Hy#a , Finland)
monomer (gas-phase sulfuric acid) accounts for all the par{Riipinen et al., 2007), and an intensive observation period
ticle growth. A collision-limited model for nucleation, how- related to the EUCAARI project (Hyydla, Finland) (Man-
ever, yields particle formation rates that are several ordersinen et al., 2009). Aerosol measurements from the QUEST
of magnitude larger than observations (Weber et al., 19961, QUEST IV, and EUCAARI campaigns (Kulmala et al.,
Kuang et al., 2008). Also, sulfuric acid condensation ac-2009) at the SMEAR Il station in Hyydia (Hari and Kul-
counts for only 10% of the measured particle growth (We-mala, 2005) were acquired by the research team from the
ber et al., 1997; Mkehk et al., 2001; O'Dowd et al., 2002; University of Helsinki while the other aerosol measurements
Wehner et al., 2005; lida et al., 2008b; Smith et al., 2008).were carried out by the research team from the University
Not only are nucleation and growth multi-component pro- of Minnesota. Measurements of gas-phase sulfuric acid con-
cesses, but species that are responsible for the growth afentration were acquired by Frank Arnold of the Max Planck
newly formed particles are likely different from those that Institute for Nuclear Physics during QUEST Il (Sihto et al.,
participate in nucleation. In these environments, thelold 2006) and QUEST IV (Riipinen etal., 2007), by Lee Mauldin
criterion greatly underestimates the patrticle growth rate andf the National Center for Atmospheric Research (NCAR)
consequently underestimates the nucleated particle survivaluring EUCAARI (Pefja et al., 2009), and by Fred Eisele
probability and subsequent frequency of NPF. of NCAR for the remaining campaigns (Kuang et al., 2008).
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Descriptions of the physical and meteorological conditionsis the molecular volume of the condensing species. While the
at Tecamac, Atlanta, and Boulder as well as a summary ofuchs surface arearychshas been used in Egs. (1) and (2)
the pertinent aerosol and gas-phase instrumentation can ke model cluster scavenging, cluster loss to the pre-existing

found in Kuang et al. (2008). aerosol can also be modeled equally well with the condensa-
tion sink CS which uses vapor properties (Kerminen and Kul-
2.2 Model development mala, 2002), or with the coagulation sink CoagS which uses

) ) particle properties (Lehtinen et al., 2007). The relationship
Currently, the .photochem'lcal nucleatlon and growth of Sta_'betweenAFuchsand CS is detailed in McMurry et al. (2005).
ble atmospheric clusters is believed to occur through multi-, Eq. (1), formation of the critical cluster is defined by the

component processes that often include sulfuric acid. New,qjeation ratert, while depletion occurs through condensa-
particle formation occurs when these nucleated clusters growiona| growth past the critical cluster size, cluster-cluster co-
to a detectable size, typically about 3nm (Stolzenburg and, jation, and coagulation with the pre-existing aerosol. In
McMurry, 1991). The probability of these clusters surviv- gq - (9) cluster production processes include condensational
ing to 3nm depends on the relative rates of cluster growthy,o,th and coagulation of smaller clusters while loss mech-
and loss due to cluster-cluster coagulation and scavengnisms include condensational growth of the cluster, cluster-

ing by the pre-existing aerosol. For a steady-state systeMmy, sier coagulation, and coagulation with the pre-existing
McMurry (1983) developed a simple, limiting criterion for ,.rq50l.

whether or not new particle formation would occur by com- 1y order to model the cluster dynamics of observed nucle-

paring rates at which clusters grow by condensation and argyi,, events, recent developments regarding nucleation rates
lost by coagulation with the pre-existing aerosol. 1t is the ng growth rates are incorporated into Egs. (1) and (2). For
goal of this work to extend this criterion to more environmen- atmospheric boundary layer nucleation, studies have shown

tally diverse systems where other gas-phase species besidggy ihe nucleation rate can be modeled as a power-law func-
sulfuric acid may contribute to growth and nucleation by de- i, of the gas-phase sulfuric acid concentration$i]
veloping a cluster balance model that explicitly incorporates

measurements and observationally constrained parameteriza! = K [H2SOu]” 3)

tions for growth and nucleation, respectively. ) ] .
whereK is a measurement campaign-specific pre-factor and

The dynamics of an aerosol driven by simultaneous nu-
cleation, condensation, and coagulation can be described HY'€ €xponentP has been shown to vary between 1 and

a set of dimensional population balance equations for dis< (Weber et al., 1996; Sihto et al., 2006; Riipinen et al.,

crete cluster sizels(McMurry, 1983; Lehtinen and Kulmala, 2007; Kuang et al., 2008). Based on the work of Kuang et
2003): al. (2008), a value of = 2 and the corresponding pre-factor

K are used in this analysis and this power-law expression for

dNyt ¢ = C1AFuchs Nyt nucleation is substituted for" in Eq. (1). Growth rates based
dt =J =Byt N1yt =Nyt _X:Tﬂ"T"N"_ 4 Jit (1) solely on sulfuric acid vapor condensation have been shown
i=k to significantly underestimate the measured growth rate (We-
ber et al., 1997), largely because organic compounds are re-

d Ny _N N NOY—N e N sponsible for up to 90% of the growth @kek et al., 2001;
2 = N1(Bu—1Ni-1—BueNe) — k;ﬂk" i O'Dowd et al., 2002; lida et al., 2008b; Smith et al., 2008). A
: = growth enhancement factéris included in Egs. (1) and (2)
+_"i": ~~N-N~—61AF”°hS& @ as a multiplier of the condensational growth rate due to sul-
2 PijNiN; 4 Jk furic acid in order to capture the condensation of other vapor-
izk! h ies that contribute to th d particl th
i phase species that contribute to the measured particle grow

rate. The growth enhancement faclors obtained by divid-

ing the measured growth rate @Ras, by the growth rate
assuming free-molecule condensation of sulfuric acid (We-
ber et al., 1997), yielding the expression:

where Eqg. (1) is the balance equation for the nucleating
critical cluster ¢ = k') and Eg. (2) is the balance equa-
tion for clusters larger than the critical clustér k7). In
these equationsy; is the number concentration for newly
formedk-sized clustersN: is the number concentration of r— 2GRvEAs )

the condensing vapor-phase specfss,is the collision fre- v1N1C1

guency function bgtvvegn clusters of sizand; (the frge- where N1 is the number concentration of gas-phase sulfu-

: ¢ acid, v is the corresponding monomer volume estimated
are much smaller than the mean free path of &BychsiS to be 1.%10-22cm? (the volume occupied by a hydrated

