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Abstract. We demonstrate that the water uptake proper-correlation is observed between the hygroscopicity of parti-
ties derived from sub- and super-saturated measurementdes of a single size angy4 for «-pinene,s-caryophyllene,

of chamber-generated biogenic secondary organic aerosdihalool and myrcene, but not for limonene SOA. The inves-
(SOA) particles are independent of their degree of oxidation tigation of the generality of this relationship reveals that
determined using both online and offline methods. SOA par-pinene, limonene, linalool and myrcene are all able to gener-
ticles are formed from the photooxidation of five structurally ate particles with similar hygroscopicityi{rpma ~ 0.1) de-
different biogenic VOCSs, representing a broad range of emit-spite f44 exhibiting a relatively wide range of values @ to

ted species and their corresponding range of chemical reil %). Similarlyxccn is found to be independent gf4. The
activity: «-pinene,s-caryophyllene, limonene, myrcene and same findings are also true when sub- and super-saturated
linalool. The fractional contribution of mass fragment 44 to water uptake properties of SOA are compared to the aver-
the total organic signalfys) is used to characterise the ex- aged carbon oxidation stat®%c) determined using an of-
tent of oxidation of the formed SOA as measured onlinefline method. These findings do not necessarily suggest that
by an aerosol mass spectrometer. Results illustrate that theater uptake and chemical composition are not related. In-
values of f44 are dependent on the precursor, the extent ofstead, they suggest that eith&y and OS do not represent
photochemical ageing as well as on the initial experimen-the main dominant composition-related factors controlling
tal conditions. SOA generated from a single biogenic pre-water uptake of SOA particles, or they may emphasise the
cursor should therefore not be used as a general proxy fopossible impact of semi-volatile compounds on limiting the
biogenic SOA. Similarly, the generated SOA particles ex-ability of current state-of-the-art techniques to determine the
hibit a range of hygroscopic properties, depending on thechemical composition and water uptake properties of aerosol
precursor, its initial mixing ratio and photochemical ageing. particles.

The activation behaviour of the formed SOA particles show

no temporal trends with photochemical ageing. The average

« values derived from the HTDMA and CCNc are gener-

ally found to cover the same range for each precursor un-

der two different initial mixing ratio conditions. A positive
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1 Introduction (Ng et al., 2006; Chan et al., 2007; Shilling et al., 2008), iso-
prene (Chan et al., 2007; Kroll et al., 2006), toluene (Hilde-
Atmospheric oxidation of volatile, semi-volatile and inter- brandt et al., 2009) ana-xylene (Ng et al., 2007). A large
mediate volatility organic compounds (VOCs, SVOCs, andfraction of the studies reported in the literature have focused
IVOCs) produces lower volatility species that partition into on the characterisation of the chemical and/or microphysical
the condensed phase and form secondary organic aerosptoperties of SOA systems produced from the oxidation of an
(SOA) (Seinfeld and Pankow, 2003; Hallquist et al., 2009; individual VOC precursor. Examples of these studies include
Robinson et al., 2007; Donahue et al., 2011). Biogenic hy-the effect of NQ concentration (Presto et al., 2005a) and UV
drocarbons are a dominant contributor to the global VOCradiation (Presto et al., 2005b) enpinene SOA formation;
budget and are known for their high reactivity towards the the formation of SOA from isoprene oxidation (Carlton et al.,
main atmospheric oxidants (e.g. hydroxyl radical, nitrate rad-2009; Kroll et al., 2006; Dommen et al., 2006, 2009); and
ical and ozone), which makes them major contributors to thethe contribution of second generation oxidation products to
total atmospheric burden of SOA (Atkinson and Arey, 2003; g8-caryophyllene SOA formation (Li et al., 2011). Other stud-
Kanakidou et al., 2005; Hallquist et al., 2009; Goldstein andies have investigated the SOA formation for a range of VOC
Galbally, 2007). Understanding the formation and propertiescompounds under comparable experimental studies. For ex-
of biogenic SOA is a necessary step towards assessing themple, Lee et al. (2006a) reported SOA yields and gas-phase
influence of atmospheric aerosols on major areas of conceroxidation products from the ozonolysis of 10 terpene com-
such as climate change and human health. pounds. In a successive study, the same researchers reported
Over the last three decades, a large body of literature haSOA yield values and detailed characterisation of gas-phase
been established focusing on the formation of SOA fromoxidation products from a series of photooxidation experi-
biogenic and anthropogenic hydrocarbons (Hallquist et al. ments conducted using 16 terpene compounds (Lee et al.,
2009; Kroll and Seinfeld, 2008; Kanakidou et al., 2005). In 2006b). A more detailed analysis of the contribution of first-
situ investigation of key physical and chemical processes durand second-generation oxidation products to SOA produc-
ing biogenic SOA formation in the atmosphere is compli- tion and formation mechanisms — in the latter set of experi-
cated by the vast number of species involved and their genments — were presented by Ng et al. (2006). More recently,
erally low mixing ratios. Reaction chambers have thereforeChhabra et al. (2011) compared spectral and elemental ratio
often been used to study these processes. The conventiondéta from the high-resolution Aerodyne aerosol mass spec-
reaction chamber (also referred to as smog chamber) is &rometer to offline species identification analysis in order to
large confined volume used as a batch reactor in which mixinvestigate changes in functional and elemental composition
tures of atmospherically relevant trace gases (e.g. hydrocaduring SOA formation and transformation using a wide range
bons, nitrogen oxides, sulphur dioxide) are oxidised in puri-of VOC precursors.
fied air under dark conditions or with the use of sunlight or ~ Simultaneously, several efforts have been made over the
artificial illumination. Such experiments can be useful in un- last decade or so to characterise the cloud condensation nu-
derstanding the chemical and physical parameters that corelei (CCN) activity and hygroscopic properties of SOA par-
trol the formation and transformation of secondary organicticles produced during the ozonolysis or photooxidation of
aerosols, their properties and atmospheric impacts. Hallquidbiogenic and anthropogenic VOCs. VanReken et al. (2005)
et al. (2009) have listed the characteristics of selected smo@vestigated the potential for 5 biogenic SOA types, produced
chambers and reviewed recent developments in smog chanin dark ozonolysis experiments, to act as CCN. Varutbangkul
ber SOA studies. et al. (2006) studied the sub-saturated water uptake prop-
Much of the early effort has focused on the investigation of erties of SOA formed by photooxidation of monoterpenes,
gas-particle partitioning of VOC oxidation products through sesquiterpenes and oxygenated terpenes. The influence of the
guantification of the aerosol formation potential (aerosolinitial precursor mixing ratio on the composition and/or hy-
yield) of small aromatic and biogenic hydrocarbons (Pandisgroscopic properties have been reported for SOA produced
et al., 1992; Odum et al., 1996; Griffin et al., 1999). Other from oxidation ofx-pinene (Duplissy et al., 2008; Shilling et
studies have attempted to identify the molecular compositioral., 2009; King et al., 2009) angl-caryophyllene (Alfarra et
of the oxidation products of anthropogenic and biogenic pre-al., 2012). The influence of particle volatility on composition,
cursors, mainly aromatic and monoterpene compounds, andygroscopic properties and CCN activity have been studied
have offered detailed reaction mechanisms for the formatiorfor a number of SOA systems, includiagpinene (Meyer et
of various chemical species (Forstner et al., 1997; Glasiusal., 2009; Tritscher et al., 2011) afdcaryophyllene (Asa-
et al., 2000; Jang and Kamens, 2001; Jaoui and Kamengwuku et al., 2009; Tang et al., 2012; Frosch et al., 2013).
2003; Kleindienst et al., 2004). Over the last decade or so, a Attempts to relate the chemical composition of SOA par-
number of studies have suggested that the first reported SOAcles to their hygroscopic and CCN properties have recently
yield values for some of the most commonly studied VOCsbeen made. Massoli et al. (2010) investigated the relationship
were too low. Revised, higher SOA vyield values have beerbetween the oxidation level (O : C ratio) and the hygroscopic
reported for a number of SOA systems, includiagpinene  and CCN properties of laboratory SOA particles generated

