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Abstract. This study investigates the droplet formation char- cations for the droplet formation characteristics of SOA, and
acteristics of secondary organic aerosol (SOA) formed durthe atmospheric relevance of CCN measurements carried out
ing the ozonolysis of sesquiterpepecaryophyllene (with  at temperatures different from ambient.

and without hydroxyl radicals present). Emphasis is placed
on understanding the role of semi-volatile material on Cloud
Condensation Nucleus (CCN) activity and droplet growth ki- 1
netics. Aging ofg-caryophyllene SOA significantly affects

all CCN-relevant properties measured throughout the expersecondary organic aerosol (SOA) particles have the poten-
iments. Using a thermodenuder and two CCN instrumentSyjg| to impact climate and the hydrological cycle (the so-
we find that CCN activity is a strong function of temperature cajled aerosol indirect effect) through their ability to act as
(activation diameter at-0.6% supersaturation: 1810nm  ¢joyd condensation nuclei (CCN). Carbonaceous material
at20°C and 13&10nm at 35C), suggesting that the hygro-  can comprise up to 90% of the aerosol massdreae and

scopic fraction of the SOA is volatile. The water-soluble or- crytzen 1997 Cachier et al.1995 Yamasoe et al2000, a
ganic carbon (WSOC) is extracted from the SOA and characsjgnificant fraction of which may dissolve in water (water-

terized with Kohler Theory Analysis (KTA); the results sug- gojuble organic carbon; WSOCK&nakidou et al. 2005
gest that the WSOC is composed of low molecular weightg,jjivan et al, 2004 Decesari et a).200Q Zappoli et al,
(<200gmot™) slightly surface-active material that consti- 1999 Studies have shown that WSOC can influence hygro-
tute 5-15% of the SOA mass. These properties are similar Qcopicity, surface tension, and possibly, droplet growth kinet-
the water-soluble fraction of monoterpene SOA, suggesting.g (e.g.Decesari et a).2003 Saxena et 311995 Shulman
that predictive understanding of SOA CCN activity requires g¢ al, 1996 and must be characterized to quantify the impact
knowledge of the WSOC fraction but not its exact speciation.of serosol on cloud droplet formation and reduce uncertain-
Droplet growth kinetics of the CCN are found to be strongly ties associated with the aerosol indirect effect.

anticorrelated with WSOC fraction, suggesting thatthe insol- e WsoOC fraction of CCN may originate from primary
uble material in the SOA forms a kinetic barrier that delays g missions or form during the oxidation of volatile organic
droplet growth. Overall, volatilization effects can increase compounds (VOC)Kanakidou et al.2005 Robinson et aJ.
activation diameters by 30%, and depress droplet growth ratenp7 Saxena and Hildemapi996. Natural VOC emis-

by a factor of two; these results may have important impli- sions (e.g. monoterpernes and sesquiterpenes) are estimated
to be on the order of 1150 Tgyt (Guenther et a).1995,

and are thought to dominate anthropogenic emissiGngl-

Correspondence toA. Nenes ther et al, 1999 200Q Kanakidou et al.2005. The re-
BY (nenes@eas.gatech.edu)

sulting SOA can contribute significantly to the atmospheric
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organic particulate mas®6nahue et al.2005 Kanakidou of dark seedlessg-caryophyllene ozonolysis are two
et al, 2005 Odum et al. 1996 Pathak et a).2007 Robin- semi-volatile ketoaldehydes; 3,3-dimethyl-y-methylene-
son et al. 2007 Seinfeld and Pankow2003 Stanier et al.  2-(3-oxo-butyl)-cyclobutanebutanal B{caryophyllone
2007 Volkamer et al, 2006 Zhang et al.2007 and become  aldehyde, 236gmof) and 3,3-dimethyl-y-oxo-2- (3-
more hygroscopic during the aging procdsarfakidou etal.  oxobutyl)-cyclobutanebutanal g{nocaryophyllone alde-
2005 Rudich 2003 hence contributing significant amounts hyde, 238 gmotl; Calogirou et al.(1997); Jaoui et al.
of WSOC. However relatively little is known about the chem- (2003). These compounds exhibit low volatility and can
ical composition of SOARogge et al.1993 Seinfeld and  readily form aerosolJaoui et al(2003 presented the most
Pandis 1998 Kalberer 200§ and as a consequence, the comprehensiveg-caryophyllene ozonolysis speciation so
CCN-relevant thermodynamic properties (solubility, molec- far, identifying 17 compounds in both the gas and aerosol
ular weight, surfactant characteristics) and droplet growth ki-phases for a combined carbon yield of 65%; based on these
netics of organic aerosol have remained elusiK@nfkidou  studies, the mass-average molecular weight of the SOA is
etal, 2005. estimated to be 250 g not (Huff-Hartz et al, 2005).

The hygroscopicity of SOA has been studied for a series The aerosol formed during-caryophyllene ozonolysis
of parent hydrocarbons and oxidation conditions (¥agut- can act as CCN[Oonahue et al.2005 Huff-Hartz et al,
bangkul et al.2006 and references therein). SOA produced 2005 Varutbangkul et aJ.2006 yet SOA from sesquiter-
from seedless monoterpene ozonolysis, suclx-ginene, penes are less hygroscopic and CCN-active than monoter-
has been the focus of numerous studieEsgelhart et aJ. pene SOA Kuff-Hartz et al, 2005 Varutbangkul et al.
2008 Huff-Hartz et al, 2005 Saathoff et a].2003 Prenni  2006. Varutbangkul et al(2006 observed the hygroscopic-
et al, 2007 VanReken et al.2005 Virkkula et al, 1999; ity of g-caryophyllene SOA to decrease with aging. Predict-
most find that the SOA is hygrosocopic and CCN active,ing the CCN activity of the SOA requires assumptions for
but less than (NH)>SO4. VanReken et al(2005 showed its solubility and surfactant characteristi¢$uff-Hartz et al.
CCN activity dependence on the monoterpene SOA precur{2005 used an “effective solubility” (i.e. one common solu-
sor, wherea®renni et al(2007 andEngelhart et al(2008 bility for all compounds present in the SOA), which ranges
do not; in fact, the latter two studies show that a rather widearound 010 gg ! H,O for monoterpene and sesquiterpene
variety of monoterpene SOA exhibit very similar CCN prop- SOA; other studies assume complete solubility of the SOA
erties. Aging of aerosol is often associated with an increasge.g.Prenni et al.2007). Surface tension at the point of acti-
in hygroscopicity (CCN activity), although this may not al- vation is often assumed to be equal to that of water, although
ways be the casé&/érutbangkul et a).2006 VanReken etal.  recent studies relax this assumpti@a( and Griffin 2005
2005. Decreases in hygroscopicity are often attributed toEngelhart et aJ2008 Shilling et al, 2007 Asa-Awuku et al.
the formation of oligomers that deplete the SOA from sol- 2007). Even if the usage of simplifying assumptions for ther-
uble monomers\arutbangkul et a).2006 VanReken et al.  modynamic properties (e.g. complete solubility and constant
2005. Polymeric (i.e., high molecular weight) material tends surface tension) reproduces the measured CCN activity, this
to be less-hygroscopic and nonvolatiga{tensperger et al.  does not imply that they reflect the true properties of the
2005 Kalberer et al.2004 Reynolds et a).2006 and often  aerosol Engelhart et a).2008.
exhibits characteristics similar to HUmic-LIke Substances There is currently little work on the link between SOA
(HULIS) (Baltensperger et al2005. volatility and CCN activity and the potential effect of semi-