:hi pre-gmstmg.aeroso:' slurfalc;:e ar:ea cgr;e(;teq fo;;l;f{usmgszsoll molecule), and:; is the mean thermal speed of the
0 transition regime particles (Fuchs and Sutugin, )an ondensing monomer. This yields the following cluster pop-

is calculated according to McMurry et al. (2005), and= lati | S
/(BkpT)/(mpuv1) (mean monomer thermal speed) where ulation balance equations:
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d Nyt —
y t" = KN —TBytNiNt — Nt > Bt Ni
i=kT
_ElAFuchs Nk‘r (5)
4 /it
d Ny >
7 T N1 (Bu—1Ni—1—BuNi) —Ni > Buli
i=k"
k=Kt =
C1AFuchs Nk
+—Z,BijNiNj_—_~ (6)
2 i>kt 4 \/E
i+j=k

While the growth enhancement factorincorporates the ef-

fects of multi-component condensation, Egs. (5) and (6) are

still based on a single-component formulation sirités

calculated assuming a condensing molecular volume of hy-

drated sulfuric acid. The growth enhancement factas-

Kuang et al.: An improved criterion for new particle formation

the dimensionless analoguesidf, ¢,8;;, and N1, wherec;;

is defined in McMurry and Friedlander (197931 is the
monomer-monomer coagulation coefficient and is calculated
assuming a molecular volume of hydrated sulfuric acid. The
dimensionless forms of Eqgs. (5) and (6) are then:

dNyt o2 [Bu o o o R
It = (M) -T FClkTNlNkT_NkTZCkTiNi

i=kT
]\_/kT
—Li1— 12)
Vit
dNy [Br1— — N
?=F %Nl(clk—lNk—l—Clka)—NkZ;CkiNi
1=
t _
ph=kt Ny
+=Y ¢;NiNj—L1— 13
2[.;(; ijIViiVj \/E ( )

i+j=k

sentially becomes a multiplier of the sulfuric acid concen-ynere the processes of nucleation, growth, and scavenging
tration. It is assumed in this analysis that particles through-are fully decoupled and their effects on the concentration of
out the nucleation mode undergo the same enhancement {Qly formed particles can be explored. Scaling Egs. (5)
growth, even though" is obtained from aerosol measure- and (6) by the maximum nucleation rate not only reduces the
ments larger than 3nm and there is evidence that growthyompuytational load during simulation but also reveals two

rates might depend on particle size (Kulmala et al., 2004ayey dimensionless parametets; and 'y, wherel'; is de-
Hirsikko et al., 2005), which leads to some uncertainty in thefjhed as:

growth rate for particles smaller than 3 nm. The extrapolation

of growth rates down to growth just after nucleation, how- [ B11

ever, is not unreasonable, given that growth rates obtained1=T K

from time-shifts between [b50O4] and ultrafine particle con-

centrations are comparable to modal diameter growth rateghe parameters; andI'y characterize the scavenging and

(growth rates above 3 nm) (Fiedler et al., 2005). growth processes, respectively, in Egs. (12) and (13). In sub-
With the appropriate dimensional scaling following a Sequent sections, it will be shown that these two parameters

method analogous to that of McMurry and Friedlan- provide a strategy to develop a simple, robust criterion for

der (1979), Egs. (5) and (6) can be cast into dimensionles§ew particle formation.

form by making the following substitutions:

- [K(Nn)?
Nie= N C Bu

(14)

2.3 Model application

(7) Analysis begins by verifying that the set of dimensionless
cluster balance Egs. (12) and (13) can adequately model the
1 measured number concentratidg_4, at the detection limit
r=1 | — (8) (3—4 nm) during a new particle formation event (Kuang et al.,
K (Nm)* P11 2008). For a particular event, measured inputs into the model
Bii =ciiPi 9) include the peak sulfuric acid concentratit,, the_ corre-
sponding scaled sulfuric acid concentration profilg the
Ni= N1N,, (10) growth enhancement factor, the Fuchs surface areigchs
_ and the nucleation rate pre-fact&. The Fuchs surface
€14 Fuchs (11) area is calculated by integrating over the measured aerosol

[=———="

' 4,/ K (Nw)2 11 size distribution according to the method of McMurry et

al. (2005). The nucleation rate pre-factkr for each an-

whereK is the pre-factor associated with the nucleation ex-alyzed campaign is obtained from a least-squares fitting of
ponentP =2, N,, is the peak value of [(EQy] during the  measured [HSO4] with nucleation rates extrapolated from
nucleation event, andl; is a dimensionless parameter char- the particle production rate at the detection limit (Sihto et al.,
acterizing the scavenging rate scaled by the maximum nu2006; Riipinen et al., 2007; Kuang et al., 2008). The mass
cleation ratek (N,,). The variablesVy, t, Cijs andN; are diameter of the critical cluster was assumed to be 1 nm.

Atmos. Chem. Phys., 10, 8468480 2010 www.atmos-chem-phys.net/10/8469/2010/
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While the pre-factoik is campaign specific, the growth enhancement factdr for each measurement campaigh
enhancement factdr is event-specific and is obtained by di- is defined as:
viding the measured growth rate by the growth rate assuming
only the condensation of sulfuric acid at concentratig,. Jo=T /:3_11C1k NiN; (16)
The measured growth rate is estimated from the time delay K s
k?et""ee” [HSQy] and measur.ed ultrafine particle concentra- whereks is the cluster size associated with the detection limit
tions (Weber et al., 1997; Fiedler et al., 2005; Sihto et aI.,at 3nm (see Eq. 15). Critical values bf andT'; at which

2.006; Rnp!nen et .aI., 2007, Kuaqg et a,l" 2008). Unce'rtaln—new particle formation was effectively suppressed were iden-
ties associated with the calculation Bfinclude uncertain- tified from this model analysis and compared with earlier
ties in the measurement of 5804.]’ t_ypigally +50% (E_isele work (McMurry, 1983; McMurry et al., 2005). A dimen-
and Tanner, 1993), and uncertainties in the calculation of thesionless parameter was then derived based on these critical
measured groyvth rate. Becauge the measured growth rate Rlues ofL; andT'y, and was subsequently validated as an
de:jermmedhpnmarlny from the t.|me.dilay bdetweirpﬁe)z;] NPF criterion against measurements of both NPF events and
andNs -4, the resulting uncertainty is based on the time res-p,, o\ ents. |n this analysis, non-events are characterized by

qut_ion of the measured aerosol size distribution, typicglly periods where growth of pre-existing nanoparticles was ob-
5min (Woo et al., 2001; Stolzenburg et al., 2005). Using ¢\ ad but new particle formation was not.