Atmos. Chem. Phys., 13, 117691789 2013 www.atmos-chem-phys.net/13/11769/2013/



M. R. Alfarra et al.: Water uptake and composition of biogenic secondary aerosols 11771

via OH radical oxidation of-pinene, trimethylbenze (TMB) arc lamp are mounted on the inside of the enclosure hous-
andm-xylene in separate flow reactor experiments. The studying the bag, which is coated with reflective “space blanket”,
found that the hygroscopic properties at 90 % relative humid-serving to maximise the irradiance in the bag and to ensure
ity (RH) increased linearly with O: C value for the studied even illumination. The combination of illumination has been
systems. Similarly, an increase in the CCN activity was re-tuned and evaluated to mimic the atmospheric actinic spec-
ported as a function of O : C. However, the later relationshiptrum over the wavelength range 290-800 nm, and has a max-
was reported to be system-dependent and not a linear onénum total actinic flux of 0.3 108 (photonstm=2nm1)
A semi-empirical parameterisation of hygroscopic growth atover the region 460-500 nm. The calculatgd(!D) value
90% RH and O:C was proposed, whereas a general paduring the reported experiments was 8.60°s~1 (290—
rameterisation for the CCN activity vs. O: C relationship 340 nm) andiNO; was 6x 10~%s~1 (290-422 nm).
was reported to be difficult to establish. Similarly, Frosch et Precursor VOCs are introduced into the bag via injection
al. (2011) found that the level of oxygenation @fpinene  into a heated glass bulb, which is continually flushed with a
SOA increased with decreasing precursor mixing ratio andflow of filtered, high purity nitrogen (ECD grade, 99.997 %).
with chemical ageing, whereas CCN activity was largely in- The desired concentration of N@s controlled by injection
dependent of O: C ratio. Duplissy et al. (2011) determinedof NO; from a cylinder into the charge line. Relative humid-
a simple empirical linear relation between sub-saturated hyity (RH) and temperature are measured at the centre and the
groscopic growth and the level of oxygenation of SOA pro- edge of the chamber (by dewpoint hygrometer and a cross-
duced from the photooxidation af-pinene, isoprene and calibrated thermocouple and resistance probe), and are con-
TMB. The same analysis was also performed on ambient ortrolled by diverting air through the inlet humidification cir-
ganic aerosol data at two contrasting locations, where similacuit when filling the bag and by controlling the set point of
findings were reported. the air conditioning, which feeds the airspace between the
In this study, we extend the investigations of SOA compo-bag and its enclosure. Cycling between experiments is facil-
sition and properties using a carefully selected set of 5 strucitated by automated computer control and monitoring of key
turally different biogenic VOCs covering a range of chemical chamber conditions. Pre- and post-experiment cleaning pro-
reactivity. Specifically, we will (i) illustrate the variability in  cesses consist of a series of fill/flush cycles with%3nin—1
the chemical composition and sub- and super-saturated watdlow of clean air, enabled by control of electro-pneumatic
uptake properties of SOA generated from the photooxidationvalves followed, post-experiment, by an overnight soaking
of the selected VOCs under controlled and comparable conat high mixing ratios of ozone (2—-2.5ppmV, supplied by a
ditions in a reaction chamber; and (ii) investigate and dis-high capacity ozone generator). Each cycle takes approxi-
cuss the relationship between the sub- and super-saturatedately 12 min and cleaning is normally achieved after ap-
water uptake of the generated SOA particles and their chemproximately 6 cycles. A particle mass background value of
ical composition determined using on- and offline analytical 0.1-0.2 ug m? is attained following these cleaning proce-
methods. dures.

2.2 Experimental conditions and methodology
2 Experimental

SOA particles were formed in experiments involving the
2.1 Chamber description photooxidation of individual precursors in the presence of

NOy and in the absence of seed particles. Precursor VOCs
Experiments were conducted in the photochemical aerosdimonene (R-¢)-Limonene, Fluka,>99.0%), myrcene
reaction chamber at the University of Manchester (Alfarra (> 95.0 %, Fluka), linalool (£)-Linalool, > 98.5 %, Fluka),
et al.,, 2012; Hamilton et al., 2011). The chamber is runa-pinene (98 %, Aldich) ang-caryophyllene (Aldrich, pu-
as a batch reactor where the composition of the gaseousty not specified) were investigated, each at two different
precursors, oxidising environment, relative humidity and nominal initial mixing ratios of 50 and 250 ppbV, in order
temperature are controlled. It comprises an £8(@m to study the effect of initial precursor mixing ratio on SOA
(H) x 3m(L) x 2m (W)) FEP Teflon bag mounted on three properties and composition. VOC measurements (described
horizontal rectangular aluminium frames. The central rigid in Sect. 2.3) were made during some of the experiments and
frame is fixed, with the upper and lower frames free to movethe measured initial precursor mixing ratios during those ex-
vertically, allowing the bag to expand and collapse as samplgeriments are reported in Table 1. Where not measured, the
air is introduced and extracted. Air is supplied to the cham-nominal initial precursor mixing ratios were estimated from
ber by a blower at a flow of 3&min~1. The air is dried  the amount injected into the heated bulb and introduced into
and filtered for gaseous impurities and particles using a sethe chamber via the high flow rate inlet without accounting
ries of Purafil (Purafil Inc., USA), charcoal and HEPA filters for losses. Experimental protocol consisted of the addition
(Donaldson Filtration, USA) prior to humidification with ul- of required amounts of the precursor, Nénd water vapour
trapure deionised water. Halogen bulbs and a 6 kW Xenorduring the final filling cycle of the chamber; ensuring that
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all ingredients were well-mixed by the end of the cycle asrange between 20 nm and 500 nm dry diameter. These parti-
a result of the high flow rate at which the clean air was in- cles were directed in parallel to the CPC and CCN counters.
troduced. Air conditioning was switched on shortly before The inlet flow in the CCN counter was 0.5lpm and it was
the arc lamp and halogen bulbs were illuminated, markingoperated at different supersaturations in the range between
the start of the photochemistry and the experimegt An 0.07% and 1% for each particle size. The calibration and
overview of the conditions used in each experiment is givenquality assurance procedures carried out for this set-up is de-

in Table 1. scribed in Good et al. (2010a). Using the instrumental set-
up described above CCN and CN number size distributions
2.3 Instrumentation were measured at a temperature differens@) equivalent

to supersaturations between 0.07 % and 1.0 %. The CCN and
Real-time broad chemical characterisation of the SOA wasCN number size distributions were then inverted to account
made using a compact Time-of-Flight Aerosol Mass Spec-for charging efficiency and multiple charging (Good et al.,
trometer (cToF-AMS, Aerodyne Research Inc., USA). A de- 2010a). The inverted number size distributions were then
tailed description of the instrument, its operation and calibra-used to calculate the activated fraction (CCN/CN) as a func-
tions can be found elsewhere (Drewnick et al., 2005; Canation of dry size. Sigmoidal functions were then fitted to the
garatna et al., 2007). The instrument was operated in the staractivation curve, from which the dry diameter at which 50 %
dard configuration, taking both mass spectrum (MS) and pareof the particles were activated was calculated. Given that the
ticle time-of-flight (PToF) data and was calibrated for ioni- aerosol was internally mixed, the diameter at which 50 % of
sation efficiency using 350 nm monodisperse ammonium nithe particles activatel{sp) was reasonably interpreted to be
trate particles. The vaporiser was set at approximately 600 the dry diameter at which the particles are activated as CCN
and data were collected at a time resolution of 2 min. A col-at the set-point supersaturation (Good et al., 2010alues
lection efficiency value of unity was applied to these data,(Petters and Kreidenweis, 2007) are then iteratively derived
based on evidence from a previous chamber study (Alfarra efrom the CCN derived critical supersaturation and dry diam-
al., 2006). eter.

A hygroscopicity tandem differential mobility analyser  Total particle number concentrations were measured using
(HTDMA) was used to measure online size resolved watera water-based condensation particle counter with a minimum
uptake at 90% RH. A technical description of the instru- particle size cut-off of 2.5 nm (WCPC 3786, TSI Inc., USA).
ment was provided in Good et al. (2010a) and Cubison eNO and NG mixing ratios were measured using a chemi-
al. (2006). Briefly, the HTDMA dries the aerosol sample to luminescence gas analyser (Model 42i, Thermo Scientific,
<10% RH using a Nafidh drier (Perma Pure, MD-110-12, MA, USA). Ozone was measured using a UV photometric
Toms River, NJ, USA). A DMA (BMI, Haywood, CA, USA) gas detector (Model 49C, Thermo Scientific, MA, USA).
selects particles of a single mobility. In this work, diame- The gas-phase organic compounds within the chamber
ters chosen were larger than the mode of the number sizevere measured using Chemical lonisation Reaction Time-of-
distribution, thus avoiding the sampling of a significant frac- Flight Mass Spectrometry (CIR-TOF-MS). This technique
tion of multi-charged patrticles. The sample is then humidi- has been previously described (Wyche et al., 2007; Jenkin
fied to 90 % RH using a humidifier, comprising a GoreYex et al., 2012). The CIR-TOF-MS instrument comprises a
tube running through a controlled humid counter-flow of air. bespoke, temperature controlled (4D+ 1°C) radioactive
The humidified size selected sample is then passed througff**Am) ion source/drift tube assembly, coupled via a system
a residence coil for 15s. A second DMA (BMI, Haywood, of ion transfer optics to an orthogonal time-of-flight mass
CA, USA) and water-based condensation particle countespectrometer (Kore Technology, UK). In this instance, hy-
(WCPC 3782, TSI Inc., USA) are then used to measure thedrated hydronium ions (40" .(H,0)), generated from a hu-
size distribution of the humidified sample. The operating pro-midified Ny carrier gas (purity= 99.9999 %), were employed
cedure of the HTDMA was validated by sampling ammo- as the primary chemical ionisation reagent. Under the con-
nium sulphate and sodium chloride test aerosols, followingditions of the applied drift tube parameters, ion—molecule
Good et al. (2010a), and inverted using TDMAInv (Gysel et reaction between the analyte VOC/OVOC, M, and the hy-
al., 2009). The data from the HTDMA are reported in terms drated hydronium ion would yield a protonated VOC/OVOC
of the hygroscopic growth factor (Glog,,), the wet particle  product ion (MH") for mass spectrometric analysis, provid-
diameter at a given RH divided by the particle’s dry diametering the analyte has a proton affinity greater than that of the
(Do). water dimer (808 kJ mofl). Depending on the energies in-