Though not studied to the same extent as monoterpenesplatile organic compounds on aerosol hygroscopicity and
sesquiterpenes are an important class of parent hydrocarboi@CN propertiesAn et al, 2007, Baltensperger et al2005
because of their high aerosol yieldsr{ffin et al, 1999ab) Jonsson et gl2007 Kanakidou et al.2005. The volatil-
and widespread emission from more than forty vegetationity of VOC oxidation products largely control their gas-to-
species in abundancArgy et al, 1995 Hansen and Seufert  particle partitioning Pankow 1994, and if water-soluble,
2003 Helmig et al, 2007 Hoffmann 1995 Konig et al, also their CCN activity. Chamber and ambient studies have
1995 Zhang et al. 1999. pB-caryophyllene is one of the measured the volatility for aging SOA (eAn et al, 2007,
most reactive and abundant sesquiterpe@scioli et al, Baltensperger et al2005 Grieshop et a).2007 Kalberer
1999 Goldstein and Galbally2007 Hansen and Seufert et al, 2004, coupled with hygroscopicity measurements
2003 Helmig et al, 2007 Jaoui et al. 2007 Grosjean (Fletcher et al.2007 Johnson et al.2005 Jonsson et al.
et al, 1993 Shu and Atkinson 1994 Kanawati et al. 2007 Tomlinson et al. 2007). Results suggest that SOA
2008. Due to the high molecular weight (low volatility) formed by OH oxidation is more volatile than the SOA
of its oxidation products8-caryophyllene produces high formed during reactions with other oxidants (e.g) Qlon-
aerosol yields in SOA chamber experiments, as large asson et al.2007). Although the hygroscopic water uptake
70% (Lee et al, 2006, and can be an important RM measured for SOA below water saturation may not accu-
contributor in the Southeastern United Statéso(i et al. rately reflect their CCN activityRrenni et al. 2007), the
2007 Kleindienst et al.2007) and in boreal forestdP@arsh-  hygroscopicity of the organic material may resemble that of
intsev et al. 2008. The main aerosol phase products (NH4)2SOy (Fletcher et al.2007).
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Fig. 1. Experimental set-up for SOA generation and online analysis.

An important aspect of droplet formation that is largely wide range of growth kinetics for ambient aerosol sampled
unconstrained is the effect of composition on droplet growthin sites across the United States.
kinetics. Complex growth kinetics can arise from numerous In this study we investigate the droplet formation charac-
mechanisms, such as incomplete solubilBh@lman et al.  teristics of aging8-caryophyllene SOA generated via seed-
1996 Shantz et al.2003, slow dissolution kinetics of so- less dark ozonolysis. Employing two different CCN coun-
lute (Asa-Awuku and Nengs2007), and organic films, all  ters, we comprehensively characterize the CCN activity and
of which can decrease droplet growth rates (a comprehendroplet growth kinetics of the SOA, and explore the role of
sive discussion on water vapor uptake mechanisms can bis volatile fraction on droplet formation. From filter sam-
found in Poschl et al. 2007). Such effects can be parame- ples of SOA obtained during these experiments, surfactant
terized in terms of an “effective” water vapor uptake coef- characteristics, average molar volume and droplet growth ki-
ficient, o, which is used to determine the mass transfer co-netics of the water-soluble component are determined with
efficient of water vapor to the growing dropletsountoukis ~ Kohler Theory Analysis (KTA) Asa-Awuku et al. 2007,
and Nenes2009. Values ofa~0.042 were used in early 2008 Padb et al, 2007). SOA and WSOC measurements
cloud modeling studies for inorganic aerosol (see review inare then combined to infer the soluble fraction of SOA, as
Lance et al.2004, while recent aerosol-cloud droplet clo- well as the impacts of chemical aging thereon. Finally, we
sure studies show a range @ffrom 0.04 to 1 McFiggins  explore the impact of composition (i.e. insoluble fraction) on
et al, 200§. Conant et al(2004, Meskhidze et al(2005, droplet growth kinetics, by combining the CCN activation
andFountoukis et al(2007) conducted aerosol-cloud droplet measurements with comprehensive models of the CCN in-
closure using in-situ observations of cumuliform and strat-strumentation.
iform clouds formed in polluted and clean air masses; all
achieved closure fax between 0.03 and 1.0, with optimum
estimates (i.e. where average droplet closure error and sta Experimental methods
dard deviation thereof lie within measurement uncertainty) , ) i
between 0.03 and 0.065troud et al(2007, using a static 21 SOA formation and experiment design
diffusion chamber combined with a model of the instrument
estimatedv=0.07 for ambient biogenic CCN sampled during
the CELTIC experimentRuehl et al(2008, using a continu-
ous flow thermal gradient CCN chamb&udperts and Nenes
2005 coupled with a model of the instrument, also infer a

"Experiments in this study were conducted in the Carnegie
Mellon University 12 ni Teflon SOA chamber (Welch Fluo-
rocarbon), suspended inside a temperature-controlled room
(Fig. 1). Details of the smog chamber and its operation
are reported elsewherPresto et a).2005ab; Stanier et al.
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Table 1. Experiments carried out in this study.

Experiment  g-caryophyllene @ Concentration 2—Butanol Oxidizing TD Peak SOA Mass CCN
Number Concentration (ppb) (ppb) Presént? Agent Used? g cm*?’) Counter
1 22 300 Yes Q No 27 SD, CFSTGC
2 28 300 No Q+OH Yes 31.8 SD, CFSTGC
3 28 300 Yes Q No 49.8 CFSTGC
4 22 300 Yes Q No - SD
5 32 300 Yes Q No - SD

@There is no OH when 2-Butanol is present, and vice vétsiter collection experiment.

