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Abstract

Interaction of biogenic volatile organic compourf¥©C) with anthropogenic VOC affects
the physicochemical properties of secondary orgaeiosol (SOA). We investigated cloud
droplet activation (CCN activity), droplet growthinktics, and hygroscopicity of mixed
anthropogenic and biogenic SOA (ABSOA) compareguce biogenic SOA (BSOA) and
pure anthropogenic SOA (ASOA). Selected monoterpesned aromatics were used as

representative precursors of BSOA and ASOA, respygt

We found that BSOA, ASOA, and ABSOA had similar C@Rtivity despite the higher
oxygen to carbon ratio (O/C) of ASOA compared toCBSand ABSOA. For individual



reaction systems, CCN activity increased with tbgrde of oxidation. Yet, when considering
all different types of SOA together, the hygroscitgiparameterkccn, did not correlate with

O/C. Droplet growth kinetics of BSOA, ASOA, and ABS was comparable to that of
(NH4).SOy, which indicates that there was no delay in théewaptake for these SOA in

supersaturated conditions.

In contrast to CCN activity, the hygroscopicity g@aeter from hygroscopic tandem
differential mobility analyzer (HTDMA) measurememrt;rpma, 0f ASOA was distinctively
higher (0.09-0.10) than that of BSOA (0.03-0.06hick was attributed to the higher degree
of oxidation of ASOA. The ASOA components in mixédBSOA enhanced aerosol
hygroscopicity. Changing the ASOA fraction by adpiBVOC to ASOA or vice versa
AVOC to BSOA changed the hygroscopicity of aerosoline with the change in the degree
of oxidation of aerosol. However, the hygroscopiof ABSOA cannot be described by a
simple linear combination of pure BSOA and ASOAteyss. This indicates that additional

processes, possibly oligomerization, affected fggdscopicity.

Closure analysis of CCN and HTDMA data showeglbma Was lower tharkccy by 30%-
70%. Better closure was achieved for ASOA compaoeBSOA. This discrepancy can be
attributed to several reasons. ASOA seemed to Hagker solubility in subsaturated

conditions and/or higher surface tension at thevatadn point than that of BSOA.
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1 Introduction

Secondary organic aerosol (SOA) is an importargscle atmospheric aerosol with impacts on
air quality, human health and climate change (Hgdiiget al., 2009; Kanakidou et al., 2005;
Jimenez et al., 2009; Zhang et al., 2011; Verma.eR014). Despite substantial improvements
in the understanding of SOA formation mechanisms pioperties, considerable uncertainties
remain about the regional and global budget of S@A. Goldstein and Galbally (2007)).
Models often do not correctly predict the ambiemheentrations of organic aerosol (OA) (e.qg.,
Spracklen et al. (2011), Heald et al. (2005)), amblally the modeled concentrations
underestimate the observed OA concentrations (8Bleraet al., 2011). Recent studies suggested
that interactions between biogenic volatile organmmpounds (VOC) and anthropogenic
emissions can enhance SOA formation and often, emhl8DA concentrations correlate with
anthropogenic tracers such as CO or isopropylteittde Gouw et al., 2008; de Gouw et al.,
2005; Weber et al., 2007; Shilling et al., 2013; &ual., 2015). Howevef:’C carbon isotopic
analysis showed that the SOA material itself is posed mostly of modern carbon, i.e. arises
from biogenic sources, including biomass burningPéf et al., 2007; Zotter et al., 2014). These
observations suggest that a consideration of ahr@gmgenic enhancement can reduce the
discrepancies between models and observations ¢dev @t al., 2005; Goldstein et al., 2009;
Hoyle et al., 2011; Worton et al., 2011; Glasiualet2011).

Anthropogenic VOCs (AVOC), such as aromatic compuisuare possibly important factors that
lead to enhanced SOA formation as their oxidatiomdpcts can interact with biogenic VOC
(BVOC) oxidation products during SOA formation, stsown by several studies (Hoyle et al.,
2011; Emanuelsson et al., 2013; Flores et al., R0d4 recent study, Emanuelsson et al. (2013)
found that anthropogenic SOA (ASOA) components cedthe volatility of biogenic SOA
(BSOA) in a non-linear way with respect to the AS®action, possibly by oligomerization or a
phase change such as formation of a glassy statan({ielsson et al., 2013; Virtanen et al., 2010;
Koop et al.,, 2011). The reduced volatility in thexed SOA (anthropogenic-biogenic SOA,
ABSOA) can enhance SOA persistence and concentgiio the atmosphere. Flores et al.
(2014) investigated the optical properties of BS@G®A from simultaneous addition of BVOC
and AVOC and SOA from sequential addition of BVO@ a&AVOC. They found that both SOA
from mixed AVOC and BVOC show an increase of scettecomponent of the refraction index
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with aging (increase of the oxygen to carbon rédC)) and the increase is greater for SOA
from simultaneous addition of BVOC and AVOC than/Sfiom sequential addition of VOC.

Besides the thermochemical and optical propertiesid droplet activation (cloud condensation
nuclei (CCN) activity) and hygroscopicity are imgant physicochemical properties that have
critical implications for the impact of aerosol arimate. It is possible that enhanced
oligomerization which happens in the mixed aer@soticles could modify its CCN activity and
hygroscopicity (Xu et al., 2014). Given that CCNiwdty and hygroscopicity correlate with the
aerosol O/C in many cases and given that ASOA témdsgve a higher O/C (Chhabra et al.,
2011; Emanuelsson et al., 2013), it is expected ABOA components enhance the CCN
activity and hygroscopicity of mixed SOA. Howevay,the best of our knowledge, the influence
of the interaction of AVOC with BVOC on CCN actiyitnd hygroscopicity of SOA has not

been studies from the literature.

Several field studies found a delay in droplet gfokinetics of the aerosol from anthropogenic
origin when compared with the aerosol from biogesmgin (Shantz et al., 2010; Shantz et al.,
2012). ASOA, as an important anthropogenic aerasal; contribute to this delay. In addition, a
recent laboratory study suggests limited mixing S®@A formed by sequentially mixing a
biogenic precursorafpinene) with an anthropogenic one (toluene) (Letaal., 2013). It is
possible that limited mixing could affect water aljge by ABSOA and delay droplet growth
when the diffusion of water within aerosol partialas suppressed. Yet, no laboratory studies on
the droplet growth kinetics of ASOA and ABSOA haeen found.

In this study, we investigated the effect of thieiiaction of ASOA and BSOA on CCN activity
and hygroscopicity of aerosol. We also studiedkinetics of droplet growth of ASOA, BSOA
and mixed ABSOA.