The cloud condensation nuclei (CCN) activity of the parti- volved and chemical structure of the VOC/OVOC analyte,
cles was characterised using a continuous flow CCN countethe MH" product may undergo fragmentation to produce cer-
(Droplet Measurement Technologies, USA) combined withtain daughter ions. Mass spectrometric data were recorded by
a Vienna style DMA (Winklmayr et al., 1991) and a con- the CIR-TOF-MS over the range 1 and 300 Da with a time
densation particle counter (CPC 3010, TSI Inc., USA). Theresolution of 1 min and the signals of interest were converted
DMA was used to generate monodisperse aerosol in the size
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Table 1. Overview of initial experimental conditions and SOA formation characteristics.
Peak Peak

Exp Compound [VOClp [NOx]o Temp Relative  Chemical Number  Number MassA\[VOC] A[VOC] Ysoa

(ppbV) (ppbVP (°C)  Humidity  half-life conc. Time Conc.  (ppbV) (ugm?) (%)

(RH %) (minf? (p/cce) (min)  (ugnT3)d

1 Myrcene 442 31308 25503 54.2+09 49.0 5.47e-4 29 34.0 44.2 2461  13.8
2 Myrcene 2548 137202 255:0.1 52304 270 1.62¢5 10 218.4 254.8 14188 154
3 Linalool 77.0 29407 254+0.2 48.0+0.4 46.7  6.45¢-4 46 17.4 77.0 4855 3.6
4 Linalool 176.6 121.%1.2 24.7+0.7 525:15 42.0 1.80e-5 12 73.3 176.6 11135 6.6
5  a-pinend 450 34203 25605 71.4+1.2 1040 3.92e-4 243 37.0 445 2478 149
6  a-pinene 50 25 26.4+03 51.4-1.4 - 3.30e+-4° 106 51.4 - - -
7 B-caryophylleng 250 128.4+12 261403 44.4+0.7 - 3.56er4 4 284.8 - - -
8 B-caryophylleng 50 28.2+05 25.4+0.8 47.9+0.9 —  2.48et+4 19 - - - -
9  B-caryophyllene 488 34401 257£0.8 69.7+1.1 16.8 3.47e-4 10 188.4 48.1 401.8  46.9
10  B-caryophyllen@ 50.7 27.8:0.2 25.9+0.4 71.4+0.9 328 2.76e-4 11 220.6 49.9 416.8 529
11 Limonené 250 142.0+0.3 26.3:04 49.3+1.0 - 3.26e+4 17 861.6 - - -
12 Limonené 50 54.1+05 25505 53.7+1.3 -  15ler4 48 79.2 - - -
13 Limonené 50 32.1+0.1 25.3:0.2 53.5:0.6 - 1.67e+4 47 65.6 - - -
14  Limonen& 521 36,703 255:0.7 73.3:2.3 55.1 - - - -

aThe time taken to reach half initial mixing ratie median life time? NO: average of 1-3 min of stable data around light on tifiéleasured by DMPS using a density of 1.3 gchfor mass calculation.
d Wwall-loss corrected mass concentratiBiExperiment duration 2 H.Nominal mixing ratio values estimated based on the amount introduced into the chamber without accounting for losses.
9 Offline filter analysis reported.

to ppbV via both experimental calibration and theoretical cal-and 0-3 nitrogen. Chemical formulae were assigned to the
culation using the methods described in Jenkin et al. (2012)masses of singly charged ions 10@&#; <600 after inter-
nal recalibration using fatty acid signals (a solvent contami-
nant present in all samples) and a maximum error of 5 ppm
for ions with a relative intensity of greater than 0.01 %. Iso-
topic ratios were used for further confirmation of the formu-
Aerosol samples were collected onto 47 mm quartz fibre fil-lae. Background contaminant peaks also seen in pure water
ters (Whatman) at a flow rate of min~1. For this pur-  and blank extracted filters were manually removed from the
pose, filters were placed in a holder, positioned in the chamanalysis.
ber vent line. After sampling, filters were immediately placed ~For each SOA filter analysed, the molecular formulae were
in pre-cleaned glass vials and stored beleW8°C until determined using FTICRMS. Compounds were screened
analysis. Approximately an area of 7/8th of the filter sampleto remove unlikely molecular formulae. Compounds were
was extracted into high purity water, filtered and reduced toremoved from the list if they contained any H:C<0.5,
1mL using a vacuum solvent evaporator (Biotage, Sweden®:C>3 or DBE>20. Using the formulae, the intensity
and the remaining portion retained for other analysis. In to-weighted mean O:C and H:C ratios of each sample were
tal 8 filters were analysed, corresponding to the experimentsletermined (Bateman et al., 2010) and these used to calcu-
labelled in Table 1. late the average carbon oxidation stai¥s€) according to
Samples were analysed at high mass resolution using Kroll et al. (2011).
Bruker APEX 9.4 T Fourier Transform lon Cyclotron Res-
onance Mass Spectrometer. Extracts were sprayed at a flo&.5 Rationale behind the choice of precursors
rate of 2L mir?, into an Apollo Il electrospray interface
with ion funnelling technology. Spectra were acquired in The emitted speciation of biogenic VOCs is highly com-
both positive and negative ion mode over the scan rangelex, and published studies have typically reported up to
m/z 100-3000 using the following MS parameters: nebulis- ca. 20 species making notable contributions to monoterpene,
ing gas flow 0.9 L mint, drying gas flow 5L min?, drying sesquiterpene and oxygenated VOC fluxes from a variety
temperature 190C, collision cell accumulation 0.05-0.5s, of vegetation types at a variety of locations (Owen et al.,
and data acquisition size 2 Mb (yielding a target resolution 0f2001; Boissard et al., 2001; He et al., 2000; Spanke et al.,
130000 atn/z 400). Data were analysed using DataAnalysis 2001). Because of differences in structure and reactivity,
4.0 software (Bruker Daltonics, Bremen, Germany). The in-these species are oxidised in the atmosphere on timescales
strument was calibrated using protonated (positive ion modejanging from minutes to days and possess a range of propen-
or deprotonated (negative ion mode) arginine clusters. sities to form SOA, which may exhibit a range of physical
The data analysis software employed a user-defined sqiroperties reflecting its diverse chemical composition. In this
of conditions to determine the molecular formulae. For thestudy, we have identified a subset of biogenic VOCs with an
analysis reported in this paper, the following molecular con-aim to represent a broad range of emitted species and the
figurations were allowed; unlimited numbers of C, H and O corresponding range in the rates and chemical complexity

2.4 Offline analysis: Fourier Transform lon Cyclotron
Resonance Mass Spectrometry
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of their subsequent degradation. Based on the available in- e (@) opinene [~ 20 60 (b) limonene [~ 10
formation on the atmospheric lifetimes of observed biogenic
VOCs with respect to reaction with OH radicals angl énd
current understanding of their known or probable degrada-
tion pathways, it is reasonable to divide the biogenic VOCs o o 0 o
into a series of structural subsets possessing similar charac ~ ° % ™ ™ 20 20 ¢ S 00 s 20 2090
teristics (Atkinson and Arey, 2003). As a result, consider-
ation of a single compound from each category provides a
reasonable starting point for simplifying the emitted specia-
tion whilst maintaining the range in oxidation timescales and
propensities to generate SOA. Table 2 provides a summary of
the categories, identifying possible representatives and theil
atmospheric lifetimes with respect to reaction with OH and
Og at typical mixing ratios (Atkinson and Arey, 2003). The
identified compounds thus provide a series of lower reactivity
(a-pinene), very high reactivityd-caryophyllene), interme- \
diate reactivity (limonene, myrcene) and more reactive oxy- o s0 fo0 1m0 200 250 300
genated (e.g. linalool) species. Time AferLights on (mi)

40 40

20 20

Precursor (ppbV)
T
3
(Aqdd) 3onpoid

— 10 — 30
100 (d) linalool

(c) myrcene
75 — 20
50

20 - 10
L2 25

Precursor (ppbV)
T
IS

(Aqdd) 3onpoid

0 — — 0 0 — 0
0 50 100 150 200 250 300 0 50 100 150 200 250 300

(e) -caryophyllene[~ 6 Time After Lights On (min)

~e~ precursor
=@- primary product

Precursor (ppbV)
IS
3
1
T
IS

Fig. 1. Temporal profiles of each of the precursors investigated and
their primary oxidation productga) «-pinene and pinonaldehyde