2007). The experiments carried out are summarized in Ta-tivity, the SD is operated at 0.60%60.02% supersaturation
ble 1; the SOA was formed in unseeded dark ozonolysis ofin experiments 1 and 2, and is supplied with 100 nm diame-
B-caryophyllene (Fluka-+98.5%). For each dry chamber ter classified aerosol. Additional experiments (4 and 5) were
experiment, oxidation occurred at°®2 at low relative hu-  performed with the SD counter to estimate the activation di-
midity (3—8%); aerosol measurements commenced after thameterd, (i.e. the dry diameter of the aerosol particle with
injection of sesquiterpene and lasted up to 11 h. 0.5ml ofcritical supersaturatiors,). For these experiments, a simi-
2-butanol was used as hydroxyl radical (OH) scavenger sdar analysis and set-up (not shown here) to that presented in
oxidation could occur in the presence and absence of OH (Ta€ruz and Pandi§1997 are used. Two classifying systems
ble 1). “Online” measurements of aerosol properties are car-are employed; the first DMA selects a monodiserpse aerosol,
ried out to characterize the CCN activity of the aging SOA, and the second DMA scans several sizes and measures the
and its sensitivity to precursor concentration, oxidant type,distrbution of particles. The method uses the activated frac-
CCN instrument and thermal processing (Experiments 1, 2tion (CCN/CN) to determine the fraction of particles in each
4, 5). The properties of the water-soluble fraction of the SOAdistribution with a diameter greater than

is measured “offline” (Experiment 3), using SOA collected  The CFSTGC is considerably faster] Hz) than the SD
upon filters. Experiments were repeated to assure their recounter, allowing for a comprehensive characterization of

producibility. size resolved CCN activity using Scanning Mobility CCN
Analysis (SMCA) (Nenes and Medin&2009 which couples
2.2 Online measurements of SOA the CFSTGC CCN counter with a SMPS. By keeping the CF-

STGC supersaturation, constant during the scanning cy-
As shown in Fig.1, the aerosol from the chamber inlet is cle of the SMPS, we obtain the time series of CN and CCN
classified by a scanning mobility particle sizer (SMPS 3080)counts; an inversion procedure then leads to the CCN/CN ra-
and differential mobility analyzer (DMA 3081). The to- tio as a function of dry mobility diameter. This procedure
tal aerosol concentration (CN) of the monodisperse pards repeated over multiple supersaturations, giving a charac-
ticles is counted by a condensation particle counter (TSlerization of the size-resolved CCN properties for a range
CPC 3010) and the CCN concentration is measured by @f supersaturations every 2.25min. SMCA has been eval-
DH Associates-M1 Static Diffusion (SD) CCN Counter and a uated for calibration, laboratory and ambient aerosol, SOA
DMT Continuous-Flow Streamwise Thermal Gradient CCN filter samples, biomass burning aerosaké-Awuku et al.
Counter (CFSTGC)l{ance et al.2006 Roberts and Nenes 2007, 2008 Nenes and Medina2009 Padb et al, 2007
2005. The DMA used with the CFSTGC was operated at aand monoterpene SOAgelhart et a).2008.
sheath-to-aerosol ratio of 10:1, and at a 17.5:4 flow ratio for g\MCA also provides size-resolved droplet growth mea-

the SD. surements as the DMT CCN counter measures, through its
Experiment 2 (Tablel) focused largely on the relation- optical particle counter (OPC), the droplet size distribution
ship between volatility and CCN activity. The SOA was at of activated CCN. Aerosol particles, when exposed to the
times passed through a thermodenuder (TD; An et al., 2007ame supersaturation profile, will grow to approximately the
at35C for ~15 s before introduction to aerosol classification same wet diametet),, provided that the mass transfer co-
and CCN measurements. Roughly 20% of the particle vol-efficient of the water vapor to the growing droplet and the
ume evaporated over the course of the experiment. The tentritical supersaturation is the sanidéepes et a).2001). The
poral conditions in the thermodenuder simulate and closelyiependence of droplet size on the supersaturation profile and
resemble those in the CFSTGC. particle size can then be used to study the impact of organ-
The SD CCN counter requires 7.5min per datum ics on the droplet growth kinetice\éa-Awuku et al. 2007,
(~0.002 Hz); to capture the impacts of aging on CCN ac-Engelhart et a).2008 Lance et al.2006 Moore et al, 2008

Atmos. Chem. Phys., 9, 79842 2009 www.atmos-chem-phys.net/9/795/2009/
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Ruehl et al. 2008. In this study, we focus on droplet sizes
of activated SOA patrticles with. equal to the instrument su- 1 -
persaturation, as such CCN tend to have the smallest droplet
size, hence are most sensitive to kinetic limitations. Changes
in growth kinetics are quantified Bycomparison against the
droplet size attained by CCN composed of pure ¢SOy,
and, ii) using comprehensive models of the instruments to
infer growth kinetic parameters of the SOA.

The characterization of in the CCN instrumentation
is done by determining the minimum diametef, of
(NH4)2SOy calibration aerosol that activates for a constant
instrument operating temperature differengd. Calibra-
tion aerosol is generated by atomization of an g0,
agueous solution via a collision-type atomizer. The droplet D 2
stream was passed through multiple diffusional driers (oper-
ating at~5% RH), resulting in a polydisperse dry aerosol
(with modal diameter~50nm), which is subsequently 10 30 50 70
charged using a Kr-85 neutralizer (TSI 3077A), and, clas- d(nm)
sified using a TSI 3080 Scanning Mobility Particle Sizer
(composed of a TSI 3010 condensation particle counter and L _ o
a TSI 3081 differential mobility analyzer operating under a Fig. 2. Examplgs of.actlvatlon fraction versus moblllty_dlamet_er for
sheath-to-aerosol ratio of 10:1). The classified aerosol is the NFI;“T%SCO 4 calibration aerosol. Measurements obtained with the
concurrently introduced into the CPC and CCN counter to '
provide an “activation curve” (or ratio of CCN/CN over a
wide range of sizes). From the activation curvéss de-
termined as the dry diameter for which CCN/CN=0.8.
is related tos by applying Kohler theory, assuming that
(NH4)2SOy4 has a density of 1760 kgd, surface tension of
water, molar mass of 0.132 kg mdland an effective van't
Hoff factor of 2.5 Gerber et al.1977 Brechtel and Krei-
denweis 200Q Kumar et al, 2003 Rose et al.2008. d
(ands) is determined for each CCN instrument over a range
of applied AT; a linear fit provides an empirical relation-
ship betweemAT ands which is then subsequently used in
the experiments. The standard deviation in the supersatur
tion was determined from the standard deviation observed i
d. SMCA is used for determining the activation curves and 2007)
droplet diameters of activated CCN in the CFSTGC. The in- Thé concentration of WSOC extracted from filter samples
struments were calibrated this way numerous times through:- 1 P
out the study (Fig2); the resulting (absolute) uncertainty in is often too low (lengC L™") to have a measurable im-
effective supersaturation was 0.03% at 0.61% supersatur Jact on surface tension; measurements relevant for CCN

tion, 0.05% at 1.02% for the CFSTGC, and, 0.02% at 0.6%2CtVation need to be obtained at much higher WSOC con-
supérsaturation for the SD ' ' centrations £500 mgC L~—1) (Asa-Awuku et al.2007). Al-

though concentrating these solutions is possible, obtaining
the required volume of organic sample is often impractical
(Asa-Awuku et al.2007). It is possible, however, to infer the
In experiment 38-caryophyllene SOA oxidized in the pres- _surfactant characteristicg of the .SOA from the CCN activ-
ence of Q (Table 1) was collected on a Teflon filter and ity of pure WSOC and mixtures with (NSO, following
subsequently used to characterize the properties of its watef1€ Procedure ohAsa-Awuku et al(2007) andMoore et al.
soluble organic carbon (WSOC) fraction. The WSOC in (2008.