this measurement time resolution, a typical growth rate of

5nm/h obtained by time-shift would have an associated un- 4 ggution procedure

certainty of£1 nm/h. Reasonable relative uncertainties asso-

ciated withI" would be+50%. Growth rates from two events  Following the methods of Rao and McMurry (1989) and

in MILAGRO were calculated by analyzing size-dependentyy and Flagan (1988), Egs. (12) and (13) are solved via
charge fractions of 3-25 nm aerosol (lida et al., 2008b). 3 discrete-sectional method so as to reduce the computa-
Equations (12) and (13) are then solved with the ini- tional burden when solving a system of cluster population
tial condition of Ny =0 (k = k7). The output dimension- palance equations. In this study, discrete equations were
less number concentrationg are then dimensionalized ac- solved for clusters of size< 100 (calculated to overlap with
cording to Eq. (7) for comparison with concentration mea- the lower detection limit at 3nm), and a sectional represen-
surements of 3—4 nm mobility diameter particles. The cor-tation was used for larger clusters (Gelbard et al., 1980). Nu-
responding range in mass diameter is approximately 2.7-merical diffusion associated with condensation is mitigated
3.7nm, based on the work of Ku and de la Mora (2009). Thispy the use of a number conserving expression for condensa-
conversion between mobility and geometric diameter is nection fluxes between adjacent sections following the method
essary when comparing measured and modeled results. Agf Warren and Seinfeld (1985). Accuracy of the discrete-
suming spherical clusters, the cluster sizesrresponding  sectional method when applied to Egs. (12) and (13) was
to this geometric size range are calculated according to thehecked by comparing the numerical and analytical results

relation (McMurry, 1980): for the time-dependent cluster number concentrations for the
13 special case of a size-independent collision frequency func-
D — <6kv1> (15) tion. Agreement was within 0.01%. Aerosol dynamic sim-
b T ' ulations required a typical simulation time of 5s per nucle-

S . ation event. This short computational time enables the effi-
The analysis is simplified by focusing only on the peak val- cient exploration of the fairly large parameter spacefgr
ues ofN3_4 when comparing measured and modeled numberyn 41, needed to satisfactorily explore the sensitivity of the

concentrations. Sensitivity of the modeldd 4 to the peak  particle flux to the measured ranges in scavenging rates and
sulfuric acid concentratio®V,, is explored by using a range growth rates.

of concentrations taken 15 min before and after the peak sul-

furic acid concentration. Uncertainty in the measured peak

N3_4 is calculated as Poisson error from the finite number3 Results and discussion

of particles detected by the instruments in the correspond-

ing size range. It is expected that the modeled and measureelevant model inputs were obtained from measured aerosol

values of peaktvs_4 would be in qualitative agreement since size distributions and [BQy] for each analyzed NPF event

the nucleation expression that drives the cluster balance imnd are listed in Table I (event-specific growth enhance-

Eq. (5) is parameterized from measured valueN£©f,. ment factor),N,, (peak [HSOy] during NPF event), and
After model verification, the competing effects of scav- Agycns (Fuchs aerosol surface area averaged over duration

enging and growth on new particle formation were exploredof NPF event). The calculated values of the growth en-

by calculating the peak dimensionless particle flgx3 nm) hancement factof” span the range from 1 (ANARChE)

as a function of parameteis; andI';, which were calcu- to over 100 (EUCAARI), illustrating the multi-component

lated from the measured rangesAp,chs Ny, and growth  nature of particle growth where, depending on location,

www.atmos-chem-phys.net/10/8469/2010/ Atmos. Chem. Phys., 10, 84892010
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Table 1. Summary of relevant model parameters derived from Table 1. Continued.

measured aerosol size distributions and sulfuric acid concentra-

tions for seventy-seven NPF events acquired during the MILAGRO  Campaign Date T N, AFuchs Lr
(Tecamac), ANARChE (Atlanta), Boulder, QUEST Il (Hygf),

QUEST IV (Hyytiald), and EUCAARI (Hyytala) measurement
campaigns. See text for parameter descriptions and calculations.

Campaign Date T N AFuchs Lp
(mm/dd/yy) (enm3)  (umPcm3)

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

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

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

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

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

(mm/ddlyy) (enm3)  (umPcm3)

EUCAARI 03/31/07 3 2.68E+06 11 2.6E-01
04/01/07 20 2.75E+06 13  4.4E-02
04/02/07 92 2.97E+06 11  7.5E-03
04/04/07 4  3.29E+06 10 1.4E-01
04/08/07 15 2.60E+06 11 5.3E-02
04/09/07 8 4.12E+06 25 1.4E-01
04/10/07 8 1.08E+07 39 8.5E-02
04/11/07 34 2.67E+06 7 1.4E-02
04/12/07 123 2.21E+06 11 7.6E-03
04/13/07 7 2.47E+06 20 2.2E-01
04/14/07 19 2.87E+06 21 7.2E-02
04/15/07 134 2.03E+06 40 2.8E-02
04/16/07 9 4.67E+06 88 3.9E-01
04/17/07 39 9.97E+05 26 1.3E-01
04/18/07 55 1.65E+06 24  5.0E-02
04/19/07 11 1.97E+06 19 1.6E-01
04/28/07 77 1.18E+06 9 1.9E-02
04/30/07 113 2.40E+06 12 8.3E-03
05/01/07 23 1.48E+06 18 9.9E-02
05/05/07 121 2.25E+06 33 2.3E-02
05/06/07 77 1.77E+06 48 6.6E-02
05/07/07 18 1.53E+06 75 5.1E-01
05/11/07 30 1.15E+06 23 1.3E-01
05/13/07 17 1.09E+06 16 1.6E-01
05/14/07 26 5.15E+06 56 7.8E-02
05/15/07 11  3.12E+06 42 2.3E-01
05/16/07 33 2.75E+06 24 5.0E-02
05/17/07 12 1.38E+06 12 1.4E-01
05/21/07 21 3.30E+06 67 1.8E-01

that lead to the observed variabilities Ih with time and
location. The values of the remaining input parameters
also span a wide range x10°cm=3 < N, <4x10°cm™3;

7 umf ecm—3< Apuchs <570 unf cm~3); the resulting peak
nucleation rate, calculated according to Eqg. (3), spans sev-
eral orders of magnitude. This wide range in the magnitude
of source and sink processes emphasizes the need for a di-
mensionless theory that quantifies the relative contributions
of nucleation, cluster growth, cluster-cluster coagulation, and
cluster scavenging by the pre-existing aerosol.