2 Experimental

2.1 Experiment setup and instrumentation

The experiments were conducted in the atmosphereglaion chamber SAPHIR (Simulation of
Atmospheric PHotochemistry In a large Reaction dien SAPHIR is a double-wall Teflon
chamber with a volume of 270°mDetails of the chamber have been previously dteedr
(Rohrer et al., 2005; Bohn et al., 2005). The chemuises natural sunlight for illumination and is

4
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equipped with a louvre system which can be usedsitoulate dark processes. For the
experiments described here, various instrumentatigare used to characterize gas phase and the

particulate phase species.

Chamber parameters like temperature, relative hitynifiow rate, and photolysis frequencies
were also recorded. The actinic flux and the cpading photolysis frequencies were provided
from measurements using a spectral radiometer (Bbhah, 2005; Bohn and Zilken, 2005).

The number concentration and size distributionsaefosol were measured by a scanning
mobility particle sizer (SMPS, DMA model 3081/CPMael 3785, TSI Shoreview, USA) and
separate condensation particle counter (CPC, n8¢k&8, TSI) to allow detection of nucleation

particles down to 3 nm.

The chemical composition of aerosol was measureda biigh-Resolution Time-of-Flight
Aerosol Mass Spectrometer (HR-ToF-AMS, Aerodynedaesh Inc., USA). To characterize the
degree of oxidation of aerosol, the oxygen to canadio (O/C) and4, (fractional contribution

of m/z 44 to the total organics signal) were ol#difrom the mass spectra. The O/C (corrected
for the minor influence of gaseous components) dexsved by the elemental analysis of mass
spectra obtained in the high mass resolution ma&lempde) of the mass spectrometer as
described by Aiken et al. (2007) and Aiken et 2008). The contributions of gas phase.@dd
water vapor to m/z 44 and to m/z 18, respectivelgre characterized using a €é@nd HO
analyzer (Picarro, Santa Clara, USA). The valuesewgabtracted to obtain the particle signals

before the elemental analysis (Allan et al., 2004).

Droplet activation and droplet growth were measunsthg a size scanning CCN method as
described previously (Buchholz, 2010; Zhao et2010). This method, also known as Scanning
Mobility CCN analysis (SCMA, (Moore et al., 2010gas been successfully used in a number of
previous studies (Asa-Awuku et al., 2008; Padralet2007; Engelhart et al., 2008; Asa-Awuku
et al., 2009; Asa-Awuku et al., 2010; Engelhartket 2011). The measurement was done by
coupling a differential mobility analyzer (DMA, mebl3081, TSI Shoreview, USA) with a cloud
condensation nuclei counter (CCNC, Droplet Measerg@nTechnique, USA) and condensation
particle counter (CPC3786, TSI). Before entering ititstruments, the particles were dried using
a silica gel diffusion drier (gradually drying td6% RH) with a residence time of around 3s.
Particles then passed through the DMA and the cuggair was split into two paths connecting

5
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to the CCNC and CPC, which measure the CCN anddclouclei (CN) concentrations,
respectively. The flow rate of the CCNC is arounsl KY'min with a sheath to aerosol flow ratio
of 10. The residence time in the CCN column is aco@?4 s with the time in the final
supersaturation slightly shorter (Lance et al., &00rhe DMA scanned over a size range
between 10 and 450 nm while the supersaturation (&8ained constant. And four to five
different supersaturations in the range of 0.19%4l\8ere used depending on the particle sizes.
From the measurement, CCN activation fraction @iee and the dry activation diameter (or
critical dry diameter, B:) was obtained using a method as described in Buzh{2010).
Briefly, for each particle size, the CN and CCN centrations measured were used to calculate
the activation fraction &= CCN/CN). Before awas calculated, the measured CN and CCN
concentrations were corrected for multiple chargadicles. To separate the single from the
multiple charged patrticles, the fraction of mukigharged particles was calculated according to
a Boltzmann charge distribution using the measwied distribution (Wiedensohler, 1988).
Then, a was determined for each charge class separatelyfited with a Gaussian error
function (Rose et al., 2008). The dry activatioandeter at the set SS is the turning point of this

function.

For each SS at least three full scans were perfiband the resulting {& were averaged. For the
calibration of SS, B of ammonium sulfate at various SS was measuredcantpared to
theoretical data in the literature (Rose et alQ80The set SS was corrected according to the
theoretical data. From the CCN data, the hygrositypiparameterkccy was calculated
according to the one parameter representationeoKibhler equation proposed by Petters and
Kreidenweis (2007). The error barsiqfcy were estimated using the standard deviation gf D
from three duplicate scans. A higher hygroscopipdyametek indicates a more hygroscopic
material, i.e. cloud droplet activation at lower 88 particles of a given size or at smaller size

for a given SS.

The hygroscopic growth of the aerosol was measusaly a home-built hygroscopic tandem
differential mobility analyzer (HTDMA). The detaits the HTDMA were described previously
(Buchholz, 2010; Zhao et al., 2010). Particles wsaiected using the first DMA and then were
exposed to a prescribed relative humidity to meague growth factor. Hygroscopic growth was

measured at different RH. The sizes of the hunadifparticles were determined by the second
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DMA which was operated in a scanning mode in cofam with a CPC (model 3022A, TSI).
The size selected aerosol flow and the sheathair 6f the second DMA were humidified at
room temperature (25-30°C depending on the suriiagejito almost the same relative humidity
(RH) with the sheath air at slightly higher RH. Tdexond DMA was kept in a thermo-insulated
box which was cooled to 20 °C. Both aerosol and#hair flow were cooled down to the same
temperature before entering the second DMA, and the RH increased to its final value. The
residence time of particles at the final humidsyaipproximately 30 s before they entered the
SMPS operated with sheath air of the same RH. Tggokcopic growth factorGF) was
calculated as the ratio of the size of the wetigar{Dwe) to the selected dry size {§). The
HTDMA was calibrated using ammonium sulfate aerdsplcomparing with the theoretical
growth curve (Rose et al., 2008). From hygroscgpievth factor at 90% RH, the hygroscopicity
parameterkytpma, Was calculated according to Petters and Kreiden(@®07). The error bars
of Kytpma Were estimated using the standard deviation ogtbevth factor at (981) % RH of at

least three duplicate scans.

