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Abstract. Secondary organic aerosol (SOA) formation from tion remaining (VFR) at 343K: 0.86-0.94). The aromatic
mixed anthropogenic and biogenic precursors has been studerosol had higher oxygen to carbon ratio O/C and was less
ied exposing reaction mixtures to natural sunlight in thevolatile than the biogenic fraction. However, in order to pro-
SAPHIR chamber inilich, Germany. In this study aromatic duce significant amount of aromatic SOA the reaction mix-
compounds served as examples of anthropogenic volatiléures needed a higher OH dose that also increased O/C and
organic compound (VOC) and a mixture efpinene and provided a less volatile aerosol. The SOA yields, O/C, and
limonene as an example for biogenic VOC. Several experi-f44 (the mass fraction of Cpions in the mass spectra which
ments with exclusively aromatic precursors were performedcan be considered as a measure of carboxylic groups) in the
to establish a relationship between yield and organic aerosahixed photo-chemical experiments could be described as lin-
mass loading for the atmospheric relevant range of aerosatar combinations of the corresponding properties of the pure
loads of 0.01 to 10 ugmP. The yields (0.5 to 9%) were systems. For VFR there was in addition an enhancement ef-
comparable to previous data and further used for the defect, making the mixed aerosol significantly less volatile than
tailed evaluation of the mixed biogenic and anthropogenicwhat could be predicted from the pure systems. A strong pos-
experiments. For the mixed experiments a number of dif-itive correlation was found between changes in volatility and
ferent oxidation schemes were addressed. The reactivity, th®/C with the exception during dark hours where the SOA
sequence of addition, and the amount of the precursors involatility decreased while O/C did not change significantly.
fluenced the SOA properties. Monoterpene oxidation prod-Thus, this change in volatility under dark conditions as well
ucts, including carboxylic acids and dimer esters were iden-as the anthropogenic enhancement is due to chemical or mor-
tified in the aged aerosol at levels comparable to ambient aimphological changes not affecting O/C.

OH radicals were measured by Laser Induced Fluorescence
which allowed for establishing relations of aerosol proper-
ties and composition to the experimental OH dose. Further-

more, the OH measurements in combination with the derivedl  Introduction

yields for aromatic SOA enabled application of a simplified ) ) _
model to calculate the chemical turnover of the aromatic preJ-ormation of atmospheric secondary organic aerosol (SOA)

cursor and corresponding anthropogenic contribution to thd"om ga_s—phase precursors has rgceived considerable atten-
mixed aerosol. The estimated anthropogenic contributiondion during the last decade (Hallquist et al., 2009; Jimenez et
were ranging from small< 8 %) up to significant fraction &l 2009; de Gouw and Jimenez, 2009; Kroll and. Seinfeld,
(> 50 %) providing a suitable range to study the effect of 2008). Secondary organic aerosol components impact the