3.1 Model verification

The modeled and measured peak valuevef, for each

of the analyzed new particle formation events are compared
in Fig. 1, with vertical bars representing the sensitivity of
the modeled pealvs_4 to the measured peak sulfuric acid
concentration and with horizontal bars representing the un-
certainties associated with particle counts. The modeled and
measured peak values 8k_4 are in qualitative agreement
with each other spanning three orders of magnitude in num-

the condensation of sulfuric acid accounts only for a frac-ber concentration for the analyzed measurement campaigns;
tion of the measured particle growth. Clearly, as discussedesults from the EUCAARI campaign were not included in

by Smith et al. (2010), there is a need to understand alFig. 1. This agreement between model and measurement
of the chemical processes that contribute to growth ands somewhat expected since the power-law nucleation model

Atmos. Chem. Phys., 10, 8468480 2010

www.atmos-chem-phys.net/10/8469/2010/



C. Kuang et al.: An improved criterion for new particle formation 8475

used to drive the aerosol dynamics simulation was parameter:

ized from measured ultrafine particle concentrations. Scatter 1%} 3 X&Tﬁ&%%ﬁgﬁq o
in the modeled peakvs_4 (under and over-estimations of n g%“E'dSeT’” (Hyyiisla) Q

the measured/z_4) can be partially attributed to the use ofa ¢~ O QUEST IV (Hyytiala) a4 ¢
single campaign-specific nucleation rate pre-fagowhich § 10l A 1
has an associated confidence interval (Sihto et al., 2006; Ri- 3 ¢ ¢

ipinen et al., 2007; Kuang et al., 2008). Underestimations % o (}Q

of the measured peakz_4 by the model can also be due to =, 10°} E

the contributions of particle source processes not accounte( = <
for in the model (e.g. ion-induced nucleation). In spite of §
this scatter, this model verification result is significant in that & 10°} E
the use of a single campaign-speciicvalue can reasonably
model the peak ultrafine particle concentrations observed ai

. . 1
a particular location. 10 ! . . .
b 10" 10° 10° 10* 10°

Peak N,_, Measured (cm73)

3.2 NPF criterion development

After model verification, the effect of scavenging and growth Fig. 1. Comparison of measured and modeled peak ultrafine particle
on new particle formation was investigated, focusing primar-number concentrations\Vg_4) for forty-eight new particle forma-
ily on the dimensionless particle flu%s as a function of tion events measured during the field campaigns (location) listed in

. . o : the figure legend; results from EUCAARI are not included. The
the dimensionless quantitids (scavenging parameter) and . solid diagonal line represents perfect agreement between model re-

I'1 (growth parameter), calculated f.ro.m n_16_asured ranges 11y s and measurements. Vertical and horizontal bars represent mea-
AFuchs N, and growth rates. By definitions is equal to the sured ranges associated with the maximum sulfuric acid concentra-

dimensional particle production rafg scaled by the dimen-  ion and uncertainties associated with the measured particle counts,
sional peak nucleation rate, which is a representative valugespectively.

for the probability that a nucleated particle will grow to the
detection limit. A contour plot of the modeled pedk as
a function of Ly andT'; is shown in Fig. 2 for the MILA-  agulation was observed in Atlanta (Stolzenburg et al., 2005)
GRO campaign. This result was obtained using the averagand Mexico City (Kuang et al., 2009) is resolved by notic-
of the peak sulfuric acid concentrations measured during théng that the contribution of coagulation is a strong function
campaign. of cluster size. The contribution of cluster-cluster coagula-
Generally, the peak values @ are seen to increase with tion would be nearly negligible up to the detection limit, yet
growth parameterF; at a given value of scavenging parame- would be significant at larger sizes. A more detailed anal-
ter L1, and to decrease with; at a given value of';. These  ysis of the contribution of cluster-cluster coagulation to the
trends are expected as growth and scavenging are source anllister survival probability will be included in a subsequent
sink processes, respectively, for ultrafine particles. Frompaper focusing on intercomparisons between nucleation rate
Fig. 2, contours of constant pealk were identified along parameterizations (Weber et al., 1997; Kerminen and Kul-
with their corresponding values @f; andI";. The linear-  mala, 2002; Lehtinen et al., 2007).
ity of each contour over the ranges In andI'; suggests The negligible contribution of cluster-cluster coagulation
a linear log-log relationship betwedn andI'; for a given  to the evolution of the size distribution and the result that
value of J3: logL, = Mlogl'y + B, whereM andB are least-  J3 depends only on the ratib; / I'; (hereafter renamedr)
squares fit parameters obtained for each valugofLeast-  indicates thaLr is the controlling parameter that exclusively
squares analysis yielded an averddevalue of 1.03:0.02  determines the probability that a nucleated particle grows to
(95% confidence) over the range of modeled p&akWith the detection limit.Lr is the ratio of the scavenging loss rate
M essentially equal to one, the paramekeis then equal to the growth rate and, from Egs. (11) and (14), is defined as:
to log(L1/T'1). Since each line of constad has a unique L - L
interceptB, J3 is then seen to depend only on [dg /T'1) Lr= F_l = H =T (17)
or, alternatively, on the rati(iil/Fl. Each value of/3 has 1 P11l
a unique value otl/Fl, and vice versa. This result sug- whereL is the expression given by McMurry (1983).was
gests that the effect of cluster-cluster coagulation (as both aeasonably successful in predicting the occurrence of NPF
source and sink process from Egs. (12) and (13) contributeg the sulfur-rich environment of Atlanta during the ANAR-
negligibly to the evolution of the cluster distribution. lden- ChE measurement campaign. There, it was shown that sulfu-
tical behavior was also observed in the model results forric acid condensation accounted for nearly all of the growth
the other measurement campaigns. The apparent inconsigarly in the nucleation event. Under those conditions, the
tency of this result with the observation that substantial co-growth enhancement factdr is equal to one (see Table 1)
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Fig. 2. Contour plot of modeled pealg (0.05-0.70) as a function of _ _ _
measured ranges in the dimensionless cluster scavenging paramefgig- 3. Modeled peak/s as a function ofLp (Lp = L1/T'7) for

L1 and dimensionless cluster growth paraméterfor the MILA-  the analyzed measurement campaigns (locations), where the
GRO campaign (Tecamac)iz is equal to the survival probability ~dimensionless cluster scavenging parameter (Eq. 11)ans the
of a nucleated particle growing to the detection limit (3 nm). dimensionless cluster growth parameter (Eq. 14).