SOA samples were collected on PTFE filters at thd ef different experiments to obtain

detailed insight into the chemical composition lbé taerosol particles. The details of sample
collection and analysis are described in Emanuelstal. (2013) and Kristensen and Glasius
(2011). Before the filters, the air passed throaghannular denuder coated with XAD-4 resin to
remove gaseous organic species. The filters weteaat®d and analyzed using a Dionex
Ultimate 3000 HPLC system coupled through an ebsgiray (ESI) inlet to a q-TOF mass
spectrometer (micro-TOFq, Bruker Daltonics GmbHgBen, Germany), which was operated in
both positive and negative mode. Pinonic acidpaise acid, terpenylic acid, diaterpenylic acid
acetate (DTAA) and 3-methyl butane tri-carboxylicicda (MBTCA) were quantified using

authentic standards.

For SOA from part of the experiments (experimen8#BB4, AB6 as in Table 1), samples were
also collected on quartz fiber filters and analybgdultra-high resolution mass spectrometry
(UHRMS). In this analysis, the aerosol samples wextracted as described elsewhere
(Kourtchev et al., 2013). The extracts were analyzging an ultrahigh resolution LTQ Orbitrap
Velos mass spectrometer (Thermo Scientific, Brem@armany) equipped with a TriVersa

Nanomate robotic nanoflow chip-based ESI sourcevigxdBiosciences, Ithaca NY, USA). The
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Orbitrap MS instrument calibration, settings andssapectral data interpretation are described
in Kourtchev et al. (2014). The mass accuracy ef itistrument was below 1.5 ppm and the
instrument mass resolution was 100,000 at m/z #06. negative ionization mass spectra were
collected in three replicates and in this studyly aons that appeared in all three analytical

replicates were kept for evaluation.

The VOC were measured by a high resolution protansfer reaction-mass spectrometer (HR-
PTR-MS, lonicon, Innsbruck, Austria) (Jordan et 2009) and gas chromatography coupled to a
mass spectrometer (GC-MS, PerkinElmer, Waltham, JX8fel et al., 2008; Kaminiski, 2014).

The OH concentration was measured directly usisgrinduced fluorescence (LIF) (Fuchs et
al., 2012). The OH radicals inside the chambermaaely formed by the photolysis of HONO
formed via a photolytic process on the chambersyalhd to a minor fraction bys@hotolysis
(Rohrer et al., 2005). From the OH concentratitve, ©H dose was calculated and used as a
common abscissa in order to better compare diftezgperiments. The OH dose is the integral
OH concentration over time that gives the accumadl@H concentrations to which gases and
particles were exposed in the course of experim@né hour exposure to a typical atmospheric
OH concentration of 2xfOmolecules cni is then equivalent to an OH dose of 7.2%10

molecules cri s.

2.2 Experimental procedure

The experimental procedures have been describesviedse in details (Emanuelsson et al.,
2013; Flores et al., 2014) and only a short desorigs given here. The chamber was typically
humidified to 60-70% RH in the beginning of the ekment and relative humidity can vary in
the range of 30-70% due to the ambient temperatbhamge and the dilution by the flow to
compensate the sampling loss. In a typical exparim&OC was added to the chamber and then
the roof was opened to start the photooxidatiorsdme experiments,;Qvas added. In all the
experiments, particles formed by homogeneous nticteand no seed was added. In the BSOA
experiments, a monoterpene mixtureospinene and limonene with a molar ratio of 1:1 was
used as the representative BSOA precursors arghdoxidation induced BSOA formation.
Ozone was added to initialize BVOC oxidation andtipke formation. In the ASOA

experiments, toluene or xylene was used as theseptative ASOA precursors. In the mixed



N

© 00 N O o b~ W

10
11
12
13
14
15

16

17

18

19
20
21
22
23
24
25
26
27
28

SOA experiments (ABSOA), AVOC and BVOC were addeither simultaneously or
sequentially to investigate the potential effecadfling order.

In total, three BSOA experiments (including onengsi-pinene as precursor), seven ASOA
experiments, and six mixing experiments (ABSOA)mbiogenic and anthropogenic precursors
were analyzed in detail and the summary for thegerments is given in Table 1. In two
experiments (#AB1, AB2), AVOC was added 6.3 h beftte BVOC. In experiments with
sequential VOC addition, the second VOC was add&dnhlafter the SOA mass concentration
generated from the first addition reached its maxim Accordingly, the time lag was longer
when AVOC was added first due to its lower reattivin two experiments (#AB3, AB4),
BVOC was added 2.5 h and 5 h before the AVOC, @smdy. In the other two experiments
(#AB5, ABG6), BVOC and AVOC were added simultanegusko the chamber. In the ABSOA
experiments, the mass fraction of ASOA in the tatxosol was estimated using a method based
on the aerosol mass yield and VOC consumed asibeddry Emanuelsson et al. (2013), where
ideal mixing of ASOA and BSOA components was asslimessuming the same density for
ASOA and BSOA, the mass fraction of ASOA is eqoatg volume fraction.

3 Results and discussion

3.1 Droplet activation of BSOA, ASOA and ABSOA

3.1.1 Comparison of droplet activation of BSOA, ASOA and ABSOA

Droplet activation of BSOA, ASOA and ABSOA at var® supersaturations (SS) was
parameterized by applying the hygroscopicity pateme-cn (Petters and Kreidenweis, 2007).
Generally,kcen was found to increase slightly with time in thghli periods and remained
relatively constant or slightly decreased in thekdzeriods (overview in Fig. S1). The increase
of Kcen Wwith time in the light period is attributed to ghohemical aging, which leads to
functionalization, i.e. the formation of oxidizedbmpounds with hydroperoxide, hydroxyl,
carbonyl, and carboxylic acid groups (Kroll and reid, 2008; Zhao et al., 2015b).
Photochemical aging is thought to mainly happeth& gas phase (Donahue et al., 2012) and
affect the particle composition by partitioningth@ugh heterogeneous oxidation and particle

phase oxidation may also play a role. The formatwdnoxidized compounds with polar
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functional groups is also supported by the oueffilsample analysis of SOA, showing the
formation of a number of organic acids, carbonyhpounds and multi-generation compounds
such as 3-methyl butane tricarboxylic acid (3-MBT)CA tracer for photochemical ageing
(Zhang et al. (2010), see also Table 3 of Emanoelgt al. (2013)). This functionalization
increases the SOA average polarity and thus enbampgroscopicity (Duplissy et al., 2008;
Topping et al., 2005; Suda et al., 2014). We fotnradkccn depended on SS. Since different SS
correspond to different critical sizes, this depama® indicates a size dependent chemical
composition of aerosol (Zhao et al., 2015a). Whemggaring CCN activity of different SOA,

Kcen at similar supersaturation was examined.