the filter samples was extracted with 20 ml of ultra-pure wa-

ter (18 Mohms) during a 1.5 h sonication process with heat

(bath water temperature60°C; Asa-Awuku et al. 2007,

2008 Sullivan and Weber200§. The WSOC concen-

tration was measured with a Total Organic Carbon (TOC)

e
(=]
1

°
[=2]
1

ﬁ\early measurements
g later measurements

o
H
1

Activated Fraction (CCN/CN)
o
[\

Turbo Siever analyzeSullivan and Webeg2006 and found

to be 10.8.g C mL~1. The extracted sample is subse-
quently atomized, dried, size selected, and characterized for
its CCN activity (following the procedure ofsa-Awuku

et al, 2007 using SMCA between 0.2 and 1.4% supersat-
uration. This procedure is repeated for pure WSOC and mix-
tures with (NH;)2SOy, the composition of which is verified
with ion chromatography (IC) analysis.dKkler Theory Anal-
ysis (KTA), combined with the CCN activity measurements,
are used to infer the molecular weight, surface tensiksa{
?«Wuku et al, 2007 Padb et al, 2007 Moore et al, 2008,

and droplet growth kinetic characteristiéss@-Awuku et al.

2.3 Characterizing the water-soluble fraction of SOA

www.atmos-chem-phys.net/9/795/2009/ Atmos. Chem. Phys., 981252009
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Table 2. Formulae for the sensitivity 0¥, /p, to the dependant the uncertainty of each of the measured paramete(se.

parameters, when applied the WSOC fraction of the SOA. any ofo, @, andv) and®, is the sensitivity of molar volume
tox, dy=-~= (;‘4—) (Table2; Padb et al, 2007 Asa-Awuku
Propertyx  Sensitivity, = (%) et al, 2007, 2008.
2 3 5242 2 3.2 Inferring surface tension
3x256 ( My, 1 M,
(O ) ) ()
© o, — [ 2x256 (Mw )2 <A)3 o303 (%>2 If CCN activity data is available for mixtures of WSOC and
¢ ! /’2 ’;T 12’ Po a salt (e.g. (NH)2SQy), KTA can be used to concurrently
256 ( My, 1 b -3 2 -2 H . .
Vo @, =230 (pw ) (W) (E) o3 2y; infer M,/p, ando (as a function of WSOC concentration)

using an iterative procedurdpore et al, 2008. However,

if enough salt is present in the sample, the contribution of
organic solute is negligible; the effect of the organic on CCN

activity amounts to its impact on surface tension, and can be
inferred as Asa-Awuku et al. 2007,

3.1 Kohler theory analysis of WSOC 5.\ 23
o =au () @

3 Data analysis

Kohler Theory Analysis (KTA) Asa-Awuku et al. 2008 s¢

Padb et al, 2007) is used to infer the average molar volume wheres, is the measured critical supersaturation, ahds
(molecular weightM,, over densityp,) of the water-soluble  the predicted value (from &hler theory), assuming=o,,,
organic fraction. KTA, when applied to organic aerosol of the surface tension of pure water computed at the average
known composition, has been shown to yield organic molarCFSTGC column temperatur&ga-Awuku et al, 2007),

volumes to within 20% Radb et al, 2007). KTA has also 05

been applied to biomass burning aerogsd-Awuku et al, 4 <4Mwaw)1'5 (de3 |:8,~vip; L vjij @)

*
RTpy Pw M; M;

2008, WSOC from alkene ozonolysigAsa-Awuku et al, Se=5%7
2007 and marine organic mattelpore et al, 2008, where
inferredo was in agreement with direct measurements usingvhere the subscrigtand j denote the inorganic salt and or-
the pendant drop technique. KTA has also been used to indanic properties, respectively. In this study, both the methods
fer the soluble fraction and the molecular weights of water-0f Asa-Awuku et al(2007) andMoore et al.(2009 are ap-
soluble components of monoterpene S@delhart et a).  plied to infero as a function of carbon concentration.
2008.

KTA employs measurements of the activation diameter,
for a range of critical supersaturatiaf, to obtain a Fitted

3.3 Inferring the WSOC fraction in the SOA

The SOA formed during the ozonolysis can be described as a
mixture of a water-soluble and insoluble fractions. Assuming
fraction, FCA can be used to infer the average organic molarﬁqe extracted WSOC s similar to the solublg fraction of SOA,
vqume’M /0. 8S we can use thé/, /o, ando of the WSOC estimated by KTA
verko (Sect.3.1and3.2) to infer thee for the SOA. This is done by

M, £V, solving Eq. () for ¢,

— = 2 3 1)
po 22_576(%) (%) a3a)—2 256 MU) 3 M() IOU) Gsw_z
) 827( RT) <p_><M> y ®

whereR is the universal gas constaft,is the measurement Pw ¢ v ¢
temperatureM,, andp,, are the molecular weight and den- 3.4 Quantifying the droplet growth kinetics
sity of water, respectively is the soluble volume fraction,
ando is the surface tension of the droplet at the point of ac-The extent to which droplets grow in each instrument de-
tivation (Sect3.2). For aerosol composed solely of WSOC, pends on the supersaturation profile, residence time, droplet
we assume that=1, and the organic effective van't Hoff fac- growth kinetic behavior, and to a lesser degree, dry parti-
tor, v,=1. cle size Nenes et a.200]). We quantitatively describe the

M,/p, is computed for eacl., d point and an aver- growth of SOA by simulating the process of droplet forma-
age value is obtained. The average molecular weighyt,  tion within each CCN counter using comprehensive com-
is then computed by assuming a density of 1500kgm putational fluid dynamic models: the SD chamber model
(Kostenidou et a).2007). For consistency, the standard de- of Nenes et al(200)), and, the DMT CFSTGC model of
viation in M, /p, is compared against the estimated molar Lance et al(200§. Each of these models numerically simu-

volume uncertaintyA (%> — Iy (@, Ax)2, whereAx is lates the temporal and spatial distributions of \_/elocny, pres-
Po x sure, temperature and water vapor concentration throughout

Atmos. Chem. Phys., 9, 79842 2009 www.atmos-chem-phys.net/9/795/2009/
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the growth chamber of each instrument (the particle and gas 1.0

phases are coupled through release of latent heat and con- [ “A J
densational loss of water vapor); the fields are then used [ SD-(05)
to drive the condensation growth of a population of aerosol 0.8 T A‘ A A
as it flows through the instrument. The kinetic model in- [ Wn A A
cludes aerosol with size-dependant composition; condensaé : A‘Aﬂ*..“
tion growth of aerosol is computed based on asize-dependarg 0.6 1 N o0 SD-(OH +0y)
mass transfer coefficienNénes et al.2001) multiplied by Z [ A » % .'
. S Al

the difference between gas-phase and equilibrium water va® a1 WY o °
por pressure. The latter is calculated with a comprehensive 0 AA“ ® s OH+09 [
implementation of Khler theory that accounts for multicom- [ A" o0 '.' L4 il % 8
ponent aerosol consisting of soluble, partially soluble and in- 02 4 M' ® % (5] A A
soluble material. Organic surfactants can be presentinany | - e CFSTG A LYY
of these fractions. ﬁ © © A a2 o