proaches the nucleation rat&; is also seen to decrease with
and the parameteSr andL become identical. The advan- increasingLr (Ll >T1), approaching a survival probab|||ty
tage of this new parametdir is that it is derived from a of 0.2% atLr =1, where new partic|e formation is effec-
more general form of the aerosol population balance equatively suppressed. Based on this model result, new particle
tions that explicitly incorporates the observed ranges in eXformation would then occur only for values bf: < 1.
perimentally parameterized nucleation rates and measured Tpig limiting criterion was then tested against measured

growth rates. It is worth noting thair is independent of oy particle formation events by calculatidg: from the
the nucleation rate pre-factd and nucleation exponerit scavenging and growth parameteits,and Ty, respectively,

from Eq. (T3). Thereforef,’ any nucleation rat.e expression of;gsqciated with the pea¥s_4 for each of the seventy-seven
the form /" = K[H2SOy]” can be used to drive the aerosol e\ particle formation events that were analyzed. The

dynamics simulation in Egs. (12) and (13), as long as the nUy5)yes for each analyzed NPF event are included in Ta-
cleation rate magnitudes are constrained to ambient valueﬂe 1, ranging from 0.0075-0.6@.r values were also cal-

All that is required to calculatér, however, is the aerosol - ¢jated for nineteen non-events where nanoparticle growth
Fuchs surface area and the particle growth rate, both of whichys e pre-existing aerosol was observed but NPF was not.

can be obtained directly from measurements of the aerosghp|y nineteen of these non-events were identified due to

size distribution. the analysis requirement of measurable growth of the pre-
With Ly as the controlling parameter, the results from existing aerosol mode so that a growth enhancement fac-
Fig. 2 can then be recast in a more compact form, wheregor I could be obtained. The value of,, associated with
the modeled pealtz is now plotted only as a function dfr a particular non-event was determined by taking the maxi-
for each measurement campaign, as shown in Fig. 3. Thenum value of [HSOs] measured during the period in which
results from each campaign at each valud.gfare nearly there was observable growth of the pre-existing aerosol.
identical, deviating by less than 5% from each other. ThisRelevant measured parameters and resultingvalues for
similarity is a remarkable result given that the measured in-these non-events are detailed in Table 2, with values of the
puts into the model vary over several orders of magnitudegrowth enhancement factbrranging from 3—100),, rang-
across the different campaigns. This location-independening from 6x10*—2x10° cm™3, Arychsranging from 10-300
result further indicates that the contribution of cluster-clusterpn? cm=3, and L ranging from 0.76-9.4. The importance
coagulation up to 3 nm is nearly negligible, even in polluted of these non-events where pre-existing aerosol growth occurs
environments like Tecamac and Atlanta, where significantwithout detectable NPF has not been discussed in the litera-
coagulation might have been expected to occur. From Fig. 3ture and represents a crucial subset of aerosol measurements
J3 is seen to asymptotically approach unity in the limit of against which thé>1 criterion (where NPF is suppressed)
Lr « 1, which is consistent with the fact that at fast enoughcan be tested. Without such observations, only half of the
growth rates (1 > L1), nearly all nucleated particles sur- NPF criterion can be verified. The results from this anal-
vive to 3nm and the particle flux at the detection limit ap- ysis are shown as a histogram in Fig. 4, whéfe values
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: : :
I NPF events |
[ Inon-events

Table 2. Summary of relevant model parameters derived from mea-
sured aerosol size distributions and sulfuric acid concentrations for
nineteen non-events, characterized by the growth of pre-existing
nanoparticles without new particle formation, acquired during the
ANARChE (Atlanta), Boulder, QUEST II (Hyyéila), QUEST IV

w
o

N
[

(Hyytiala), and EUCAARI (Hyytald) measurement campaigns. 220 1
See text for parameter descriptions and calculations. §
515 1
Campaign Date T N AFuchs Lr w
(mm/ddlyy) (T3 (umPem3) 10 ]
ANARChE 08/07/02 3  2.01E+06 304 9.5E+00
Boulder 06/11/04 4 6.99E+05 34 2.3E+00 5 ]
QUEST Il 03/30/03 31 2.07E+05 121  3.5E+00
04/05/03 5 4.32E+05 19 1.6E+00 07001 002 006 017 042 115 269 628
QUEST IV 04/28/05 5 2.56E+06 112 1.6E+00 L
05/01/05 9 4.78E+05 29 1.3E+00
05/15/05 4 6.16E+05 10 7.6E-01 Fig. 4. Histogram of measurefir values associated with seventy-
EUCAARI 03/26/07 15 1.37E+06 131 1.2E+00  seven NPF events and nineteen non-events from the MILAGRO
04/20/07 26  1.23E+05 18 11E+00  (Tecamac), ANARChE (Atlanta), Boulder, QUEST Il (Hysfkh),
gjgjjg; ;g g-égg:gi ‘3‘;‘ ;85:88 QUEST IV (Hyytial), and EUCAARI (Hyytla) measurement
04/25/07 87 6.18E+04 46  1.6E+00 campalg_ns.Lp =Ly/T1, whereLq is the dl_men5|_onless cluster
05/08/07 10 2.35E+05 55 4.4E+00  Scavenging parameter (Eq. (11) dngis the dimensionless cluster
05/09/07 43 2.25E+05 63 1.2E+00  growth parameter (Eq. 14). Values bf are binned on a loga-
05/12/07 24 1.10E+05 21 1.5E+00  rithmic scale, ranging from 0.0075-0.66 for NPF events and from
gggzg; 2(5) i-ggg*gg gj 1-25*88 0.76-9.4 for non-events, and are listed for each campaign in Ta-
. + SE+H .
05/26/07 107 1.60E+05 146 16Es00 Ples1and 2, respectively.
05/28/07 83 1.13E+05 117  2.3E+00

Lt values for nearly 45% of the NPF events span the rela-
tively narrow range < L1 < 0.3, corresponding to a prob-

associated with NPF events and non-events are displaye@bility between 10% and 50% that a nucleated particle will
The range inLr values for NPF events (0.0075-0.66) cor- grow to 3nm. This narrow range suggests a self-regulating
respond to survival probabilities in the range 2-100%, whileProcess in the boundary layer where high growth rates for
Ly values for non-events (0.76-9.4) correspond to survivalsub 3nm particles, which enhance survival probability, are
probabilities much less than 1%. The majority bf: val-  often accompanied by a large pre-existing aerosol surface
ues associated with NPF events fell well below the=0.7 area, which depletes the newly formed particle population
boundary, where the model predicts NPF should occur. Conand decreases the survival probability, as observed in Teca-
versely, the majority of.1- values associated with non-events mac and vice versa as observed in Hgigi Analogous self-
fell well above the boundary.-=0.7, where the model pre- regulating behavior for the production of CCN-100 nm)
dicts NPF should be suppressed. from newly formed particles was observed in simulation re-
This universal behavior across different measuremensults (Spracklen et al., 2008) and constrained models (Kuang
campaigns for both NPF events and non-events indicates tha&t al., 2009).
Lr is a robust parameter that can potentially be used to pre- To accurately predict NPF, it is imperative to incorporate
dict the frequency and relative strength of NPF events. Atthe measured enhancement to the particle growthitgtee
a particular location, fairly reasonable estimates of the prefatio of the measured growth rate to the growth rate assum-
existing aerosol surface area can be made, as seen from tfireg only sulfuric acid condensation), sindg- scales with
relatively narrow range of\rychsvalues in Table 1. While 1/T. Assuming that sulfuric acid condensation is respon-
there can be a wide range in values of the growth enhancesible for all the growth ['=1) leads to an overestimation of
ment factorT" for certain locations (e.g. Hyytiala), there is Lr by a factor of 10, sincé is typically ~10 for measured
also evidence that NPF events can be characterized by a reNPF events. For NPF events witly- values greater than
atively narrow range il at sites such as Atlanta, Boulder, 0.07 (~80% of analyzed NPF events), assuming that sulfuric
and Mexico City. The predictive power of this criterion will acid condensation accounts for all the growfr{) yields
improve as better estimates are made regarding nanoparticler values that are greater than 0.7, where NPF is not pre-
growth rates. dicted to occur. The systematic division of the data based
on Lr also indicates that at the studied sites, the growth
of freshly-nucleated particles practically always needs to be