3 Results and discussion (experiment 5, Table 1jp) limonene and limononaldehyde (exper-
iment 14, Table 1)(c) myrcene and 4-vinyl-4-pentenal (experiment
3.1 Gas-phase oxidation and SOA formation 1, Table 1);(d) linalool and 4-hydroxy-4-methyl-5-hexen-1-al (ex-

periment 3, Table 1); an¢) g-caryophyllene ang-caryophyllon
aldehyde (experiment 10, Table 1).

characteristics

Figure 1 shows typical temporal profiles of each of the stud-
ied gaseous precursors under lower mixing ratio conditions
(see Table 1), along with the concomitant production profileand are expected, to a first approximation, to have compara-
of a selection of their primary oxidation products. Each of the ble loss rates to the chamber walls. Thus the observed half-
different precursors, (&)-pinene, (b) limonene, (c) myrcene, life could be used to infer and compare the overall reactivity
(d) linalool and (e)B-caryophyllene, exhibited similar and of the parent hydrocarbon under the reported experimental
reproducible oxidation profiles, with mixing ratios decaying conditions. Given the larger molecular size and lower volatil-
to minimal levels between approximately 100 and 200 minity of g-caryophyllene, its observed half-life is a combina-
after the start of the photochemistry. Each of the primarytion of its loss due to gas-phase oxidation and physical loss
oxidation products shown in Fig. 1, i.e. (a) pinonaldehyde,to the chamber walls (Matsunaga and Ziemann, 2010). The
(b) limononaldehyde, (c) 4-vinyl-4-pentenal (d) 4-hydroxy- derived chemical half-life values are summarised in Table 1,
4-methyl-5-hexen-1-al and (@g)caryophyllon aldehyde, ap- and are broadly consistent with the precursor reactivity data
peared immediately after lights on, increasing at various ratepresented in Table 2 and discussed in the rationale section
to peak mixing ratios in the approximate range 4-15 ppbV,(Sect. 2.5). The shortest lifetimes (i.e. highest loss rates) were
between 100-200 min. Following each respective producibbserved foB-caryophyllene, while the longest lifetime was
peak and depletion of the precursor, the various primary oxifound to be that ofr-pinene. It has to be noted ozone was
dation products began to decrease in concentration at varyingot used as a primary oxidant during any of the experiments
rates as the magnitude of loss processes to secondary prorkported in this study, and it was formed as a result of the
ucts and to the aerosol phase overtook production rates. Sinphotochemistry. There seems to be some difference between
ilar gas-phase results have been obtained from several othéne lifetimes of myrcene when higher and lower initial mix-
simulation chamber studies investigating biogenic oxidationing ratios were used. Linalool, on the other hand, does not
(Lee et al., 2006b; Ng et al., 2006). exhibit the same behaviour, as its lifetimes are comparable
The time taken to reach half of the initial mixing ratio of under lower and higher initial mixing ratios. It is not possi-
the individual precursors, its half-life, is an empirical repre- ble to attribute these differences to a mechanistic cause given
sentation of the inverse of the total loss rate of the parent hythat initial VOC /NG ratios were different during those ex-
drocarbon under the specified experimental conditions. Thigperiments and that no explicit degradation mechanisms exist
parameter accounts for losses via reaction with oxidants (e.gor these compounds.
ozone, hydroxyl radical), any potential photolysis and phys- The SOA production profiles during those same high and
ical losses to the chamber walls. With the exceptiorBef  low initial mixing ratio experiments are also broadly consis-
caryophyllene, the reported precursors have 10 carbon atoment with the chemical half-life data; i.e. the peak particle
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Table 2. List of all five precursors, structures and reactivity towards OH agté&ed on reaction lifetimes from Atkinson and Arey (2003).

Category Representative Structure Qidaction Q,b reaction
compound lifetime lifetime

Bicyclic monoterpene a-pinene i \ 2.6h 4.6h
Monocyclic diene monoterpene  limonene S} 49 min 2h

|
Acyclic triene monoterpene myrcene élj 39min 50 min

Reactive sesquiterpene B-caryophyllene H,C 42 min 2min
HQ
Reactive C10 oxygenates linalool W 52 min 55min

a[OH] = 2.0x 10° molecule cn13, 12 h daytime averagé;[O3] = 7.0 x 101X molecule cnT3, 24 h average (ca. 30 ppb)

number concentration was reached in a relatively shortevalues (approximately 50 %) are consistent with the litera-
time in the higher initial mixing ratio cases compared to the ture, where it has been attributed to the high molar mass
lower ones, as illustrated in Table 1. Further inspection ofof the 8-caryophyllene oxidation products, and explained by
the times taken to reach peak humber concentration indicatethe presence of two reactive double bonds, which provide
that, for the lower initial mixing ratios, the SOA formation more than one site for potential chemical reactions to occur,
is consistent with the gas-phase reactivity of the individualleading to products with more functional groups and lower
precursors. For exampl@-caryophyllene SOA peak num- vapour pressures (Jaoui et al., 2003; Griffin et al., 1999; Lee
ber was the first to be reached, whilepinene SOA was the et al., 2006a; Alfarra et al., 2012). The data also indicate that
slowest. Owing to the limited availability of data, SOA mass myrcene has a similar SOA formation potential to thadof
yield values have been calculated and reported for a subsgtinene, while SOA yield from linalool is lower. It is worth

of experiments. The yield is defined as the percentage ratimoting that, as discussed for the gas phase, SOA formation
of the amount of SOA formed from the oxidation of a given potential appears to be also higher when the same precur-
parent compound to the amount of that compound that resor is used at higher initial mixing ratio compared to a lower
acted. The maximum wall-loss corrected SOA mass conceninitial mixing ratio case. The latter observation is consistent
trations are reported in Table 1 and have been used to detewith the absorptive partitioning theory (Pankow, 1994).

mine the SOA yield values. Wall-loss rates were determined

using a similar approach to that reported by Pfaffenberger eB.2 Chemical composition

al. (2013), where an exponential decay function is fitted to

the mass concentration data to derive a wall loss correctio i9ure 2 shows the mass spectral patterns of the SOA pro-
factor. The fit is applied during a period near the end of theduced during the photooxidation of each of the precursors in

experiment, where wall loss is expected to be the dominanthe low initial mixing ratio experiments. Spectra are shown
process controlling changes in measured SOA mass. for both fresh SOA, formed very early on during the exper-
The calculated SOA yield values, reported in Table 1, pro-iments (left panels, averaged over the first 10 min of AMS
vide a means of comparing the SOA production for the in-data in each case), and relatively more aged SOA (right pan-
dividual precursors under similar experimental conditions.€!S), after about four hours of the start of the photooxidation
The yield values reveal that, under the reported conditions{lights on). All the spectra have been normalised to the total
p-caryophyllene has the highest aerosol formation potentiaSOA signal; the fractional contribution of each mass frag-

compared to other precursors in this study. Our high yieldMent to the total SOA signalff,/) is shown and can be
used to compare the broad chemical composition of the SOA
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Fig. 2. Mass spectral patterns of SOA from the photooxidation of R o S S i e Tl
biogenic VOCs (data from the lower initial mixing ratio experi- 0 30 60 90 120 150 180 210 240 270 300 330 360
ments reported in Table 1). The left-hand panels include spectra Time after lights on (min)

measured during the first 10 min of SOA formation, while those
measured after 4 h of photooxidation are displayed in the right-han
panels. Each spectra has been normalised to the total SOA signal.

C!:ig. 3. Evolution of the f44 and f43 with photooxidation for low
and high initial VOC mixing ratio experiments.