The CCN models were initialized using the appropriate .0 e ‘
geometric dimensions and operating conditions of each CCN 0 2 4 6 8 10

instrument (Sect2.2). A computational grid of 200 cells in

the radial and 200 cells in the axial direction was used in each
simulation; condensational growth and gravitational settling
in the SD simulations commences after steady state is estal,}-lg_ 3. CCN activity (at~0.6% supersaturation) of 100 np

lished for all gas-phase profiIeS. In CFSTGC simulations,Caryophy"ene SOA formed in the presence of OH (circles) and

the droplet diameter at the exit of the flow chamber is thenythout OH (triangles). Data from the CFSTGC and SD CCN coun-
compared against the measured size distribution, followingers are presented from experiments 1 and 2.

the binning scheme used in the optical detection of the in-

strument Lance et al.2006. Particles with diameter larger

than 2um are counted as droplets in the SD simulations. Or-in the presence of OH, respectively. Aging in the CFSTGC

ganics are allowed to affect the growth kinetics of CCN by counter commences at 0.02 and 0.04 CCN/CN for SOA

modifying surface tension, equilibrium vapor pressure andformed without and in the presence of OH, respectively. Fi-

the water uptake coefficient used to compute the water-vaponally, CCN are immediately measured in the SD, while up to

mass transfer coefficienNénes et a).2001 Lance et al. 6 h are required to register the first CCN counts in the CF-

2009. STGC (Figs.3 and4). The discrepancy in measured CCN
activity is most likely not an experimental artifact, as both
instruments agree very well for calibration (WSO, and

Time After Injection (h)

4 Results and discussion monoterpene SOAHngelhart et a).2008. We postulate
that 8-caryophyllene SOA (at least the hygroscopic compo-
4.1 The diversity of observed CCN activity nent) partially evaporates in the CFSTGC, given that it is

operated at-10°C above the chamber temperature. Con-
Figure 3 presents the CCN activity of 100 nm SOA parti- versely, vapors may condense onto the CCN in the SD given
cles (formed with and without OH in experiments 1 and 2), that particles are exposed to supersaturation at rougtady 1
concurrently measured by the SD and CFSTGC at approxibelow the chamber temperature (though significant composi-
mately the same (0.6%) supersaturation (TdhleCCN ac-  tion changes due to this minor difference in temperature are
tivity is presented in terms of an activated fraction, the ra-unlikely). Changes in instrument operation conditions can
tio of CCN/CN. The gradual increase in CCN activity sug- thus affect the measured CCN properties of the aerosol. If
gests active chemical aging of the aerosol; this is in agreetrue, this suggests that the hygroscopic fraction fromghe
ment withDonahue et al(2009, although it is unclear if it  caryophyllene SOA formed during the reaction withtends
is from oxidation in the gas or aerosol phase. Although bothto be more volatile than the hygroscopic SOA formed during
CCN instruments show an increase of activity with aging, thethe reaction with OH. The SD counter results in experiments
magnitudes and trends of the activated fractions are remarkt and 2 also suggest that the ozonolysis products are better
ably different. First, SOA formed in experiment 1 without CCN than the products of OH reaction.
OH appears more CCN active in the SD counter than SOA Similar behavior is also seen at higher supersaturations
formed with OH oxidation (experiment 2), whereas the CF- (Fig. 4). Consistently with Fig3, the SOA ages significantly
STGC measurements show the opposite. Secondly, SOA inver time. SOA formed in the absence of OH requires a very
the SD counter ages more rapidly (i.e., CCN/CN has a largetong time ¢4 h) before any CCN counts are registered by
slope) than in the CFSTGC,; the SD aerosol ages at a ratthe CFSTGC; SOA formed in the presence of OH generates
of 0.10 and 0.07 CCN/CNH for SOA formed without and  CCN almost immediately.
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Fig. 4. CCN activity of 100 nmg-caryophyllene SOA formedinthe £ B CFSTGC, 5= 0.61%
presence of OH (circles) and without OH (triangles). MeasurementsS 120 + B @~ a ~% IE
are obtained with the CFSTGC at 1.02% supersaturation from ex-§ g .. m
. = ¥ -
periments 1 and 2. £ 110 .. . g- B.
S B0
T 100 - ~.8
4.1.1 Understanding the CCN activit s B CFSTGC, 5= 1 02"/:“%
.1 g y g 9 + ~i~ ~‘ thermod’enlclder' %
> . .
To characterize the time-dependant CCN behavior, SMCA isZ s0 § ® .. -4.6 nm hr”
applied to SOA formed in the presence and absence of OHZ ® “‘.\‘ e
(Fig. 5). In these measurements, CCN activity is quantified 70 £ ‘ @
. . . . . . CFSTGC, s,=1.02% S %
by the activation diameted, defined as the size of particles -
with s, equal to the instrument supersaturation; this is deter- 60 —
mined by the dry aerosol diameter for which CCN/CN=0.5. 0 2 4 6 8 10 12

d is determined for measurements with the SD in experi-
ments 4 and 5 using the methods@iuz and Pandi§l997)
(Sect.2.2.

dwlr]]_ Sgenrib;tfn:: 6(‘)’/]; 2:‘& ;hfcizs(;ug:z;:;ﬁ?lxi t?ii;sg':tsﬁ_g. 5. Activ_ation digmeter as a function of tim¢a) SOA formed

- ’ 1 e without OH in experiments 1 (CFSTGCat=0.61%: grey squares;
arate of around-1nm I~ (Fig. 5a). In the at?ser?c? of OH s¢=1.02%: green circles), 4 and 5 (SDsat0.6%: blue triangles).
and ats=1.02%, the CFSTGC cannot determi@ithinthe (1) SOA formed with OH in experiment 2. CFSTGC measure-
first five hours due to insufficient CCN COUnt&xo CCN ments ats.=0.61% (grey squares), ang=1.02% (green circles)
cm~3). Compared to the SD, the slopedfvith time inthe  are shown. Open red circles correspond to aerosol passed through
CFSTGC is three times larger, suggesting that the volatil-the thermodenuder prior to exposure to 1.02% supersaturation in the
ity of the hygroscopic material in experiments 1 and 2 mayCFSTGC.
change with time. Beyond the sixth hour, the CCN activ-
ity of CFSTGC measurements (i#). for both types of SOA
(with and without OH oxidation in experiments 1 and 2) and through a thermodenuder before introduction into the CF-
supersaturations considered agree to within 5%, suggestingTGC. SMCA is applied to measurements at 0.61% and
that the oxidized products of both SOA types become similar1.02% supersaturation; however, the lack of CCN counts at
(Fig. 4). the lower supersaturation prohibits the determinatios foi