www.atmos-chem-phys.net/10/8469/2010/ Atmos. Chem. Phys., 10, 84892010



8478 C. Kuang et al.: An improved criterion for new particle formation

enhanced by other components than sulfuric acid — even aReferences
particle sizes smaller than 3nm — in order for NPF to be _
detected. In the case of Hygt#, this observation is con- Birmili, W., Berresheim, H., Plassimer, C., Elste, T,
sistent with sub-3nm growth rate observations (Hirsikko et CGilge. S., Wiedensohler, A., and Uhmer, U.. The Hohen-
al., 2005) as well as the indirect observations of the water- pelssenberg_ aero_sol fc_>rmat|on experiment (HAFEX): a long-
affinity of the sub — 3nm particles in Hyyti (Riipinen et term study including size-resolved aerosol, H2SO4, OH, and
. . . monoterpenes measurements, Atmos. Chem. Phys., 3, 361-376,
al., 2009). Therefore, assuming that sulfunc_ acid accognts doi:10.5194/acp-3-361-2003, 2003.
for all the measured growth leads to a dramatic underestimacharison, R. J., Schwartz, S. E., Hales, J. M., Cess, R. D., Coakley,
tion of both the frequency of NPF events and the associated j. A, Hansen, J. E., and Hofmann, D. J.: Climate forcing by
particle production rates. anthropogenic aerosols, Science, 255, 423-430, 1992.
Chin, M., Kahn, R. A., Remer, L. A., Yu, H., Rind, D., Feingold,

. G., Quinn, P. K., Schwartz, S. E., Streets, D. G., Decola, P., and

4 Conclusions Halthore, R.: Atmospheric Aerosol Properties and Climate Im-

. ) ) pacts, in: U.S. Climate Change Science Program Synthesis and
A dimensionless cluster population balance model was de- assessment Product 2.3, 20009.

veloped to analyze new particle formation from a nucle- Ejsele, F. L. and Tanner, D. J.: Measurement of the gas phase con-
ating system growing by condensation and coagulation in centration of HSQ4 and methane sulfonic acid and estimates of
the presence of a pre-existing aerosol. The model incorpo- H»S0O4 production and loss in the atmosphere, J. Geophys. Res.-
rates recent developments in nucleation rates parameterized Atmos., 98, 9001-9010, 1993.

as power-law functions of gas-phase sulfuric acid and re-Fiedler, V., Dal Maso, M., Boy, M., Aufmhoff, H., Hoffmann, J.,
cent work in nanoparticle growth rates. Model results were ~Schuck, T., Birmili, W., Hanke, M., Uecker, J., Amold, F., and
validated against measured new particle formation events, Kulmala, M.: The contribution of sulphuric acid to atmospheric
yielding good agreement between modeled and measured ul- particle formation and growth: a comparison between boundary

trafi ticl b trati Model VS | layers in Northern and Central Europe, Atmos. Chem. Phys., 5,
rafine particle number concentrations. Model analysis in- 1773-1785, doi:10.5194/acp-5-1773-2005, 2005.

dicated that nucleated particle survival probability dependsg,chs N A. and Sutugin, A. G.: High-dispersed aerosols, in: Top-

only on a simple dimensionless paramettgr. This param- ics in Current Aerosol Research, edited by: Hidy, G. M. and
eter describes the ratio between scavenging of newly formed Brock, J. R., Pergamon, Oxford, 1-60, 1971.
particles by the pre-existing aerosol to the growth rate ofGaydos, T. M., Stanier, C. O., and Pandis, S. N.: Mod-
newly formed particles. Ly was shown to determine ex- eling of in situ ultrafine atmospheric particle formation in
clusively whether or not new particle formation could occur the eastern United States, J. Geophys. Res., 110, D07S12,
on a particular day and was validated against seventy-seven doi:10.1029/2004JD004683, 200S. .
NPF events and nineteen non-events characterized by me&elbard, F., Tambour, ., and Seinfeld, J. H.: Sectional represen-
surable growth of pre-existing nanoparticles without NPF. tations for S|_mulat|ng aerosol dynamics, Journal of Colloid and
New particle formation was shown to occur only at values of Ir)terface Science, 76, 54.1_556’. 1980. .

. - Hari, P. and Kulmala, M.: Station for measuring ecosystem-
Lr < 0.7 where low scavenging rates and high growth rates atmosphere relations (SMEAR IlI), Boreal Environ. Res., 10
enabled nuclei to survive to a detectable size. NPF was sup- 315 355 2005 ' o
pressed for values dfr > 0.7. For NPF events, measured njrsikko, A., Laakso, L., Horrak, U., Aalto, P. P., Kerminen, V.,
values ofLr and corresponding survival probabilities fell in and Kulmala, M.: Annual and size dependent variation of growth
a relatively narrow range, suggesting a self-regulating pro- rates and ion concentrations in boreal forest, Boreal Enviro. Res.,
cess in the boundary layer where enhancements from high 10, 357-369, 2005.
growth rates are mitigated by depletions from a substantialida, K., Stolzenburg, M., McMurry, P., Dunn, M. J., Smith, J. N.,
pre_existing aerosol surface area, and vice versa. A|though Eisele, F., and Keady,. P.: Contribution of ion.-induce.d nycleation
the absolute values dfrare affected by experimental un- to new pa_lmcle formr_altlon:_ methodology and its application to at-
certainties and the assumptions of critical cluster size and MOSPheric observations in Boulder, Colorado, J. Geophys. Res.,
condensing vapor properties, our results show that the same 16(D23), D23201, doi:10.1029/2006JD007167, 2006.