formed from the photooxidation of each precursor and alsosociated with carbonyl-based compounds, whilg is a
changing chemical composition of each SOA system as anarker for compounds containing di- and poly-carboxylic
function of photochemical ageing. Detailed inspection of theacid groups (Alfarra, 2004; Takegawa et al., 2007). It has
mass spectral patterns reveals that one of the most significatteen shown that atmospheric ageing leads to an increase in
differences among the various SOA systems is the fractionalf44 (Alfarra et al., 2004; Aiken et al., 2008; de Gouw et al.,
contributions of mass fragments 43 and 44 to the total SOA2005); therefore, this value is considered as an indicator of
signal (i.e.f43 and f44). This is a recognised feature of most atmospheric ageing. The temporal trendsff for all bio-
AMS data sets and the two mass fragments have been widelgenic SOA systems studied here are shown in the top panel
used to discuss the level of oxygenation of organic aerosol®f Fig. 3, both for the low and high initial precursor mixing
in many laboratory and field studies (Ng et al., 2010; Al- ratio experiments. Similarly, those gf3 are shown in the
farra et al., 2004). Other differences among the mass spedottom panel of the same figure. It can quickly be noticed
tral patterns of the five SOA systems appear in m/z rangehat the different SOA produced using the selected biogenic
between 55 and 60, where linalool and myrcene SOA shargrecursors have a wide range of chemical characteristics ex-
similar patterns, but which are different to those observedpressed byfa4 and f43 both in terms of actual values as well
for the other precursorg-caryophyllene SOA has a higher astemporal behaviour as a function of photochemical ageing.
contribution from relatively larger mass fragments, includ- For example, the3-caryophyllene and linalool SOA show
ing 77, 79, 81 and 83 as well as 91, 93 and 95. As a result ofhe lowest values of4 and these values appear to be only
the nature of electron impact ionisation and the lack of pre-slightly influenced by photochemical ageing. On the other
separation methods, it is not possible to associate these makand, photochemical ageing appears to more than double the
fragments with specific compounds. However, some of thosevalue of fa4 of freshly produced myrcene SOA after about
fragments (e.gm/z 77 and 91) are traditionally associated 6 h of processing (from about 4 to 10 %). SOA produced from
with the fragmentation of aromatic compounds. A compari- low initial mixing ratio of a-pinene and limonene have rel-
son of the mass spectral patterns of the fresh and aged SO&atively high f44 values (11 and 7 %, respectively) compared
produced by each precursor shows hardly any change, witto the other SOA systems studied here; however these val-
the exception of the changes fiss and f44, discussed below. ues do not change much as a result of photochemical ageing.
The fractional contributions of mass fragments 43 and 44Linalool andg-caryophyllene SOA exhibit relatively o4
to the total organic signalfgs and f44) have been widely values around 4 %, which increase slightly to about 5-6 % as
used as markers for “less” and “more” oxygenated organica result of photochemical ageing.
compounds, respectively, in several laboratory and field stud- The initial fractional contribution values of mass frag-
ies using the aerosol mass spectrometer (Ng et al., 2010nent 43 (f13) span quite a wide range from 12-22 %, chang-
Pfaffenberger et al., 2013; Alfarra et al., 2004, 2006; Zhanging to 8-23 % after six hours of photochemical ageing. The
et al., 2005; Lanz et al., 2007). The former is mostly as-trends of f43 appear to show, to a large extent, a reverse
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pattern of those forfa4. With the exception of limonene 30 e

SOA, fa3 values decrease with photochemical ageing. Such . p-caryophyllene (low)
trends are consistent with processing of carbonyl-containing 7 © Moot oy e
compounds to more oxidised carboxylic acid-containing | |5 % f EA'E%EEEZ(?E%)
compounds. An explanation of the reverse pattern observec? < Linslol (o)

for limonene SOA (i.e. the increase in thgs fraction with ‘g 15 - RS + a-Pene (low)
photochemical ageing) is not obvious. These results show™ 1 € K

that composition of SOA generated from a single biogenic "] o

precursor cannot and should not be used as a proxy for bio- | o . -
genic SOA in general. Additionally, the values fifs, which Ogily .

are widely used in the literature to indicate the level of oxy- ol | | . o . :
genation of organic aerosol in field and laboratory studies, 0 5 10 15 20 25
are very much dependent on the type of precursor, the exten. fia (%)

of photo.c.hemical ageing as well as on the initial experimen-Fig_ 4. A 2-dimensional representation g4 and f43 for all SOA
tal condltlons._ . o . . systems in this study. The dashed line represents the boundaries of

Another intriguing observation in this data set is that the thjs relationship based on previously published ambient data sets by
effect of initial precursor mixing ratio (in this study 50 vs. Ng et al. (2010). The open circles are measurements conducted at
250 ppbV) on the chemical characteristics of the producediogenically-influenced locations in North America and Europe, as
SOA represented byj4 and f43 is not uniform and does not  compiled by Ng et al. (2010).
appear to follow a specific pattern. Previous studies reported
an increase in thgy, value fora-pinene SOA as mass load-
ing or initial precursor mixing ratio were decreased (Duplissy g-caryophyllene are located in the bottom right corner of
et al., 2008; Shilling et al., 2009; Pfaffenberger et al., 2013).the ambient triangle, indicating that the composition of those
Our work shows that although this appears to be also true fotwo SOA systems is consistent with ambient organic aerosols
relatively aged linalool, limonene argiicaryophyllene SOA  characterised by the SV-OOA factor (Ng et al., 2010). It can
(Alfarra et al., 2012), it is not necessarily always the case foralso be seen that photochemical ageing leads to a more sig-
SOA generated from other biogenic precursors. For examplenificant processing of the myrcene SOA patrticles, transform-
changing the initial myrcene mixing ratio does not appear toing their composition towards being more LV-OOA and less
have a measurable effect on tfig and f43 values of the pro-  SV-OOA. On the other hand, the composition of SOA parti-
duced SOA regardless of photochemical ageing. The resultsles produced from the photooxidation of limonene, linalool
also indicate that changing the initial precursor mixing ratio anda-pinene appear to be less representative of ambient or-
does not influence thg4 value for freshly produced SOA in  ganic aerosol composition as their data points fall outside the
most of the cases reported here. Of course, this finding is limambient triangle featuring higher values ¢f;. However,
ited to the mixing ratio ranges explored in the current studyphotochemical ageing of those three systems does, indeed,
and characterisation of the variation in composition across delp transform their composition, bringing it closer to the
broader range of initial mixing ratios is required. edge of the ambient triangle.

In order to compare the composition of the SOA particles The representation of the chamber SOA data in Fig. 4 con-
generated from the five biogenic precursors studied here ifirms our earlier point regarding the wide range of chemi-
the context of the composition of ambient organic aerosolscal characteristics exhibited by chamber SOA, depending on
a 2-dimensional representation of the relationship betweenhe choice of precursor and the initial experimental condi-
faq @and f43 is shown in Fig. 4. The dotted lines in this fig- tions. Care should be taken not to assume that SOA pro-
ure mark the well-defined triangular space occupied by dataluced from a specific precursor under specific conditions
points from a large number of ambient data sets collected atould be used as a proxy for biogenic SOA in general. The
a large number of locations in the Northern Hemisphere anddata points marked by open circles in Fig. 4 represent SV-
discussed in detail by Ng et al. (2010). Data of more aged OOA components from organic aerosols measured at sites
and hence more oxygenated and by inference less volatildikely to have strong influence from biogenic SOA sources:
organic aerosols tend to show an increasing valugpand  Duke Forest, Hyytiéld, Thompson Farm, Chebogue, and Eg-
a decreasing value gf;3 and therefore appear more towards bert (Allan et al., 2006; Williams et al., 2007; Cottrell et al.,
the top of the triangle-shaped space. This space is dominate2D08; Raatikainen et al., 2010; Slowik et al., 2010), as re-
by the AMS factor defined as low volatility oxygenated or- ported by Ng. etal. (2010). Similar to our biogenic SOA data,
ganic aerosols (LV-OOA), while data in the lower half of these do not appear to be located at a specific area within the
the triangle is more representative of the AMS defined fac-lower half of the triangle space, possibly indicating the lack
tor as semi-volatile oxygenated organic aerosols (SV-OOA)of universal mass spectral signature, and therefore chemical
(Jimenez et al., 2009; Ng et al., 2010). The chamber gencomposition, of fresh biogenic SOA. This implies that, un-
erated SOA data from the photooxidation of myrcene andlike aged secondary organic aerosols, choosing or claiming
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cursors.

a representative mass spectral signature (chemical compo-

sition) for fresh biogenic secondary organic aerosol is not

likely to be a straightforward task as it appears to be depens 3.1 -Pinene SOA
dent on location and conditions.

Photooxidation of 50 ppb¥-pinene generated particles with
higher hygroscopic growth factors compared to those pro-

Hygroscopicity measurements were carried out during oneduced using the 250 ppbV conditions. The hygroscoplmty
of the particles averaged over each hour of the experiment

higher and one lower mixing ratio experiments for each SOA _ . )
precursor, except for limonene experiments, which were re{€nded to increase throughout the 50 ppbV experiment, in
peated three times, arfdcaryophyllene experiments, which contrast to the 25.0 ppt_)v experiment where the hourly av-
were repeated four times. For all five precursors investigated(?r"’lg.e d hygroscopicity mcr.eas.ed before stabilising after ap-
the HTDMA consistently measured a narrow particle growth proximately 4 h of photooxidation (Fig. 6).
factor distribution at each selected dry particle diameter, in-

dicating that particles of the same size have similar compo3-3-2 B-Caryophyllene SOA

sition at any given time (i.e. internally mixed). Being inter- o

nally mixed the hygroscopicity of particles in the chamber Photooxidation of 50 and 250 ppby-caryophyllene pro-

of a given size can be well described by a singlealue duced the I_east_ hygroscopic particles compare_d to all other
(Petters and Kreidenweis, 2007) calculated from the meaPrecursors in this study. The average hygroscopic growth fac-
of the fitted growth factor probability density function (GF- tors were similar for both initial mixing ratios. Theiroma
PDF) (Gysel et al., 2009). Hereafter hygroscopic growth fac-averaged over each hour of the experiment appeared to in-
tor refers to the mean of the GF-PDF unless otherwise stated:réase slightly with time;-0.005 during a typical experi-
Figure 5 illustrates the observed range of hygroscopic propMent, but this increase was generally within the measure-
erties, represented byrpma, for all selected dry particle Ment uncertainty (Fig. 6). Thg-caryophyllene hygroscop-
diameters Do) for particles generated from each initial mix- ICity measurements shown here have also been presented
ing ratio of each precursor. The-caryophyllene produced Py Hamilton et al. (2011) in the context of utilising-

the least hygroscopic particlesifoma ~ 0.01), whileq-  caryophyllene to generate biogenic organic seed particles for
pinene, limonene, linalool and myrcene produced particleschamber experiments, and by Alfarra et al. (2012) in the con-
with higher hygroscopicitydproma ~ 0.03 to 0.14). The hy- text of mve_stlgatmg t_he effect of initial VOC mixing ratio on
groscopic behaviour of each precursor is discussed in mor8Y9roscopic properties.

detail below. Table 3 summarises the hygroscopic proper-

ties, represented byytpma, and range of growth factors ob- 3.3.3  Limonene SOA

served for each precursor.