The droplet activation of BSOA, ABSOA, and ASOA fiaes represented ytcy is compared
for two SS (0.51% and 0.34%) in Fig. 1. Differerperiments required different ranges of SS
because of the achievable particle size rangesallysASOA particles were smaller and thus
higher SS were needed to get a proper range eb#iot fraction to derive [:.. Therefore, we
chooseccy at two SS in the medium range, 0.34% and 0.51%onaopare between experiments
thus maximizing experiments with overlapping SSordder to compare CCN activity of different
SOA particles from different experimenkg,cy is plotted as a function of OH dose (Fig. 1a), the
integral OH concentration over time to which thetigkes were exposed. The CCN activity of
the three types of aerosol is generally similasimilar OH dose. In addition, with exception of
BSOA, Kcen IS largely invariant over a wide range of OH dosspiivalent to 1-4 days of OH
exposure in the atmosphere (assuming average Ot¢etation 210° molecules ciiand 12 h

sunlight per day).

Similarity in CCN activity of ASOA, BSOA and ABSOAvas also observed in the ABSOA
experiments with sequential VOC addition, independs the order of addition of AVOC or
BVOC. When BVOC was added after AVOC to the chambesides the reaction with OH,
BVOC also reacted with Oformed previously from photochemical reactionsAMOC. The
reaction products from both ozonolysis and OH axiatahelped to convert ASOA rapidly to
ABSOA reaching significant fractions of BSOA (ef)% within 2.5 h, Fig 2a). Howevetccn
remained largely unchanged within the experimemtglertainty upon the formation of ABSOA
(green and blue markers). Note thajcy should be compared at similar SS becaxsey
depended on SS and the SS range changed due particte size shift after BVOC addition.

10
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Such invariance was also observed when BVOC wasdafiit to form BSOA and then AVOC
was added to form ABSOA (Fig. 2b). Therefore weatode that BSOA, ASOA and ABSOA

have similar CCN activity.

For BSOA, Kcen increased with photochemical aging at all SS. A80OA and ABSOA Kcen
increased with photochemical aging only at high8rvéile kccy remained relatively stable at
low SS (Fig. S2). The increase kfcy with aging is a result of oxidation to form oxygeed
compounds with higher affinity for water. At thensatime, the volatility of BSOA, ASOA, and
ABSOA in these experiments decreased with the O¢¢ ¢Emanuelsson et al., 2013), indicating
that these hygroscopic components were at the siameeless volatile than the initial aerosol

components.

Figure 1b showxccn as a function of O/C. Although the O/C of ASOA aABSOA was
generally higher than that of BSOA (Fig. 1b), thisr@o significant difference between the CCN
activity of ASOA, ABSOA, and that of BSOA. This syests that although ASOA components
increased the O/C of ABSOA and decreased its WityatEmanuelsson et al., 2013), it did not
enhance its CCN activity. We conclude that theradgon of AVOC with BVOC oxidation
products, such as potential oligomerization dutimg photochemical oxidation does not affect
CCN activity of the resulting ABSOA. Decreasing afility and invariant CCN activity at higher
O/C induced by presence of ASOA components indécdiiéerent effects of oligomerization and
photochemistry on volatility and CCN activity of rasol. While both oligomerization and
photochemical aging reduce the volatlity (Emansets et al., 2013), they have
counterbalancing effects on CCN activity. Oligoraation increases the molar volume and
decreases the molar concentration of solutes, wigishlts in an increase of water activity and
thus the saturation ratio. Therefore, oligomeraatieduces CCN activity, while photochemical
aging enhances the CCN activity by producing mormeygenated compounds via
functionalization (Zhao et al., 2015b). As showrkEm A6,k is affected by the molar volume of
organics and by the van't Hoff factor (the ratiotloé actual concentration of molecules or ions
produced when the substance is dissolved to theeotration of the substance if it does not
dissociate). Functionalization does not signifitachange the molar volume of organics, but it
increases the van't Hoff factor due to both itefattion of polar functional groups with water
and additional dissociation effects by carboxylitd ahydroxyl group (Petters et al., 2009;

11
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Tritscher et al., 2011). In this study we did nbserve a significant difference in CCN activity
between ABSOA and other SOA, indicating that thieat$ of possible oligomerization on the
CCN activity of ABSOA are likely compensated by #féects of photochemical aging.

For BSOA and ABSOAKccn generally increases with O/C at a given SS (FR). Bor ASOA,
the relationship betweeadtcy and O/C is not so apparent. Tk values of BSOA (0.11-0.19)
are consistent witRccy Values obtained in previous studies (Massoli ¢t28110; Lambe et al.,
2011; Frosch et al., 2011). An increasegdn with O/C of SOA has been reported by a number
of previous studies (Massoli et al., 2010; Lambelet2011). Yet, other studies reported that
Kcen Of SOA is largely independent of O/C ax inother proxy of the degree of oxidation of
organic aerosol (Frosch et al.,, 2011; Alfarra et aD13). The inconclusive results in the
literature may be attributed to the differenceseiaction conditions including the VOC type and
concentration, NQconcentration, photochemical aging (OH dose) aft@ ange. In this study,
the observation thatccy is invariant on O/C in ASOA may be associated witl relatively
high and narrow range of observed O/C for ASOA. BEmedsson et al. (2013) proposed that first
generation products of AVOC (mainly carbonyls) nteave higher vapor pressure compared to
BVOC products. Therefore, AVOC need a higher OHedasd more oxidation steps before a
significant amount of material starts to condensehe particles. As a result, once SOA started
to form, ASOA had already reached a relatively @€ due to aging in the gas phase (Fig. 1b).
As a consequence, a further increase of O/C in A&Jikely slower and less pronounced.

Considering all types of SOA investigated heatg;n did not correlate with O/C here (Fig. 1b),
which is in agreement with the findings of Alfaetal. (2013) that water uptake is independent
of f44as a metric of the degree of oxidation for multiplegenic precursors. This is because O/C
affects the solubility of the solute but other etéesuch as molecular weight, surface tension and
density are also important. Massoli et al. (2018p ashowed, the correlation betwergscy
derived from CCN and O/C is less significant thanndividual systems, when considering all
systems together includirmypinene, trimethylbenzene, and m-xylene. The refstiip between
Kcen and O/C was further compared to the parametesizati the study by Rickards et al.
(2013) (Fig. S5), which was obtained from their @xmental data and a number of literature

data and showed very large variabilitykofersus O/C.