. iterion for th f NPE lies in di lida, K., Stolzenburg, M. R., and McMurry, P. H.: Effect of working
gglqruoi(r;]neﬁ;lson orthe occurrence o applies In dIVerse g4 on sub-2 nm particle detection with a laminar flow ultrafine
Vi .

condensation particle counter, Aerosol Sci. Technol., 43, 81-96,

AcknowledgementsFinancial support from the National Science  d0i:10.1080/02786820802488194, 2008a. _
Foundation (DGE-0114372 and ATM-050067), the Department!ida, K., Stolzenburg, M. R., McMurry, P. H., and Smith, J. N.: Es-
of Energy (DE-FG02-05ER63997), the Guggenheim Foundation fimating nanoparticle growth rates from size-dependent charged

(PHM), and the Academy of Finland (MK), and computational ~ fractions: analysis of new particle formation events in Mexico
resources from the Minnesota Supercomputing Institute are City, J. Geophys. Res., 15, D05207, doi:10.1029/2007JD009260,

gratefully acknowledged. 2008b. . .
Kerminen, V. M. and Kulmala, M.: Analytical formulae connecting
Edited by: W. Birmili the “real” and the “apparent” nucleation rate and the nuclei num-

ber concentration for atmospheric nucleation events, J. Aerosol

Atmos. Chem. Phys., 10, 8468480 2010 www.atmos-chem-phys.net/10/8469/2010/



C. Kuang et al.: An improved criterion for new particle formation

Sci., 33, 609-622, 2002.
Kerminen, V. M., Lihavainen, H., Komppula, M., Viisanen, Y., and
Kulmala, M.: Direct observational evidence linking atmospheric

aerosol formation and cloud droplet activation, Geophys. Res.

Lett., 14(32), L14803, d0i:10.1029/2007JD009260, 2005.
Korhonen, H., Lehtinen, K. E. J., and Kulmala, M.: Multicompo-

8479

E., Teinila, K., Sillan@a, M., Koponen, I. K., Paatero, J., Ros-
man, K., and Mmeri, K.: Chemical composition of aerosol dur-
ing particle formation events in boreal forest, Tellus B, 53, 380—
393, 2001.

Manninen, H. E., Nieminen, T., Riipinen, I., Yli-Juuti, T., Gagn

S., Asmi, E., Aalto, P. P., P&, T., Kerminen, V.-M., and Kul-

nent aerosol dynamics model UHMA: model development and mala, M.: Charged and total particle formation and growth rates

validation, Atmos. Chem. Phys., 4, 757-771, doi:10.5194/acp-4-

757-2004, 2004.

during EUCAARI 2007 campaign in Hyyla, Atmos. Chem.
Phys., 9, 4077-4089, doi:10.5194/acp-9-4077-2009, 2009.

Ku, B. K. and de la Mora, J. F.: Relation between electrical mobility, McMurry, P. H. and Friedlander, S. K.: New particle formation

mass, and size for nanodrops 1-6.5 nm in diameter in air, Aerosol

Sci. Technol., 43, 241-249, 2009.
Kuang, C., McMurry, P. H., McCormick, A. V., and Eisele, F. L.

in the presence of an aerosol, Atmos. Environ., 13, 1635-1651,
1979.

McMurry, P. H.: Photochemical aerosol formation from SCa

Dependence of nucleation rates on sulfuric acid vapor concen- theoretical analysis of smog chamber data, J. Colloid Interface
tration in diverse atmospheric locations, J. Geophys. Res., 110, Sci., 78, 513-527, 1980.

D10209, doi:10.1029/2007JD009253, 2008.
Kuang, C., McMurry, P. H., and McCormick, A. V.. Determi-

McMurry, P. H.: New particle formation in the presence of an

aerosol: rates, time scales, and sub-0.01 um size distributions,

nation of cloud condensation nuclei production from measured J. Colloid Interface Sci., 95, 72—-80, 1983.
new particle formation events, Geophys. Res. Lett., 36, L09822McMurry, P. H., Fink, M., Sakurai, H., Stolzenburg, M. R.,

doi:10.1029/2009GL037584, 2009.

Kulmala, M., Laakso, L., Lehtinen, K. E. J., Riipinen, |., Dal Maso,
M., Anttila, T., Kerminen, V.-M., Hrrak, U., Vana, M., and Tam-
met, H.: Initial steps of aerosol growth, Atmos. Chem. Phys., 4,
2553-2560, doi:10.5194/acp-4-2553-2004, 2004a.

Kulmala, M., Vehkaraki, H., Pe&ja, T., Dal Maso, M., Lauri, A.,
Kerminen, V. M., Birmili, W., and McMurry, P. H.: Formation

and growth rates of ultrafine atmospheric particles: a review of

observations, J. Aerosol Sci., 35, 143-176, 2004b.
Kulmala, M., Lehtinen, K. E. J., and Laaksonen, A.: Cluster activa-

Mauldin, R. L., Smith, J., Eisele, F., Moore, K., Sjostedt,
S., Tanner, D., Huey, L. G., Nowak, J. B., Edgerton, E.,
and Voisin, D.: A criterion for new particle formation in the
sulfur-rich Atlanta atmosphere, J. Geophys. Res., 110, D22S02,
doi:10.1029/2005JD005901, 2005.

O’Dowd, C. D., Aalto, P., Hameri, K., Kulmala, M., and Hoffmann,

T.: Atmospheric particles from organic vapours, Nature, 416,
497-498, 2002.

Petja, T., Mauldin, Ill, R. L., Kosciuch, E., McGrath, J., Niem-

inen, T., Paasonen, P., Boy, M., Adamov, A., Kotiaho, T., and

tion theory as an explanation of the linear dependence between Kulmala, M.: Sulfuric acid and OH concentrations in a boreal

formation rate of 3nm particles and sulphuric acid concentration,

forest site, Atmos. Chem. Phys., 9, 7435-7448, doi:10.5194/acp-

Atmos. Chem. Phys., 6, 787-793, doi:10.5194/acp-6-787-2006, 9-7435-2009, 2009.

2006.
Kulmala, M., Riipinen, I., Sip#, M., Manninen, H. E., Pa@, T,
T., Junninen, H., Maso, M. D., Mordas, G., Mirme, A., and Vana,

Rao, N. P. and McMurry, P. H.: Nucleation and growth of aerosol

in chemically reacting systems, Aerosol Sci. Technol., 11, 120—
132, 1989.

M.: Toward direct measurement of atmospheric nucleation, Sci-Riipinen, I., Sihto, S.-L., Kulmala, M., Arnold, F., Dal Maso, M.,

ence, 318, 89-92, 2007.