3.3 Hygroscopic properties

Photooxidation of 50 ppbV limonene produced slightly more
hygroscopic particles compared to those produced in the
250 ppbV case. The 50 ppbV experiment showed the average
kHTDMA over 1h intervals increasing slightly by 0.02 from
hour 1 to hour 4. The 250ppbV experiment showed the
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Table 3. Mean growth factor and values derived from the HTDMA measurements at 90 % RH for the 50 ppbV and 250 ppbV initial
precursor mixing ratios.

Precursor 50 ppbV \ 250 ppbV

GFgowrH Range  «ytDmMA | GFoowrH  Range  kHTDMA
a-pinene 1.27 1.25-1.29 0.121 1.08 1.07-1.13 0.042
B-caryophyllene 1.02 1.01-1.04 0.00 1.03 1.01-1.05 0.011
Limonene 1.17 1.11-1.23 0.077 1.15 1.13-1.19 0.069
Linalool 1.18 1.13-1.22 0.082 1.17 1.15-1.24 0.090
Myrcene 1.21 1.12-1.29 0.101 1.19 1.16-1.27 0.098

averagerytpma over 1 hintervals increasing slightly by 0.02 the HTDMA at any particular time have been produced later

from hour 1 to hour 5 (Fig. 6). (and exposed to shorter gaseous OVOC histories) than larger
particles. Considering each selected dry size separately, there
3.3.4 Linalool SOA is correlation between (increasing) hygroscopicity and time

(i.e. degree of oxidation). Fg8-caryophyllene the correla-

The average hygroscopic growth factors of particles pro-tion betweenctpma and time is sometimes large?(> 0.9)
duced from the photooxidation of 50 and 250 ppbV linalool pyt at other times much lower, whilst for limonene, linalool
were similar. However partiCleS in the 250 ppr case eXhib-and myrcene there is genera"y a Stronﬁ;{ 09) correlation
ited a slightly higher range. The hygroscopicity increasedgt kuToma and time. The increases ofirpma With time in-
throughout experiments, where for the 50 ppbV case the avgicates that SOA formed from molecules that partition from
eragexHtpma over 1h intervals increased by 0.03 from the gas phase later in the experiments are more hygroscopic.
hour 1 to hour 5. The averageytrpoma for 250 ppbV ex-  Gijven that the observed changexigrpma is small during
periment, on the other hand, increased over 1 h intervals b)ﬁ—caryophyllene experiments (and of similar magnitude to
0.04 from hour 1 to hour 5 (Fig. 6). After 1.5h, 150nm  the HTDMA's precision), it is only possible to assert that
and 200 nm diameter partiCIe were selected alternat8|y by thg']e hygroscopicity of molecules formed throughout me

HTDMA. A consistent difference between the hygroscopic- caryophyllene experiments is identical within measurement
ity of the two selected particle sizes was observed®.01  yncertainty.

(kvTDMA), indicating that there may be differences in their
composition; this though is within the measurement uncer-3.4 CCN activity
tainty of the TDMA (gf+ 0.02) (Massling et al., 2011).

Critical supersaturations derived from thgg were obtained
3.3.5 Myrcene SOA for 50 ppbV «-pinene, g-caryophyllene, limonene, linalool

and myrcene experimentBsg measurements were also ob-
The growth factors of particles produced form the photoox-tained for 250 ppbV linalool and myrcene experiment. The
idation of 50 ppbV myrcene appeared to be slightly higher CCNc data set is significantly limited compared to other data
than those produced in the 250 ppbV experiment. In bothsets due to the fact that if a too high or too low supersatu-
cases, there was a measurable difference in the hygroscopation is set in the CCNc, either all or none of the particles
icity of particles sampled alternately at different sizes. Theactivate over the narrow size distribution in the chamber and
difference was typically between 0.03 and 0.@H1bma) a Dsg cannot be determined. Table 4 summarises the range of
when alternating between sampling different sizes. When accy values. Figure 7 illustrates the lack of temporal trends
larger size was selected the hygroscopicity was always loweln CCN activity; this observation, though, is from a much
than that of the smaller size sampled before and after. Thenore limited data set than the HTDMA. The higher mixing
hygroscopicity of particles at single selected size increasedatio experiments (linalool and myrcene) resulted in slightly
with time throughout the myrcene experiments (Fig. 6). Thelower kccy values than their corresponding 50 ppbV experi-
change in particle hygroscopicity was0.1 (cutpma) from ments.
the start to the end of the experiments.

3.5 Reconciliation ofkytpma and kcen
3.3.6 Trends in hygroscopicity

In general, the average values derived from the HTDMA
For each of the five precursors, the hygroscopicity of parti-and CCNc are similar for each precursor. For 50 ppbV
cles sampled throughout the experiments tended to increasejnene, the HTDMA values are very slightly lower than
based on the hourly averageghpwma values during each ex- those derived from the CCNc, the meagrpma 0.12 com-
periment for all dry sizes (Fig. 6). Small particles sampled by pared to 0.13 for the CCNc. Thegrpma values for 50 ppbV
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Table 4. Mean and range of kappa values derived from the CCNc 0.20
measurements for the 50 ppbV and 250 ppbV initial precursor mix- o Limonene 30900V
ing ratios. ] 5!2::23: §§}§E§VV
015 2 Wreene 250 ppov .
. ] _._ [i;ﬂCﬁ;y:phyllene 50 ppbV T Pid
Precursor KCCN | 10-90th percentile range p . _ .__§_<
50ppbV 250 ppbV| 50ppbV 250 ppbV £ 010
K ]
a-pinene 0.13 -/ 0.10-0.16 - : %
B-caryophyllene 0.009 0.009-0.014 - 0.05 ] -
Limonene* 0.06 - NA - ]
Linalool 0.12 0.10 0.10-0.15 0.06-0.14 g *
Myrcene 0.12 0.10 0.06-0.17 0.06-0.13 000"~

T T T T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20

* Derived from limited number of measurements.
Kcen

0203 Fig. 8. Reconciliation of mean kappa values from HTDMA and

s e . o o o, ° CCN measurements. The vertical and horizontal variability bars
] ) . o ° 3 represent one standard deviation for each measurement.

010 A a® @, oo
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0.05 —
] 50 ppbV s-caryophyllenecytpma values are slightly higher
M J T ' thankcen.
N Time after lights on (hr) It should be noted that, in both HTDMA and CCNc instru-
= ments, the RH of the SOA sample is actively controlled but
(I . not the saturation ratio of any other semi-volatile component.
Vg A smog chamber is typically an extensive continuous source
2 2shpm0 ° of vapours of ranging volatility. It is assumed that the parti-
[B-caryophyliene_a-pinene_Limonene Myrcene cles have equilibrated with the RH in the sub-saturated mea-
o1 : A surement in the HTDMA (Swietlicki et al., 2008) and super-
() saturated measurement in the CCNc (Roberts and Nenes,
2005). Since there is no active control of other semi-volatile

Fig. 7. Temporal profiles of CCN activityxccn) of the SOA par- .
ticles from the five studied biogenic precursors (top panel). The re-ComponentS (i.e SVOCs), these molecules are free to con-

lationship between the size at which 50 % of the particles activated1€NSe or evaporate towards their equilibrium concentrations
(Dsp) and supersaturation for all of the SOA systems is shown inin the measurement timescales of the instruments (Top-
the bottom panel. ping and McFiggans, 2012). Therefore, hygroscopic growth

and cloud activation of SOA particles are likely to be sub-

stantially impacted by the tendency of these semi-volatile
B-caryophyllene are slightly higher than those derived frommolecules towards co-equilibration during the drying prior to
the CCNc. The mearytpma Values are 0.014 compared initial size selection and humidification in determining their
to 0.009 for the CCNc. Thenytpma Values for 50 ppbV  sub-saturated growth or cloud activation potential. Given the
limonene SOA cover the range ef values derived from lack of active control of semi-volatile compound saturation
the CCNc, although it should be noted that only 3 dataratios and the very different values likely to be experienced
points were collected from theccn. Thexytpma Values for  in each instrument, it may be considered surprising that the
50 ppbV linalool SOA are lower (mean 0.08) than those de-relatively large scatter in the data shown in Fig. 8 is not larger.
rived from the CCNc (mean 0.12). Similarly, tegrpma for Previous work by Good et al. (2010c) reported results
50 ppbV myrcene SOA (mean 0.10) are slightly lower thanfrom three different HTDMAs and found that the ability of
those derived from the CCNc (mean 0.12), but the range of the single parametar model to predict cloud activation be-
values is similar. The meatytpma Values for the 250 ppbV  haviour of secondary organic aerosol particles produced by
myrcene and linalool experiments are close to those observethe chamber photo-oxidation efpinene was dependent on
by the CCNc. the instrument used to measure sub-saturated hygroscopic-