12



© 00 N oo 0o B~ WN P

e
= O

12

13
14
15
16
17
18
19
20
21
22

23
24
25
26
27
28
29
30

For ASOA systems, particle formation was studieddifferent aromatic precursors at low NO
(NO«<1 ppb) and high NOconcentrations (10 ppb of NO added). The CCN agtof ASOA
from different precursors including toluene, xyleraand benzene was found to be similar.
Although NQ levels affect the overall SOA particle compositermd yields (Ng et al., 2007a,;
Hildebrandt et al., 2009; Zhang et al., 2014; Prestal., 2005; Eddingsaas et al., 2012; Ng et al.,
2007b), they had no significant effect on the CGitivaty of ASOA comparing the low NO
(NOx <1 ppb) with high N@ (10 ppb NO added) condition (Fig. S3). The CCNvayt of
ASOA generally agreed with the range obtained feomumber of previous studies (Massoli et
al., 2010; Prenni et al., 2007; Lambe et al., 208lnilarly, NQ, level has been found to not
influence the CCN activity of SOA froma-pinene ozonolysis and subsequent photochemical

aging (Frosch et al., 2011).

3.1.2 Droplet growth kinetics

Droplet growth kinetics was investigated using itinethod of ‘threshold droplet growth analysis’
(TDGA), which has been used successfully in maelgfand laboratory studies (Engelhart et al.,
2008; Asa-Awuku et al., 2009; Asa-Awuku et al., @0Bougiatioti et al., 2011). In this method,
the droplet growth kinetics was assessed by comgadinie droplet sizes from various SOA with
that from ammonium sulfate, which is highly hygrogic and rapidly grows under
supersaturated conditions. When two particles appsed to the same SS, they will grow to
droplets of similar size, if their critical S&d the mass transfer of water vapor are similar. In
this study, the TDGA method was applied to the-semmlved CCNC data and droplet size was
compared for activated particles withcg®qual to the instrument SS (i.e. particles witliza of
Dciit) (Asa-Awuku et al., 2009; Asa-Awuku et al., 20B@jugiatioti et al., 2011).

Droplet size as a function of SS for BSOA, ASOA akiBSOA were compared with that of
ammonium sulfate (Fig. 3). The droplet sizes of BS@BSOA or ASOA are similar to those of
ammonium sulfate. This indicates the absence ahetik barrier for the water uptake of these
SOA during droplet activation. Our study is in agreent with several previous studies showing
comparable droplet growth kinetics of SOA from miampenes with that of ammonium sulfate
(Engelhart et al., 2008; Frosch et al.,, 2011). BQA from toluene or xylene, no report on
droplet growth kinetics was found in the literatufehe droplet growth of aerosol from

anthropogenic sources in the field containing botganics and ammonium sulfate has been
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shown to be slower than that of the pure ammoniuffate, using a static diffusion cloud
condensation chamber (Shantz et al., 2010; Shaiaiz 012). Based on our study, ASOA from
common aromatics, does not explain such delay lamalbservations by Shantz and co-workers

must have been caused by other aerosol comporgmstg et al., 2010; Shantz et al., 2012).

A recent laboratory study by Loza et al. (2013)gasjs limited mixing of different types of
SOA components in the particles formed from BSOAcprsora-pinene and ASOA precursor
toluene added sequentially. In contrast, the stoidydildebrandt et al. (2011) supported the
pseudo-ideal mixing of BSOA and ASOA componentsoatiog to the aerosol mass yield.
Based on the droplet growth kinetics of the ABS@#Ag( 3) observed in this study, no matter
whether ASOA and BSOA components are well mixedhm particles, mixing issues did not
seem to affect the water uptake of particles iressgturated conditions. Hence, the kinetics of
ABSOA, ASOA and BSOA activation may be regardedeosimilar when cloud activation is

considered.

3.2 Hygroscopicity of SOA from HTDMA measurement

Figure 4 shows the hygroscopicitufpma) of BSOA, ASOA, and ABSOAKytpma 0f BSOA
was between 0.03 and 0.06, and increased slightily @H dose Kytpmwa Of ASOA was around
0.09-0.1, significantly higher than that of BSOAlSaturated hygroscopic growth of ASOA and
BSOA was obviously different whereas their CCNagtiwas basically similar. The influence
of the SOA types on the hygroscopic growth is défe from their influence on CCN activity.
The comparison between the water uptake in theasutaded conditions from hygroscopic
growth and that in the supersaturated conditioo fCCN activity is discussed in the Sect 3.3.
Kutoma Of ASOA did not change much with the OH dose apthua 0f ASOA from different

aromatic precursors (toluene, xylene, and benagag similar (#A1, 2, 4, 5 in Fig. 4).

The higherkyrpma Of ASOA can be related to the chemical compositiepresented by O/C.
The O/C of BSOA was about 0.3-0.5, distinctivelwér than that of ASOA (0.7-0.8). O/C has
been found to correlate wittypma for various SOA systems (Jimenez et al., 2009;ddaet

al., 2010; Duplissy et al., 2008; Duplissy et 2011; Lambe et al., 2011). The same arguments
as for CCN activity apply here. ASOA reached muigfhér O/C at the same OH dose compared
to BSOA (Fig. S4) (Emanuelsson et al., 2013) bezediust generation products of AVOC have a
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smaller carbon number and higher vapor pressurgamed to BVOC. Thus, first generation
products of AVOC need thus more oxidation step®teestarting to condense significantly on
particles as discussed in Sect 3.1. In additionsttments of aromatic ASOA generally have
lower molecular weights than BSOA molecules here &8n expect that ASOA components
have on average a lower molar volume and thus A®@# highekyrpma assuming all other
parameters are the same for ASOA and BSOA (c.f.eAdpx A), sincex is by definition the

ratio of the molar volume of water to the averagdanvolume of the solute.

Thekyrpoma Observed for ABSOA formed with AVOC and BVOC added/arious orders were
in the range 0.03 - 0.06, close to or slightly keigthan thexyrpma of BSOA. The observed O/C
range of ABSOA was slightly higher than the O/Cgaof BSOA, but partly overlapping. Since
ASOA had much highekyrpma than BSOA, ASOA enhanced tikgrpma of ABSOA and the

extent of enhancement depended on its fraction.

The enhancekypma due to ASOA fraction was also reflected clearly te ABSOA
experiments when AVOC and BVOC were sequentialigeald In the experiment when ASOA
was formed first, the SOA showed highefroma, around 0.09 (Fig. 5a). When BVOC was
added to the system, ASOA was converted to ABSOt wisignificant BSOA fraction (e.g.,
70% within 2.5 h) an&kyrpuwa decreased from 0.09 to 0.04 with the formatiorthef BSOA
components. Meanwhile the degree of oxidation oS8R decreased significantly as indicated
by the decrease of4f(from 0.23 to 0.1). For the experiments when AV®&s added to BSOA
system, an effect was recognizable, howeygpbua only increased slightly (Fig. 5b). This was
because the reaction of aromatics with OH and S@#ndtion was slow and the fraction of
ASOA did not exceed 10%. Accordingly, only a sligitrease of£, was observed (from 0.10 to
0.12) even with concurrent aging, consistent whi minor effects of the ASOA component on

the chemical composition of ABSOA due to its lowadtion.