Kulmala, M., Asmi, A., Lappalainen, H. K., Carslaw, K. Sggehl,
U., Baltensperger, U., Hov, @., Brenquier, J.-L., Pandis, S.
N., Facchini, M. C., Hansson, H.-C., Wiedensohler, A., and
O’Dowd, C. D.: Introduction: European Integrated Project on

Birmili, W., Saarnio, K., Teini&, K., Kerminen, V.-M., Laak-
sonen, A., and Lehtinen, K. E. J.: Connections between atmo-
spheric sulphuric acid and new particle formation during QUEST
IlI-IV campaigns in Heidelberg and Hyytia, Atmos. Chem.
Phys., 7, 1899-1914, doi:10.5194/acp-7-1899-2007, 2007.

Aerosol Cloud Climate and Air Quality interactions (EUCAARI) Riipinen, |., Manninen, H. E., Yli-Juuti, T., Boy, M., Sigi] M.,

— integrating aerosol research from nano to global scales, At-

Ehn, M., Junninen, H., P&, T., and Kulmala, M.: Apply-

mos. Chem. Phys., 9, 2825-2841, doi:10.5194/acp-9-2825-2009, ing the Condensation Particle Counter Battery (CPCB) to study

2009.

Laaksonen, A., Hamed, A., Joutsensaari, J., Hiltunen, L., Cavalli,

F., Junkermann, W., Asmi, A., Fuzzi, S., and Facchini, M. C.:

the water-affinity of freshly-formed 2—-9 nm particles in boreal
forest, Atmos. Chem. Phys., 9, 3317-3330, doi:10.5194/acp-9-
3317-2009, 2009.

Cloud condensation nucleus production from nucleation eventsSihto, S.-L., Kulmala, M., Kerminen, V.-M., Dal Maso, M., Bgt,

at a highly polluted region, Geophys. Res. Lett.,, 6, L06812,
doi:10.1029/2004GL022092, 2005.
Lehtinen, K. E. J. and Kulmala, M.: A model for particle formation

and growth in the atmosphere with molecular resolution in size,
Atmos. Chem. Phys., 3, 251-257, doi:10.5194/acp-3-251-2003,

2003.

T., Riipinen, I., Korhonen, H., Arnold, F., Janson, R., Boy, M.,
Laaksonen, A., and Lehtinen, K. E. J.: Atmospheric sulphuric
acid and aerosol formation: implications from atmospheric mea-
surements for nucleation and early growth mechanisms, At-
mos. Chem. Phys., 6, 4079-4091, doi:10.5194/acp-6-4079-2006,
2006.

Lehtinen, K. E. J., Dal Maso, M., Kulmala, M., and Kerminen, V. Sipila, M., Lehtipalo, K., Attoui, M., Neitola, K., P&, T., Aalto,

M.: Estimating nucleation rates from apparent particle forma-

tion rates and vice versa: Revised formulation of the Kerminen-

Kulmala equation, J. Aerosol Sci., 38, 988-994, 2007.
Makeh, J. M., Yli-Koivisto, S., Hiltunen, V., Seidl, W., Swietlicki,

www.atmos-chem-phys.net/10/8469/2010/

P. P., O'Dowd, C. D., and Kulmala, M.: Laboratory verification
of PH-CPC'’s ability to monitor atmospheric sub-3 nm clusters,
Aerosol Sci. Technol., 43, 126-135, 2009.

Smith, J. N., Dunn, M. J., VanReken, T. M., lida, K., Stolzenburg,

Atmos. Chem. Phys., 10, 84892010



8480 C. Kuang et al.: An improved criterion for new particle formation

M. R., McMurry, P. H., and Huey, L. G.: Chemical compo- Warren, D. R. and Seinfeld, J. H.: Simulation of aerosol size distri-

sition of atmospheric nanoparticles formed from nucleation in  bution evolution in systems with simultaneous nucleation, con-

Tecamac, Mexico: evidence for an important role for organic  densation, and coagulation, Aerosol Sci. Technol., 4, 31-43,

species in nanoparticle growth, Geophys. Res. Lett., 4, L04808, 1985.

doi:10.1029/2007GL032523, 2008. Weber, R. J., Marti, J. J., McMurry, P. H., Eisele, F. L., Tanner, D.
Smith, J. N., Barsanti, K. C., Friedli, H. R., Ehn, M., Kulmala, M., J., and Jefferson, A.: Measured atmospheric new particle forma-

Collins, D. R., Scheckman, J. H., Williams, B. J., and McMurry, tion rates: Implications for nucleation mechanisms, Chem. Eng.

P. H.: Observations of aminium salts in atmospheric nanoparti- Commun., 151, 53-64, 1996.

cles and possible climatic implications, P. Natl. Acad. Sci., 15, Weber, R. J., Marti, J. J., McMurry, P. H., Eisele, F. L., Tanner, D.

6634-6639, 2010. J., and Jefferson, A.: Measurements of new particle formation
Spracklen, D. V., Carslaw, K. S., Kulmala, M., Kerminen, V. M., and ultrafine particle growth rates at a clean continental site, J.

Sihto, S.-L., Riipinen, I., Merikanto, J., Mann, G. W., Chip- Geophys. Res., 102(D4), 4375-4385, 1997.

perfield, M. P., Wiedensohler, A., Birmili, W., and Lihavainen, Wehner, B., Pé{a, T., Boy, M., Engler, C., Birmili, W., Tuch, T,

H.: Contribution of particle formation to global cloud conden-  Wiedensohler, A., and Kulmala, M.: The contribution of sulfu-

sation nuclei concentrations, Geophys. Res. Lett., 35, L06808, ric acid and non-volatile compounds on the growth of freshly

doi:10.1029/2007GL033038, 2008. formed atmospheric aerosols, Geophys. Res. Lett., 32, L17810,
Stolzenburg, M. R. and McMurry, P. H.: An ultrafine aerosol con-  doi:10.1029/2005GL023827, 2005.

densation nucleus counter, Aerosol Sci. Technol., 14, 48-65Woo, K. S., Chen, D. R., Pui, D. Y. H., and McMurry, P. H.: Mea-

1991. surement of Atlanta aerosol size distributions: observations of
Stolzenburg, M. R., McMurry, P. H., Sakurai, H., Smith, J. N.,  ultrafine particle events, Aerosol Sci. Technol., 34, 75-87, 2001.

Mauldin, R. L., Eisele, F. L., and Clement, C. F.: Growth rates of Wu, J. and Flagan, R. C.: A discrete-sectional solution to the aerosol

freshly nucleated atmospheric particles in Atlanta, J. Geophys. dynamic equation, J. Colloid Interface Sci., 123, 339-352, 1988.

Res., 110, D22S05, doi:10.1029/2005JD005935, 2005.

Atmos. Chem. Phys., 10, 8468480 2010 www.atmos-chem-phys.net/10/8469/2010/