To verify that aerosol volatility accounts for the differ- the whole experiment. For similar reasons, the CCN activity
ences seen in the CCN activity between instruments, weof thermodenuded SOA at 1.02% can not be determined dur-
pass the most volatile SOA (i.e. formed with OH absent)ing the first six hours of the experiment (Figh). When

Time After Injection (h)
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CCN counts are possibld, significantly increases<25%) F -
when the SOA is passed through the thermodenuder. This 13 1 \\ Onfine B-caryophyliene S0 _ A
suggests that the non-volatile aerosol exiting the thermode- [ \ sD A
nuder is less CCN-active than the semi-volatile material, and__ 1.1 + \ —A—
that the latter is primarily responsible for the observed CCN 2 . \ MixedMonoterpene WSOC =< ==
activity of freshly formed SOA. s o9 | A “'p'”er;‘eHWSS%C —&—

Since the CFSTGC is operated at conditions similar to the (RSO —¥—
thermodenuder, some of the soluble material will evaporate 5 7 I
in the CCN instrument and exhibit reduced CCN activity. In $ [ g
the SD instrument however, particles are exposed to supersateg 05 N
uration at one degree below chamber temperature (becausg ~—~ |

X (7))

the temperature difference between plates28C, andsmax [
in the instrument is located halfway between plates). It is 03 +
therefore expected that the SD measurements reflect the CCN . (a)
activity of the particles in the smog chamber, and any addi- 0.1 S S E S —
tional condensation of SOA in the SD chamber (because of 10 40 70 100 130 160 190
the 1 degree difference) will have a minor impact on compo- Activation diameter, d (nm)
sition and CCN activity.

A perceived decrease in CCN activity could also be a re- [ !
sult of kinetic limitations, when the droplets are not allowed 13 1 ﬁ\ —%— (NH,),SO,
enough time to grow to detectable sizearce et al.2006). i --A-- WSOC
In the CFSTGC, CCN are allowed to grow for 10-30s; if _ 1.1 T =O= WSOC with ~ 41% (NH,),SO,
the SOA are kinetically limited, activation in the SD should & i 2
require about the same time. This is however not true, asg 09 T o
droplets in the SD form in less than 5s (Sektt). Hence, = [
the reduced CCN activity is not from kinetic limitations and § o7 &
reflects changes in the aerosol hygroscopicity. o [

The SOA, when activated close to the chamber temper- ’g 05 &
ature (i.e. in the SD) seems to contain more hygroscopic(?) Tt
material, compared to when it is activated in the CFSTGC 03

(Fig. 5). Minor differences in CCN activity are also seen be-
tween SOA formed from @and +OH oxidation, reflected [
in the SD measurements as a small difference in CCN activity 0.1
between the two SOA types (Fig). After sufficient aging 10 30 50 70 90 110 130 150
has occurred, the volatility of organic components may de- Activation diameter, d (nm)

crease enough for CCN activity measurements from the SD

and CFSTGC to converge; this was not seen however in any

of the experiments conducted in this study. Fig. 6. CCN Activity of WSOC from g-caryophyllene SOA col-
lected in experiment 3a) SOA and (NH,;)»,SO4 data are presented
4.2 Characterization of the hygroscopic fraction for comparison. WSOC from mixed monoterpene anginene

hydrocarbon precursor€Efgelhart et a).2009 are also shown.
Figure 6 displays thes. vs. d for g-caryophyllene SOA  (b) WSOC from g-caryophyllene SOA, mixed with (N£)2SOs.
and the WSOC extracted from it. For comparison, we also
present data for WSOC extracted from monoterpene SOA
(Engelhart et a).2008 and (NH;)2S0O4. The results show
that aerosol generated from-caryophyllene WSOC are being less hygroscopidiuff-Hartz et al, 2005 Engelhart
more CCN-active than the original SOA, but less CCN active®t al, 2008 Fig. 6) suggesting that the amount of WSOC in
than (NH:)2S0s. Surprisingly, the CCN activity of WSOC ~ sesquiterpene SOA is much less than in monoterpene SOA.
from oxidation of monoterpenes amdcaryophyllene is re- The molecular weight of the WSOC fraction is summa-
markably similar. Gas Chromatography- Mass Spectrom-ized in Table3, along with the relevant KTA parameters.
etry (GC-MS) analysis of th@-caryophyllene sample ex- The average molecular weight of the WSOC was found to be
clude the presence of monoterpenes; hence similarity ofl56+44 gmol? (Table3). This level of CCN activity is sim-
WSOC properties is most likely an inherent property of the ilar to low molecular weight organic speciesZ00 g mot1)
WSOC. Despite this, the CCN activity of monoterpene andthat are moderately surface actividefning et al. 2005
B-caryophyllene SOA is substantially different (the latter Padb et al, 2007 Raymond and Pandi2002. The molar
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Table 3. Kohler Theory Analysis parameters, molar volume results and uncertainty analysis for the water-soluble frgetiaryophyllene
SOA.

Propertyx Average Uncertainty  Sensitivityp Myl p, uncertainty
(units) Value ofx Ax (m3mol~1x~1)  contribution(%)
FCA, w (m1) 6.86x10°14 1.01x10°1% 3.21x10° 34

o (Nm™1 6.56x10°2  1.32x1073  4.62x10°3 7.0

Vo 1 0.2¢ 1.02x10~4 23.4

My/po (M3mol™1)  1.02x107%4 24.8% - -

M, (gmol~1)P 156 44 - -

@ pased on up to 20% disassociation observed for HUDI&4r et al, 2006); b ps=1500 kg n3 (Kostenidou et a).2007)

volume uncertainty is estimated to be25% (Table3) andis  amounts £>0.03) of soluble non-volatile material exist in
consistent with the observed variability in the inferrdg/ o, the aerosol phase (Figs.and 7). Figure7a suggests that
from previous KTA studies (e.dPadb et al, 2007). ¢ is minimum for aerosol processed in the thermodenuder,

Low molecular weight species consistent with the since that is whew is maximum (Fig.5), and is consistent
KTA estimates have been identified if-caryophyllene  with the hypothesis of WSOC volatility.
SOA, and could result from fragmentation reactions tak- Analyzing the temporal trend of inferredFig. 7a) yields
ing place during oxidation. Jaoui et al.(2003 identify some very interesting aspects of the SOA aging process.
3,3-dimethyl-2-(3-oxobutyl)-cyclobutane-methanal and 3,3-Early on in the experiment (0-5 h), theinferred from the
dimethyl-2-ethanal-cyclobutane, of molecular weight 192 CFSTGC 0.61% and 1.02% datasets is almost identical; this
and 154 gmot!, respectively in the aerosol phasd.ee is consistent with the SOA being initially of uniform com-
et al.(2006 using proton transfer reaction mass spectrometryposition (and also confirms that the method to infagives
(PTR-MS) measured several unknown compounds of massonsistent results across a wide range of operation conditions
charge ratiqm/2 <250. In particularlee et al(2006 iden- and experiments). Later on in the experiment (5-1% log-
tified a compound withm/z=159 in the ambient and labora- tween the two supersaturations diverge; the 1.02% dataset
tory experiments of-caryophyllene. tends to infer a larges than for the 0.61%. This is con-