In summary,kytoma values derived 50 ppb\-pinene, ity and the relative humidity used to provide the model input.

linalool, and myrcene SOA appear slightly lower than thoseHowever, agreement was observed for inorganic salt solution
derived from the CCNc. This difference is largest in the particles, which were measured by all instruments in agree-
first hours of the experiments; as thgrpma values in-  ment with theory. In that study, the reportedrpma val-
crease towards the end of the experiments, the difference betes were between 0.04 and 0.1, depending on the instrument
tween the CCNc and HTDMA become smaller. Theal- used for measurements. In addition, differences in the sub-
ues for 250 ppbV linalool and myrcene SOA are similar. The saturated hygroscopic growth were observed when different

»
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Fig. 10. The relationship between sub- and super-saturated water

Fig. 9. The relationship between hygroscopicity of particles of a
g P =~ piety of P uptake of SOA particles and their level of oxidation. Therpma

single size (represented yTpma) and f44 measured simulta- )
neously by the ToF-AMS for each precursor at both high and low (0PN Symbols) andccy (filled symbols) are mean values mea-
initial mixing ratios. The linear fit parameters and coefficient of de- sured for the largest size during the final hour of each experiment.

termination (2) for each selected particle size are listed in Table 5. The level of oxidatic_)n is inferred from the mean valuesfif dur-
ing the corresponding period. The variability bars at3 €.d.) of

the measurements.

initial mixing ratios of «-pinene were used. The reported
kcen Values for the same experiments were very close to 0.
and did not seem to change with the initial mixing ratiavef
pinene. The study concluded that the difference in HTDMA |creases in particle hygroscopicity during chamber exper-
data from validated and extensively used instruments meani,ents of this type (i.e. single VOC oxidation) have been
that it could not be stated with certainty the detail required togown to relate to the changing composition of the sam-
predict the CCN activity from sub-saturated hygroscopicity. pled particles with time (Massoli et al., 2010; Duplissy et al.,
Several other studies have compared sub- and super—saturatggll; Juranyi et al., 2009; Lambe et al., 2011). Specifically,
hygroscopic properties af-pinene SOA and reported vari-  he relative oxidation of the molecules that make up organic
able findings. For example, both Duplissy et al. (2008) andpyticles has been observed to correlate with their hygro-
Juranyi etal. (2009) reported thairoma andicen couldbe  geopicity within individual systems (e.g-pinene, isoprene,
reconciled within experimental uncertainties for SOA pro- yimethylbenzene anei-xylene) reported in those studies.
duced from photooxidation ok-pinene (with initial pre-  The extent of oxidation of organic aerosol particles is typ-
cursor concentration of 10-270 ppb). In contrast, Prenni efcally determined by measuring O: C ratios (Aiken et al.,
al. (2007) observed discrepancies for SOA produced frompoog: Chhabra et al., 2011) or averaged carbon oxidation
ozonolysis ofa-pinene, although the initial precursor con- giate (Kroll et al., 2011) when a high-resolution aerosol mass
centration was much greater (>400 ppb) than other studiesypecrometer is used. Alternatively, as discussed in Sect. 3.2,
Massoli et al. (2010) found thattpma values fore-pinene ¢ is ysed as a measure of oxidation of unit resolution mass
SOA were consistently lower thaftcn. It has to be noted  gpectral data. Increasingis has been used to infer the pres-
that the SOA particles investigated in the studies listed hergynce of more oxygenated molecules and has therefore been
were all generated using different experimental conditions,expected to lead to increased particle hygroscopicity.
in terms of initial concentrations, oxidation regimes and ox- Figure 9 shows the relationship between the hygroscop-
idant levels. It has been suggested that measurements of hYc‘ity (knToma) Of particles of a single size anfhy mea-
groscopic growth factors (HGF) at RH >95 % are needed t0gred simultaneously by the ToF-AMS for each precursor
determine the steepness of the HGF curve close to the poinf; poth high and low initial mixing ratios. The linear fit
of CCN activation (Juranyi et al., 2009; Wex et al., 2009), harameters and coefficient of determinatio) (for each
and that factors such as gas-phase precursor concentratiofs|ected particle size are listed in Table 5. As has previ-
molecular size, solubility and functional groups should beously been observed in various SOA systems (Massoli et al.,
considered in predicting the CCN activity of SOA particles 2010; Duplissy et al., 2011; Frosch et al., 2011), myrcene,
(Duplissy et al., 2008; Petters and Kreidenwgis, 2008; Pettergalool and, to a lesser extent;pinene derived particle hy-
et al., 2009a, b; Good et al., 2010b, c; Poulain et al., 2010). groscopicity correlate positively withfsa. In the cases of
myrcene and linalool, the correlation sometimes weakens for
the largest sizes towards the end of the experiments, when
the growth factor stops increasing bfi4 continues to rise.
There is not however strong correlation between the particle

]3.6 Relating hygroscopicity to composition

www.atmos-chem-phys.net/13/11769/2013/ Atmos. Chem. Phys., 13, 1176989 2013



11782 M. R. Alfarra et al.: Water uptake and composition of biogenic secondary aerosols

Table 5.Linear fit parameters and coefficient of determinatiBﬁ)(of the relationship between the hygroscopicity (representaegbpma )
of particles of a single size and the degree of particle oxidation (represented)by

Precursor Initial mixing Do M cC R2
ratio (ppbV)  (nm)
a—Pinene 50 200 -0.142+0.099 0.024+0.009 0.40
50 200 —0.003+0.001 0.004:0.000 0.87
300 0.068+0.052 —0.001+0.011 0.60
B—Caryophyllene
250 250 —0.0194+0.003 -0.067+0.009 0.67
300 —0.016+0.009 0.055:0.025 0.10
50 200 0.044+0.034 —0.240+0.253 0.10
. 200 0.042:0.037 —-0.214+0.259 0.16
Limonene
250 350 0.168:0.084 —0.018+0.016 0.06
500 0.055+0.028 —0.229+0.149 0.36
100 0.024+0.002 -0.032+0.008 0.93
50 150 0.017A40.001 —0.008+0.005 0.94
Linalool 200 —0.006+ 0.007 0.119:0.047 0.12
250 150 0.029+0.002 —0.019+0.007 0.94
200  0.0270.0014 —0.028+0.006 0.95
100 0.036:0.003 —0.188+0.021 0.96
50 150 0.034:0.001 —0.200+£0.012 0.97
250 0.006+ 0.003 0.025:0.032 0.22
Myrcene

150 0.0410.011 —-0.242+0.092 0.57
250 250 0.025:0.001 —0.123+0.008 0.97
350 0.022:0.003 —-0.124+0.030 0.74

hygroscopicity in the3-caryophyllene experiments ans. and CCNc are weighted according to the number of parti-
In the 8-caryophyllene experiment the change in particle hy-cles sampled with a given value, but tlfg; averages are
groscopicity is smaller than the precision of the HTDMA from AMS mass-based averages). Figure 10 aims to illustrate
measurement, while the change jias is 0.3% (over the the relationship between the absolute fractiomgf 44 and
HTDMA measurement period), so a high correlation is not particle hygroscopicity independent of precursor. It is appar-
expected. In the limonene experiments the growth factor aent thatx-pinene, limonene, linalool and myrcene are able to
each dry size tended to increase with time. In the 250 ppb\Vgenerate particles with similar hygroscopicity € 0.1) de-
limonene experimentyytpma and fa4 correlate oncefsq spite f44 ranging from~ 4 to 11 %. Thg-caryophyllene de-
starts to increase; however overall correlation between theived particles exhibit an order of magnitude loweahan the
GFpo=350nm is low due to the fact thafs4 drops continu-  other systems after 4 to 6 h of photooxidation as well as the
ously from the start of the experiment and only start to in- lowest f44 (~ 2.5%). These findings indicate that while the
crease after 2.5 h. In the 50 ppbV experiment there is a rel- level of oxidation of particles is clearly an important factor
atively large amount of scatter in consecutive HTDMA mea- in determining water uptake properties, as shown in Fig. 9,
surements which may account for the low correlation. it is only so inasmuch as it controls solubility. Other factors
Figure 10 shows meafi4 (3 s.d.) and the particle hygro- such as surface tension, molecular weight, density, and parti-
scopicity derived from HTDMA (filled symbols) and CCNc cle phase play important roles in determiningalues (Pet-
(open symbols) of the largest selected particle size duringers et al., 2009b; Poulain et al., 2010; Good et al., 2010c;
the last hour of each experiment (generally within hours 4Cappa et al., 2011; Tang et al., 2012). This is probably the
to 6, depending upon the experiment duration) for each premain reason why correlations were observed for single pre-
cursor at high and low mixing ratio. The largest selectedcursor SOA systems (Fig. 9), but overall there appears to be
particle size is chosen such thats (mass fraction) is the no systematic relationship between water uptake properties
closest representation of the particles sampled by the HTand the extent of oxidation (Fig. 10). In the single precur-
DMA and CCNc (it should be remembered that the aver-sor SOA experiments, fewer of these factors vary. For exam-
age hygroscopicity values derived from both the HTDMA ple, molecular weight or density changes less during ageing
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when compared to switching between precursors of different 0.20

molecular weight (Varutbangkul et al., 2006; Petters et al., 12 g;gggggpg:::;ggggp;pzv
2009a). It should be noted that the lack of a clear relation- a15-] & Lionone osneomy

ship betweerncccn and fa4 or O:C have been previously 18 o pinene 50ppby %
reported (Frosch et al., 2011; Tang et al., 2012). O CCN