Since ASOA has highetytpma, mixing of ASOA with BSOA may directly enhanggrpuma due

to a simple linear mixing. In order to understahd tole of ASOA components in enhancing
Kutoma Of ABSOA, Kytoma Was also examined as a function of the ASOA foec{as shown in
Fig. 6). In the ABSOA experiment, two main fact@iect the hygroscopicity: aging of the
BSOA components and increasing fraction of ASOA ponents. Therefore, the OH dose is
examined to account for the effect of aging. In. AHgthe dashed lines connect #igpwva Of
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pure BSOA and pure ASOA of the same OH dose atiassef OH doses varying from fresh to
aged SOA. Such a graph can help to detect whdikegtpua 0f ABSOA can be described by a
simple linear mixing of thekyrpma Of BSOA and ASOA components with respect to their
volume fraction or where non-linear responsegbua is effective. For each OH dose, a dashed
line connects pure BSOA and pure ASOA at the gi@h dose (represented by the size of
marker). This line defines the expectegdpua range of ABSOA with varying ASOA fraction at
given OH dose. If th&xytpua Of ABSOA can be described by a linear combinatidrthe
Kutoma Of pure ASOA and BSOA components in respect oir th@lume fraction, the<ytpma
data point should be on the line correspondingp¢ogiven OH dose of that data point and should
increase with ASOA fraction along the line duehe higheyrpuwa of ASOA. If a succession
of points from one experiment cross dashed lines oints beyond the line corresponding to
the OH dose of those points) would indicatgrpma Cannot be explained by a linear

combination.

For ABSOA, several cases with non-linear effectsewebserved. For the ABSOA in the
experiment #AB1 and #AB2 where AVOC was added,fistoma Were significantly lower than
the values from the linear combination of pure AS&@# BSOA components (much below the
lines corresponding to the OH doses of the datatppiFor ABSOA in the experiment #AB5
when AVOC and BVOC were added togetherpua did not change significantly in spite of a
significant increase of ASOA fraction. In the bagimg, Kyrpma Of ABSOA was higher than the
value from a linear combination, whereas in the, eqngbma was lower than the value from a
linear combination of pure systems. These casasatelthat the observad;rpma 0f ABSOA
cannot be explained by a simple linear combinatibpure ASOA and BSOA systems. There
seems to be some additional effects such as oligpaten, which altered the chemical
composition of ABSOA and thus affectedrpua. Moreover, for the ABSOA in the experiment
#AB5, Kytpma remained largely unchanged in spite of continuoxislation and increase of
ASOA fraction, both enhancing hygroscopicity. Thigrther indicates that the possible
oligomerization, which should decrease the Raairlintand thus hygroscopicity, compensates
the effect of photochemical aging which enhancegdscopicity, consistent with the discussion
in Sect. 3.1.
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Morphological effects can also play a role. If ’8OA and BSOA components were not well
mixed in the aerosol particles in the experimenth wequential VOC additions, there would be
more BSOA components on SOA particle surface inekgeriments #AB1 and #AB2. This
could affect thexyrpma and contributed to the non-linear effect. But tasinot explain the non-
linear effect in the experiment with VOCs addedudtameously. In addition, if ABSOA forms a
glassy state, the lower diffusivity in the partialeay hinder water uptake thus decreasing
Kutoma. Although similar growth kinetics of SOA to (NSO, was observed in supersaturated
conditions, in subsaturated conditions the wat8usivity in the particle may be limited thus
limiting water uptake.

The ABSOA filter samples from experiment #AB4 andiB$ were extracted and analyzed for
oligomers. We observed the oligomer formation esthsamples (Fig S6). Oligomer in SOA has
been found by a number of studies (Gao et al., 2B@ziere et al., 2015; Tolocka et al., 2004;
Kalberer et al., 2004; Kourtchev et al., 2015; Kohev et al., 2014). Small multi-functional
products from aromatics oxidation (Hamilton et &005; Jenkin et al., 2003; Johnson et al.,
2005) may promote oligomerization between ASOA BBOA components. But we did not find
indications that ABSOA contained more dimers coragan BSOA. This can be attributed to
the low ASOA fractiorc5% in experiments #AB4 and #AB6 (estimated usirgyrtiethod as in
Emanuelsson et al. (2013)). The low ASOA fractioasvcaused by the low OH concentration
and low chemical turnover of the aromatics in thexgeriments because high concentrations of
VOC were used in order to generate enough partieles for optical measurement (Flores et al.,
2014). The low fraction of ASOA resulted in litidigomer formation by the interaction between
the ASOA components and BSOA components. In therduexperiments, conditions that can
form comparable fractions of both ASOA and BSOAustfavorable to ASOA and BSOA
interaction such as oligomerization are preferrdtherefore, relatively higher AVOC

concentration and higher OH concentration (as pearent #AB5) are desirable.

3.3 Closure between the hygroscopicity parameter fr ~ om CCN and HTDMA

The hygroscopicity parameteat was obtained from CCN and HTDMA measurements in
supersaturated and subsaturated conditions, reésggctor all SOA types studied here, there is

a significant gap betweekytpva and Kcen. Kutoma Was significantly lower thamccen with
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Kutoma/Keen around 0.3-0.7 (Fig. 7). The ratio &firpma/Kecen for BSOA and ABSOA was
lower than that of ASOA, which is closer to 1. Thigans that there is a smaller gap between
Kutoma andkcenfor ASOA compared to BSOA and ABSOA.

The closure betweerccy andkyrpma Of SOA has been studied and discussed by a nuafiber
previous studies with varying results (Dusek gt2011; Alfarra et al., 2013; Good et al., 2010;
Duplissy et al., 2008; Juranyi et al., 2009; Pregiral., 2007; Massoli et al., 2010; Hansen et al.,
2015; Wex et al., 2009; Whitehead et al., 2014)e @screpancy betweettcn and kytpma
found here can be attributed to several possildeares as discussed in the literature (Prenni et
al., 2007; Massoli et al., 2010; Frosch et al.,122@00d et al., 2010; Alfarra et al., 2013; Wex et
al., 2009; Whitehead et al., 2014; Petters e@D9; Dusek et al., 2011). An important reason is
the presence of slightly soluble compounds. Thes@pounds only dissolve partly in the
subsaturated condition while they can dissolve detaly in the supersaturated conditions due to
more water available. Thereforg, is underestimated to varied extent in the subatgdr
condition. ASOA components here seemed to haveehigolubility compared to BSOA

components, and thus the gap betwegi andkytpoma Was smaller than that of BSOA.