Addition of (NH4)>SOy to the WSOC mixture could pro-  sistent with size-dependant processing of the aerosol in the
duce better CCN than using pure (WSO alone, if the  chamber; smaller particles (i.e. those withe1.02%), be-
organics depress surface tension. This is indeed the caseéause of differences in their surface-to-volume ratio, would
and shown in Fig6b; the activation curve of the aerosol tend to age more quickly than larger particles (i.e., those with
composed of 92% sulfate should lie to the right of the pures.=0.61%). It is unclear however if this aging is from the
(NH4)>SOs. Instead, the organics (presentifi0%) depress ~ condensation of gas-phase species, or chemical aging of ma-
surface tension (by-5%) so that the mixture behaves like terial within the aerosol volume.
pure (NH;)2SO4. Similar CCN enhancement from surface  Figure 7b presents the sensitivity of to the value of
tension depression is also seen in monoterpene and marind,/p, ando used in Eq. 4); despite the large variations
WSOC Engelhart et a).2008 Moore et al, 2008, suggest- considereds does not change by more than a factor of 1.5
ing that this level of surface tension depression, with the ex-and does not exceed 30%. This finding is consistent with the
ception of HULIS Asa-Awuku et al.2008, may be a robust  hypothesis that the soluble (hygroscopic) material is present
characteristic of CCN containing water-soluble organics. Us-in small amounts in the aerosol; because of this, volatiliza-
ing the methods ofsa-Awuku et al(2007) andMoore etal.  tion of small amounts of the soluble fraction will strongly
(2008, the organics in the salted WSOC samples are inferredmpact CCN activity.
to depress to 65.6£2.1m N nTL.

4.4 Composition and droplet growth kinetics
4.3 Estimating SOA soluble fraction
Figure8 shows that more than six hours of aging are required

Once the surface tension and average molar volume of thbefore the SOA withk.=1.02% can grow to droplet sizes sim-
WSOC is determined, its volume fractian,in the SOA can  ilar to those of (NH)>SO4; even more time is required for
be inferred by applying Eq.4j to the online CCN activa- particles withs,=0.61%. The range of observed growth ki-
tion data. The result of this calculation is shown in Fig, netics is much larger than shifts in the particle equilibrium
wherese is plotted against time for all the experimental data vapor pressure can account for, and are attributed to changes
of Fig. 5. CCN activity is only observed when sufficient in the water vapor mass transfer coefficient. Combining the
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(b) Fig. 8. Droplet diameters of activated SOA particles with
L o equal to the instrument supersaturation, for experiments 1 (circles)
w 03 4+ @?%%na and 2 (triangles). Results are shown for particles wijth1.02%
c : I%DF (closed and open) and 0.61% (grey) supersaturation. Aerosol
S : g@nﬁ passed through the thermodenuder is shown with open circles. The
8 - T shaded green and grey bands represent the average droplet size
i 02+ liﬁ,jg h‘ of calibration (NH;)2SO4 with critical supersaturation of 1.02%
o - r B (7.7+0.25,.m) and 0.61% (5.20.25.m), respectively.
3 011 g
0.1 § @ pressed as an increasesineventually diminishes the extent
g § % of this delay.
- Figure9 presents droplet sizes of WSOC (pure and mixed
0.0 +———————j oy B B with (NH4)>SO4) as a function ofs.. For comparison,
0 2 4 6 8 10 12 droplet sizes for pure (NIJ2SO; and SOA CCN are pre-
Time After Injection (h) sented. The WSOC (pure and salted) behave much like

(NH4)2S0Oy, as the wet diameters for all samples are within

one size bin (0..m) of the OPC sizing. This, combined
Fig. 7. Inferred soluble fraction as a function of aging for ex- wjth the marked delay in growth of SOA CCN (Figdand
periments 1, 2, 4 and 5. Square symbols represent SD measurgy strongly suggests that the source of kinetic limitations in

ments; circles and triangles represent CFTGC measurements fqf,«, |5tter arises from the “insoluble” component of the SOA.
SOA formed in the presence and absence of OH, respect{zly. .
inferred assuming-=66m N n ! and M,=156 gmot-! for SD To compare the observed droplet growth kinetics in both

measurements at 0.6% (red squares), CFSTGC measurements &N counters, we derive thefrom the simulations of CCN
1.02% (green symbols), 0.61% (blue symbols), and, for aerosoRctivation in each instrument. Figut@ shows the simulated
passed through the thermodenuder and exposed to 1.02% supers@@rmalized droplet concentration in the view volume of the
uration (purple symbols)b) Sensitivity ofe to o andM, for data ~ SD (used for determining the CCN concentration), as a func-
obtained with the SD and (squares) and CFSTGC (circtesf6m  tion of time andx. The simulations suggest thatstrongly
N T’l, Mo=1569m10f1 (darkest closed symbolsi=72m N jnfluences the timing, but not the value, of peak droplet con-
m~ . Mp=156gmof - (lightly shaded symbols), and:=66m N centration; we therefore use the timing where the peak con-
m™", M,=250g mol= (open symbols). centration is obtained to constrainin the SD CCN mea-
surements. The droplet formation timescale in the view vol-
ume was measured 4 h (3#0.60s) and 8h (3.320.505s)
data in Figs.7 and8 indicates that the SOA droplet growth into experiment 4, and are shown as dashed lines inlfgig.
kinetics accelerate asincreases; this suggests thgthe in- simulations suggest that the SOA water vapor uptake co-
soluble material may somehow form surface films that canefficient is low early on ¢~0.03) and increases to values
delay growth, andij) the chemical aging of the aerosol (ex- consistent with (NH)>SOy (2.23£0.19s) and hydrophilic
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Fig. 10. Simulated droplet concentration within the viewvolume of
Fig. 9. Droplet sizes of WSOC CCN with. equal to the instru- the SD CCN Counter as a function of time and water vapor uptake

ment supersaturation (square symbols). Data is obtained from excoefficient. Peak supersaturation in the counter is 0.6%, and ini-
periments 1, 2, and 3. Corresponding droplet sizes forgue,  tially is filled with monodisperse#=100 nm)s-caryophyllene SOA
(black circles) and SOA CCN (triangles) are also shown. composed of 10% WSOC (with the composition shown in T&jple