.. . . . S 0.10—_
A similar investigation of SOA hygroscopicity, repre- 1 ®
sented by« and the averaged carbon oxidation stad&{) 1 ) *
0.05 —

determined from the offline analysis is shown in Fig. 11. The

KHTDMA, KceN

O<: values of the SOA ranged from0.96 to—0.88 for - k

caryophyllene—0.67 to—0.47 for limonene and-0.69 for 0.00 %

the singlex-pinene experiment. Similar to th&a analysis, do e as ar s o aa
B-caryophyllene SOA showed the lowe3&: values, indi- Average C oxidation state (OSc)

cating it was the least oxidized aerosol. This is perhaps ex- i
pected since the parent VOC is the least volatile and early '9- 11-¥HTDMA values average over the final hour for the largest
generation oxidation products can partition to the condensed’ easured size andcey of the appropriate experiments plotted

h Both th t h hidb&s val ith against average C oxidation state calculated from SOA filter sam-
phase. bo e monoterpenes have high&e values, wi ples collected at the end of same experiments. The filled and open

Iimonepe higher thab_z-pinene. This may be a.rt_asult of fur- symbols are for HTDMA and CCN data, respectively. The-
ther oxidation of the limonene double bond, giving more 0x- gata points have been offset very slightly to the right for display
idised products. A mean kappa value for the largest sizegurpose.

particles over the final hour of the experiment was used since
the filter samples represent an instantaneous snapshot at the
end of the experiment. From the samples available from off-ration ratio of any other semi-volatile component means they
line analyses of limited subset of the precursors, it mightare free to evaporate during drying to initial size selection
be tempting to try to look for a relationship betwe®%:  and to condense on humidification in determining their sub-
and hygroscopicity. The fallibility of this approach can be saturated growth or cloud activation potential. Sample treat-
seen from the online analysis when including the linalool ment during online and offline chemical composition mea-
and myrcene SOA data points. A direct comparison of datasurements are different. Particles sampled into the AMS were
in Figs. 8 and 9 could only be performed using the threenot actively dried. However, they were subjected to a super-
overlapping SOA systems @fcaryophylleneq-pinene and  sonic expansion into the vacuum system, which could lead to
limonene. Both off- and online analyses methods determinedreeze drying of water and semi-volatiles. The filter samples
lower level of oxidation for thes-caryophyllene SOA com-  were collected over a relatively short period of time using a
pared to that of limonene ang-pinene. It is noteworthy, high flow rate of 3mmin~! (i.e. in approximately 6 min),
however, that th®© S value ofa-pinene SOA is lower than  and were stored at 18°C almost immediately after collec-
that of limonene, whilst thef44 is higher, suggesting a differ-  tion. Such a protocol should minimise sampling artefacts of
ence in the use of online derivefd4 and offline determined  condensation and evaporation. Discrepancies between online
O values in determining the degree of oxidation of par- measurements of composition and hygroscopic growth when
ticles. Including online data for linalool and myrcene SOA particles contain substantial amounts of semi-volatile mate-
systems in this analysis led to the conclusion that a relationtial show that correction for this fraction are required (Gy-
ship betweenfs4(OS:) and hygroscopicity could not be es- sel et al., 2007), and the equilibration of semi-volatile mate-
tablished and generalised for the combined SOA systems imial will likely contribute to discrepancies between measure-
this study. ments of chemical composition, sub-saturated hygroscopic
The apparent independencexofalues derived from sub- growth and droplet activation in the laboratory (Good et al.,
and super-saturated measurements of SOA particles of thef010c) and atmosphere (Irwin et al., 2010).
degree of oxidation determined using both online and off-
line methods do not necessarily suggest that water uptake
and chemical composition are not related in reality. Instead4 Conclusions
they suggest thafss andOSc are not the only determinant
composition-related factors controlling water uptake of SOAFive structurally different biogenic VOCs were identified
particles and that other factors such as solubility, surface tenrepresenting species emitted into the atmosphere with arange
sion, molecular weight, density and particle phase are likelyof chemical reactivity and complexity in their subsequent
to be playing important roles in controllingvalues (Petters degradation. The studied compounds wesrginene, 8-
and Kreidenweis, 2008; Petters et al., 2009a, b; Poulain etaryophyllene, limonene, linalool and myrcene. The chem-
al., 2010; Cappa et al., 2011; Tang et al., 2012). In additionjcal half-life for each of the compounds derived from their
as stated above, in the water uptake measurements, the RH décay profiles appeared to be consistent with their pub-
the SOA sample is controlled but the lack of control of satu-lished reactivity data towards the main oxidants of ozone
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and hydroxyl radical. The shortest lifetime (i.e. highest reac-values likely to be experienced in each of the two instru-

tivity) was observed fopB-caryophyllene, while the longest ments, as well as the role of factors such as molecular size,

lifetime was found to be that af-pinene. The SOA particle solubility and functional groups, the difference between the

formation profiles were found to be consistent with the de-two « values is relatively small.

rived VOC chemical lifetimesf-caryophyllene SOA peak Consistent with previous studies, a positive correlation

number was the first to be reached, whilpinene SOAwas was found between the hygroscopicity of particlesroma)

the last). Investigations illustrated that SOA formation po- of a single size andi4 for myrcene, linalool and-pinene

tential was higher when the same precursor is used at higheBOA (albeit the correlation for the latter was weaker). On the

initial mixing ratio compared to a lower initial mixing ratio other hand, no such correlation was found for limonene SOA

case. particles. Investigation of the generality of the relationship
The fractional contributions of mass fragments 43 and 44betweenfs4 andkytpma revealed thatv-pinene, limonene,

to the total organic signalfys and f14) were used to char- linalool and myrcene were all able to generate particles with

acterise the extent of oxidation of the SOA as measured onsimilar hygroscopicity §4tpma ~ 0.1) despitefa4 exhibit-

line by an aerosol mass spectrometer. Tiag and fa4 for ing a relatively wide range of values-@ to 11 %). Similarly,

the studied systems under lower and higher initial mixing xccn Was found to be independent ffs. The same findings

ratios varied considerably, both in magnitude and temporalwere also true when sub- and super-saturated water uptake

evolution. These results illustrated that SOA generated fromproperties of SOA were compared to the averaged carbon ox-

a single biogenic precursor cannot and should not be usedtiation state QSc) determined offline. These results suggest

as a proxy for biogenic SOA in general. In addition, the val- thatx values derived from sub- and super-saturated measure-

ues of f44, which are widely used in the literature to indicate ments of SOA patrticles are independent of their degree of

the level of oxygenation of organic aerosol in field and lab- oxidation, determined using both online and offline methods.

oratory studies, are very much dependent on the type of preThese findings do not necessarily suggest that water uptake

cursor, the extent of photochemical ageing as well as on th@nd chemical composition are not related in reality. Instead,

initial experimental conditions. they suggest thafss andOSc are not the only determinant
Similarly, the generated SOA particles exhibited a rangecomposition-related factors controlling water uptake of SOA

of hygroscopic properties, representeddpytpma, depend-  particles and that other factors such as solubility, surface ten-

ing on the type of precursor, its initial mixing ratio and pho- sion, molecular weight, density and particle phase are likely

tochemical ageing. For example, tecaryophyllene SOA to be playing important roles in doing so. Additionally, the

particles were the least hygroscopigifpma ~ 0.01), while  findings may emphasise the possible impact of the lack of

a-pinene, limonene, linalool and myrcene produced particlescontrol of saturation ratio of semi-volatile compounds in the

with higher hygroscopicity{ ~0.03 to 0.14). Considering current state-of-the-art techniques employed to determine the

each selected dry size separately, there was a positive correlahemical composition and water uptake properties of aerosol

tion between hygroscopicitygrpma) and time (i.e. degree particles.

of oxidation). This correlation was generally strond# 0.9)

for limonene, linalool and myrcene SOA, whilst for tige
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