Surface tension can also play a role in this dEmmey.k was calculated using the surface
tension of pure water (0.073 N'¥n If the surface tension of the droplets is lowan that of
water, K would be overestimated. Whikyrpma IS not so sensitive to the change of surface
tension,Kcen IS more sensitive to surface tension at the pofnactivation according to the
Kohler equation(Petters and Kreidenweis, 2007). The surface tensiaer the subsaturated
conditions is assumed to be lower than that urfueistipersaturated conditions due to the more
concentrated organics in the droplets under theatubated condition (Prisle et al., 2008). If the
surface tension effect for BSOA would be largemtiiar ASOA, i.e. lower surface tension in
supersaturated conditions, this would lead to &drigcen for BSOA. While the surface tension
effect in subsaturated conditions is small, kgrpma is relatively constant, highe<ccny of
BSOA results in a larger discrepancy betweerpua and Kcen. However, surface active
organics can be enriched at the surface to sudphaetxtent that the Raoult term is significantly
diminished (Prisle et al. 2008). This differenc& campensate the overestimation by using the
surface tension of water and the compensating tsffeake using surface tension of water be a

reasonable choice.
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Furthermore, th&-Koéhler model does not account explicitly for chesgn non-ideality of a
solution as a function of saturation ratio i.e. @vaactivity. Insteadk might be not constant
through the whole range of water activity (Petimng Kreidenweis, 2007). In addition, different
aerosol behaviors such as evaporation and cond@msaft organics in HTDMA and CCN
instrument and limited diffusivity of water in cagé glassy particles can contribute to the
discrepancy (Whitehead et al., 2014; Asa-AwukuletZ®09; Irwin et al., 2010; Topping and
McFiggans, 2012; Topping et al., 2013; Duplissglet2009).

4 Conclusions and implications

We investigated the droplet activation, dropletvgtokinetics and hygroscopicity of the BSOA,
ASOA, and ABSOA formed from monoterpenes and ar@saised as representative BVOC
and AVOC.

We found that BSOA, ASOA and ABSOA had similar C@btivity although ASOA had a
higher O/C. Adding BVOC after ASOA formation, ordagg AVOC after BSOA formation did
not significantly change the CCN activity of SOAhel similar CCN activity of BSOA, ASOA
and ABSOA suggests that ASOA components and tlegaction of ASOA with BSOA did not
significantly change the CCN activity of SOA. Thiss likely due to compensating effects of
potential oligomerization (reducing effect) and fahemical aging (enhancing effect) on CCN

activity.

Kcen generally increased slightly with photochemicalngg using OH dose as a proxy of
photochemical aging and increased with O/C of adrém individual reaction systems. But

when taking all the SOA types into accowden did not correlate with O/C.

Analysis of the droplet growth kinetics shows tha droplet sizes from BSOA, ASOA, and

ABSOA in supersaturated conditions were similattitose obtained with ammonium sulfate,
indicating that none of these SOA has a kineticibafor water uptake. The fast water uptake of
ASOA indicates that ASOA formed by aromatic preowssis not responsible for the droplet
growth delay found in field studies (Shantz et 2010; Shantz et al., 2012). This finding also
suggests that potentially limited mixing between@Sand ASOA reported in the literature

does not hinder the water uptake in supersatucateditions.
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In contrast to CCN activity, the hygroscopicity A60OA was distinctively higher than that of
BSOA. The higher hygroscopicity was related to liigher O/C of ASOA compared to BSOA.
Therefore, the ASOA component in ABSOA enhancedhygroscopicity of aerosol and the
extent depended on the ASOA fraction. Adding BV@CASOA or AVOC to BSOA changed
the aerosol hygroscopicity, which was consistenth wio-occurring changes in the ASOA
fraction and the degree of oxidation of the aerosgpresented by,f However, the
hygroscopicity of ABSOA cannot be described by reedir combination of pure BSOA and
ASOA systems. This indicates that additional preesssuch as oligomerization suppressed the

hygroscopicity, which is in agreement with the ptetations for CCN activity.

Comparing hygroscopicity parameteobtained from CCN and HTDMA measurement shows a
discrepancy betweex from the two methodxyrpvwa Was significantly lower tharccy for all
SOA types studied here, by 30%~70%. This discrepammeyd not be resolved but can be
attributed to the presence of slightly soluble matg, possible surface tension effect, or non-
ideality of solutions and different behaviors of@m®l in the instruments. Better closure between
HTDMA and CCN was found for ASOA than BSOA and ABSCASOA seemed to have
higher solubility in the subsaturated condition/andower surface tension at the activation point
compared to BSOA.

This study has important implications for assess#ivegimpact of SOA formed by the interaction
of biogenic VOC with anthropogenic VOC emissionstloa radiative forcing and climate. Since
the interaction of AVOC with BVOC reduces the vdigt (Emanuelsson et al., 2013), it
prolongs particle persistence, which further enkante particle concentration. Yet, based on
this study, the CCN activity is not significantlffected. Therefore, models to assess the climatic
effects of SOA formed through the interaction obdanic VOC with anthropogenic VOC
emissions could use single series of hygroscopigéyameterkccn for BSOA, ASOA, and
ABSOA to predict CCN concentration. However, sigraht mixing of ASOA and BSOA
components can change the hygroscopic growth facttre particles, which further affects the

optical properties of SOA.

Comparing emission rates of aromatic compounds iaogrenoids (Lamarque et al., 2010;
Guenther et al., 2012) and considering the turnoats with OH and 9suggest that ABSOA

should be dominated by BSOA components in mostsgasein most of our experiments. Thus
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globally droplet activation and hygroscopic growtray be determined by BSOA. On the
regional scale, when an air mass from regions emited by anthropogenic emissions (e.g. an
urban region) transports to regions influenced imgénic emissions (e.g. a forest region), the
physicochemical properties of the mixed SOA format likely shift to be BSOA-dominated
due to the fast turnover of BVOC, i.e., decreasipgroscopic growth compared with ASOA. In
contrast, when an air mass from regions influermgdbiogenic emissions transports to regions
with anthropogenic emissions, the SOA propertidslikely remain those of BSOA due to the

slow turnover of AVOC.