(monoterpene) SOA. Although the variability in activation
timescale is large, these shifts are statistically significant;y poth instruments may at first seem counterintuitive, but
values ofa below 0.03 are highly unlikely, since the tim- g consistent with thermal processing of the SOA in the CF-
ing difference in the peak concentration becomes very Iarg%TGC and thermodenuder. Modification of CCN can hap-
(Fig. 10). pen in many ways; for example, evaporation of hygroscopic
Figure 11a shows the simulated droplet size at the exit volatile compounds, preferentially from the surface layers of
of the CFSTGC column as a function affor CCN with  the aerosol, and, redistribution of insoluble “waxy” material
5.=1.02% (blue) and 0.61% (magenta). The size of activatedo the CCN surface, especially if the viscosity changes sub-
calibration (NH;)>SO, with corresponding critical supersat- stantially in the 25-35C range (i.e. it partially melts). In
urations is also shown; simulations suggest thatdher ~ both cases, a “barrier” of insoluble and hydrophobic mate-
(NH4)2SO particles ranges between 0.04 and 0.06, whichrial could form between the hygroscopic fraction of the SOA,
is consistent with expectations and the SD simulations. Thevhich would then decrease the growth rates of the activated
agreement in inferred between instruments confirms that CCN. The available data seems to support the thermal mod-
the CFSTGC and SD models are a consistent representatidfication hypothesis becausg « is strongly anticorrelated
of the growth kinetics in each instrument. with the residence time at elevated temperatures, since CCN
The simulations of Figlla can be combined with the processed in the thermodenuder exhibits the slowest growth,
droplet size data of Fig8 to infer the water vapor uptake followed by the CFSTGC data (with non-denuded aerosol)
coefficient for the activated SOA in the CFSTGC, and is and the SDji) CCN with s.=1.02% grow more quickly in
shown in Fig.11b. Compared to the SD, growth kinetics the CFSTGC than those with=0.61%, because the WSOC
in the CFSTGC are substantially slower, with the follow- fraction in the former is higher, andi) given that particles
ing characteristicsi) aerosol thermally treated in the ther- With 5.=1.02% have a smaller dry diameter than those with
modenuder exhibits the slowest behavior, with 4 times lowers.=0.61%, the amount of insoluble material (hence the ki-
a than (NHy)2SQy, ii) aerosol that is not pretreated in the netic barrier) is much less; this explains why the aerosol es-
thermodenuder exhibits slow growth kinetics early on in thetablishes “rapid growth” kinetics towards the end of the ex-
experiment. Aging gradually accelerates growth, until it periment.
reaches the levels of ammonium sulfate (after 10 h of aging), Other mechanisms can limit the growth rate of CCN, but
and,iii) the growth ak.=0.61% is slower than particles with may not be active irB-caryophyllene SOA. For example,
s.=1.02% particles and takes longer to reach “sulfate rates”.diffusion-controlled dissolution of the soluble material in the

The diverse range of uptake coefficients inferred for CCN
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terial to the CCN). Chemical reactions are also a possibility,
but cannot be explored using the information available.

If volatilization of hygroscopic material (or melting of in-
solubles) is responsible for the variability seen in droplet
growth kinetics, a common scaling law could be derived be-
tweena and the amount of insoluble material in the particle
(i.e.&). Indeed, this is the case (Fitj2); the correlation be-
tween the quantities is quite striking, as it shows an explicit
relationship between composition and growth kinetics which
to first order applies for all the experiments and CCN instru-
ments used in the study.

5 Implications — conclusions

A combination of modeling with measurements of CCN
activity, droplet growth kinetics and volatility provides a

5¢=1.02% (blue) and 0.61% (magenta). The size of activated cgiUnique insight on the droplet formation characteristicg of

ibration (NHy)2SOy is also shown for comparison(b) Inferred
water vapor uptake coefficient for the growth kinetic data of Big.
For comparison, the range of inferredor (NH4)2SCOy is shown in

the blue shaded area.

CCN (Asa-Awuku and Nene2007) is unlikely to be im-

caryophyllene SOA. We find that the particles contain small
amounts of hygroscopic material;, hence, even if sesquiter-
penes have higher aerosol yields than monoterpenes, they
are less CCN-active. From our KTA estimates, the WSOC
constitute 5-10% of the SOA mass, moderately depresss sur-
face tension and is composed (on average) of low molecu-
lar weight compounds<250 g mot1). Remarkably, these

portant, given that solute diffusivity (hence growth kinetics) properties are similar to water-soluble organic carbon ex-
should be faster at higher temperatures, contrary to what isracted from monoterpene oxidation (although the soluble
seen in our experiments. Condensation/dissolution of matevolume fraction is much higher, between 70% and 10896,

rial from the gas phase is also possible, but also unlikely, agielhart et al.2008. This suggests that WSOC in biogenic
the thermodenuded aerosol should then exhibit faster growtlisOA may have similar CCN properties (solubility, molecular
kinetics (because of higher mass transfer rates of soluble maweight and surfactant characteristics), and that differences in
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the CCN activity of SOA from different parent hydrocarbons fraction implies that one mechanism (that scales inversely
may be primarily arise from the WSOC mass fraction; if true, with soluble volume fraction) is likely responsible for the
this can constitute the basis for a simple and mechanisticallyobserved growth delay, and, that it is from the presence of
based approach to represent the CCN activity of SOA as @nsoluble material. If this occurs in the atmosphere, the im-
function of atmospheric age (as one needs to only simulatglications of these findings for cloud droplet formation are
the WSOC fraction of the SOA). many: i) similar to CCN activity, a diurnal cycle of growth

A major finding of this study is that the hygroscopic ma- kinetics for biogenic aerosol may exist, with potentially im-
terial in B8-caryophyllene SOA is semivolatile. The implica- portant impacts on the droplet size distribution and aerosol-
tions for CCN measurements are very important; the tem-cloud interactionsii) the concept of “external mixing” may
perature at which CCN measurements are carried out, if the@ot be only important for CCN activity (i.e.), but also for
aerosol is volatile and composed of a low fraction of sol- droplet growth kineticsiii) evaporation of SOA in the dry,
uble material, may strongly bias the observed CCN activ-free troposphere could form particles that are kinetically lim-
ity. In our study, this bias shifted measured activation di- ited, and,iv) SOA with high soluble fractions (e.g. monoter-
ameters between 25 and 30% and prevented CCN detectiogpene SOA) may grow as quickly as inorganic salt CCN (e.g.
during the first half of the experiments. However, the bias(NH4)>SO4) (which is consistent with the limited data avail-
can be identified and quantified if the aerosol is periodicallyable to dateEngelhart et al(2008). Whether a simple re-
passed through a thermodenuder, or, if CCN measurementationship between ande exists for lower parent hydrocar-
are undertaken at different temperatures. The volatility ofbon concentration or other SOA systems still remains to be
WSOC, if relevant SOA is formed in the atmosphere, car-found; the approach outlined in this study could be used to
ries important implications; since the temperature range inunravel and parameterize the complex relationship between
our measurements is typical of diurnal variations found dur-volatility, CCN activity, growth kinetics and composition.
ing summertime conditions (where biogenic emissions and
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