Appendix A: Equations related to  k-Kohler theory

Based orx-Koéhler theory (Petters and Kreidenweis, 2007),fdtlewing equations are tenable,

1 Vs
a—l-}-l(ﬁ (Al)
=14l (A2)
aw_ lnw

where g is water activity, and yand \{, are the volume of solute and water, respectivelgnd

n, are the amount of solute and water in moles, #s@dy. | is the van’t Hoff factor. i is the
ratio of the measured value of a colligative propeo the expected value if the solute is a
nonelectrolyte (Petrucci and Herring, 2007; McDdndl953; Low, 1969). It is the ratio of the
actual concentration of molecules or ions produedten a substance is dissolved to the

concentration of the substance if it does not disse

From Eq. (A1) and EqQ. (A2) one can get

_ L Ww/ny
=iy (A3)

In addition, the amount of water and solute is dbsd by

Nw=Vuwpuw/My (A4)

Ns=Vsps/Ms (A5)

ps andp,, are the density of solute and water, angalid M, are the molecular weight of solute

and water, respectively.
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Substituting Eq. A4 and A5 into Eq. A3 yields

, My, /p,
— j Iw/lPw AB).
K l MS/pS ( )

Assuming i is constank is the ratio of molar volume of water to the ageranolar volume of
the solute. Thus, a compound with lower moleculargit at similar density has lower molar

volume and tends to have higheprovided that other factors are constant.
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Table 1 Summary of the experiments in this study

Experlment 5/);[;erlment Experiment description BVOC (ppb) AVOC (ppb) g;%r)]e added

a-pinene, limonene

Bl BSOA BVOC only (20, 20) N.A 50

B2 BSOA BVOC only a-pinene (40) N.A 160
a-pinene, limonene

B3 BSOA BVOC only (48, 48) N.A 200

Al ASOA AVOC only N.A toluene (85) 0

A2 ASOA AVOC only N.A toluene (85) 0

A3 ASOA AVOC only N.A p-xylene (30) O

A4 ASOA AVOC only N.A p-xylene (30) O

A5 ASOA AVOC only N.A benzene (280) O

A6 ASOA AVOC only N.A benzene (280) O

p-xylene-do

A7 ASOA AVOC only N.A (200) 200

AB1 ABSOA AVOC added 6.3 h before BVOC ((xz-glnzeg)e, limonene p-xylene (30) O

AB2 ABSOA AVOC added 6.3 h before BVOC ((xz-glnzeg)e, limonene toluene (85) 0

AB3 ABSOA BVOC added 3 h before AVOC ((xz-glnzeg)e, limonene toluene (85) 50
a-pinene, limonene p-xylene-do

AB4 ABSOA BVOC added 5 h before AVOC (39, 39) (51) 200

AB5 ABSOA AVOC and BVOC added together ((XA:pT)ene’ limonene toluene (85) 60
a-pinene, limonene p-xylene-do

AB6 ABSOA AVOC and BVOC added together (42, 42) (90) 200

33



0 N oo o b~ WN

0.30 ® BSOA SS0.34% (#B1)
O BSOA SS0.51% (#B1)
A B BSOA SS0.34% (#B3)
O BSOA SS0.51% (#8B3)
0.25 ® ASOA SS0.34% (#A2)
: O ASOA SS0.51% (#A2)
O ASOA SS0.51% (#A1)
A ASOA SS0.51% (#A4)
¥ ASOA SS0.51% (#A5)
0.20 é ® ABSOA SS0.34% (#AB5)
O ABSOA SS0.51% (#AB5)
_ i ﬁ + 0] B ABSOA SS0.34% (#AB6)
3 o ® A
[®) —
O 015 v Vv 4‘ A %
o® %ﬁ e
@#‘.
0.10
0.05
0.00
T T T T T T T T T
0 20 40 60 80 100 120 140 41g0410°
3
OH dose (molecules cm ~ s)
0.30 B
0.25
0.20 @ @
0)
3 m
3 o d
Q 0.15- ﬁ ® ®
0.10 ° ?‘ % %
0.05
0.00

T T T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8
o/C

Figure 1. CCN activity of BSOA, ASOA, and ABSOA asunction of OH dose (A) and O/C of
aerosol (B)Kcen at two supersaturations (SS) 0.34% (solid markamg) 0.51% (open markers)
is shown. The green, red and blue colors indic&®A8, ASOA and ABSOA, respectivelgecn

at similar SS is compared singgcy depended on SS. BSOA, ASOA, and ABSOA showed no
significant difference at a given SS. Although AS®ad higher degree of oxidation (O/C) than
BSOA, ASOA components did not enhamegn.
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Figure 2. CCN activity of ABSOA from sequential VQd&Eidition at various supersaturations
(SS). (A) Toluene was added first and monoterpavere added 6 h afterwards as indicated by
the vertical arrow. The shaded areas show darlogriASOA fraction (red dots, right axis)
decreased remarkably upon BVOC addition gty showed no significant change. (B)
Monoterpenes were added first and toluene was a@ded afterwards as indicated by the
vertical arrow.kccny Showed no significant change upon the additioAWOC to BSOA. Note
that time series ofccn should be followed at similar SS becausey depended on SS and the

SS range may change due to the particle size change
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Figure 4.kyrpma for BSOA, ASOA and ABSOA as a function of OH dgge and O/C of

aerosol (B). ASOA had a distinctively highefpma and O/C than BSOA.
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Figure 5. kytpma Of ABSOA from experiments when AVOC and BVOC weaelded
sequentially (same experiments as in Fig. 2). (Bluéne was added first and the monoterpenes
were added 6 h afterwards as indicated by thecaérirrow. The shaded areas indicate the dark
periods.kytpmwa decreased significantly with the decrease of AS@&tion due to the addition

of BVOC. At the same time,f decreased distinctively. (B) Monoterpenes weresddast and
toluene was added 2.6 h afterwards as indicatatidyertical arrowkytpua increased slightly

as only a minor fraction (<10%) of ASOA was forméd. the same time,sf also increased

slightly.
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Figure S1. CCN activity of BSOA (A), ASOA (B) andBSOA (C) at various supersaturations
(SS). BSOA was formed by ozonolysis of monoterp@nieture ofa-pinene and limonene with
a molar ratio of 1:1) followed by photooxidationS®A was formed by photooxidation of
toluene. ABSOA was formed by the photooxidatioraahixture of toluene and monoterpenes

(a-pinene:limonene =1:1). The shaded areas indicate eriods.
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Figure S2. CCN activity of BSOA, ASOA and ABSOA repented bykccy at various

supersaturations (SS) as a function of OH dosea@®) O/C of aerosol (B). The points lining

vertically for each aerosol type in panel A ararirthe dark period.
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