aerosol composition on the aerosol volatility (volume frac- Earth climate by supporting the formation of new particles,
which increases the number density, and by condensation
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onto pre-existing particles, which increases both mass anavere conducted here to mimic a few selected scenarios where
size. Moreover, SOA formation and transformation by at- aromatic precursors and a mixturesgpinene and limonene
mospheric processes influence the physicochemical propewere oxidised and aged both together and separately.
ties of atmospheric aerosols. Depending on location, time To evaluate the ASOA contribution in the mixed sys-
and specific source regions, SOA can be produced frontems there was a need for aerosol yield from pure aro-
both anthropogenic and biogenic volatile organic compoundsnatic photo-oxidation experiments at low NOrhere have
(VOC). Globally the production of biogenic SOA (BSOA) been a number of studies on this topic, (e.g. Healy et al.,
dominates over the anthropogenic (ASOA) with estimated2009; Hurley et al., 2001; Izumi and Fukuyama, 1990;
fluxes of 88 and 10 TgC per year, respectively (Hallquist etNg et al., 2007; Sato et al., 2007; Song et al., 2007;
al., 2009). As discussed by Hallquist et al. (2009) there areTakekawa et al., 2003) as discussed in the recent study
large uncertainties but all estimates indicate the production obf Hildebrandt et al. (2009). In their study, they reported
BSOA to be significantly larger than ASOA (Spracklen et al., new vyields from experiments done at RNOnixing ra-
2011; Kanakidou et al., 2005; Heald et al., 2010; Goldsteintios <5 ppb (toluene/NQ> 250 ppbC ppb?) using artifi-
and Galbally, 2007). Locally and regionally however, the cial sunlight. Within the current work, we conducted an ex-
ASOA can supersede the BSOA (e.g. Fushimi et al., 2011tensive set of aromatic photo-oxidation experiments using
Steinbrecher et al., 2000; Aiken et al., 2009). The SOA for-natural sunlight to primarily match our experiential condi-
mation mechanisms are complex and even though we nowaions, and secondary to compare to the findings of Hilde-
days have a detailed chemical knowledge on the degradatiobrandt et al. (2009). In addition to characterisation of SOA
of most VOC, a large part of the SOA formation and age- composition by aerosol mass spectrometry, filter samples
ing is still unclear as well as understanding multi-componentwere analysed to achieve insight into the chemical speciation
systems. There are several field observations where SOA hay SOA.
been attributed to originate from both biogenic and anthro-
pogenic sources and it seems that anthropogenic activities
enhance BSOA abundance (e.g. Aiken et al., 2009; Carltone2 Experimental
al., 2010; de Gouw et al., 2005, 2008; Hu et al., 2008; Shantz
etal., 2004; Spracklen et al., 2011; Szidat et al., 2006, 2009)The oxidation of the VOC precursors and the following SOA
Several studies have recently stressed the potential of arformation took place in the outdoor atmosphere simulation
thropogenic biogenic interactions to be of importance forchamber SAPHIR located on the campus of Forschungszen-
SOA (Spracklen et al., 2011; Hoyle et al., 2011; Glasius ettrum Jilich. SAPHIR is a double-wall Teflon chamber of
al., 2011; Galloway et al., 2011; Kautzman et al., 2010).cylindrical shape of a volume of 270%and has previously
There are several potential ways of interactions, both directlybeen described (Rohrer et al., 2005; Bohn et al., 2005).
by gas-aerosol chemistry and physics, and indirectly by anSAPHIR is operated with synthetic air (Linde Lipur, purity
thropogenic influence on biogenic source strengths. In th€9.9999 %) and kept under a slight overpressure of about
context of the present study the chemistry of VOC from an-50 Pa. Characterization of gas phase and SOA particles were
thropogenic (AVOC) and biogenic (BVOC) compounds will performed with a number of instruments (see below). A con-
be covered. This has also been the main focus of the retinuous flow of synthetic air of 7-9#h~1 maintained the
cent laboratory study of Hildebrandt et al. (2011) and ischamber overpressure and compensated for the sampling by
partly covered in a number of other studies during the lastthe various instruments. This flow causes dilution of the re-
years (Jaoui et al., 2008; Lambe et al., 2011; Hildebrandtaction mixture with clean air. The synthetic air is also used
et al., 2011; Derwent et al., 2010). Hildebrandt et al. foundto permanently flush the space between the inner and the
that ABSOA derived from mixtures of AVOC and BVOC outer Teflon wall. This and the overpressure of the cham-
can be treated as ideal mixtures. The yields can be paramber serve to prevent intrusion of contaminants into the cham-
eterised applying the assumption of a common organic phasber. The chamber is protected by a louvre system, which
for partitioning. In the atmosphere there are a number ofis either opened to simulate daylight conditions, exposing
interesting issues regarding SOA formation from mixed airthe reaction mixtures in the chamber to natural sun light or
masses where typical anthropogenic precursors behave ditlosed to simulate processes in the dark. A fan ensured mix-
ferently compared to biogenic precursors. Typical anthro-ing of trace gases within minutes, but reduced aerosol life-
pogenic SOA precursors (AVOC) are aromatic hydrocarbongime to about 6 h.
whereas typical biogenic precursors (BVOC) are terpenoids. In this work 17 vyield experiments listed in Table 1
As shown in Table 1 benzene, toluene, and p-xylene (as exwere performed with individual aromatic precursors (ben-
amples of AVOC) react slower with OH radicals than the un- zene, toluene, p-xylene, mesitylene, hexamethylbenzene or
saturated monoterpenesinene and limonene (as examples p-cymene (biogenic)) producing the ASOA at low NO
of BVOC). Moreover, monoterpenes can also be oxidized by(~ 1 ppb) and high NQ (=~ 10 ppb) conditions. ASOA yields
ozone and N@ enabling SOA production also during dark were determined from these experiments. In the ASOA stud-
conditions. In order to elucidate this further, chamber studieses we opened the roof of the chamber and exposed it to sun
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Table 1. SOA mass vyields of aromatic hydrocarbons (HC) included in this study. OH rate coeffikigntérom the NIST Kinetic Data

Base. HC concentrations: initial, total loss, and the loss by chemical reaction.iNénd | refer to 10 ppb and 1 ppb, respectivelya

provides the organic aerosol mass concentration at the end of the experiment, corrected for flush out, wall deposition, and background
aerosol. For comparison mass yields are given for the BVOC (MT-mixpihene and limonene) and for the mixed BVOC/AVOC systems.

The error for the BSOA and ABSOA systems due to the evaluation procedure is about 10 %. The values tygalisefanthe mixed

systems refer to the BVOC contributions. The OH reaction rate coefficients of the BVOG, afeneroH = 5.3 x 10711 cm® s71 and

kiimonene-oH = 1.6 x 10-10¢cm?® s~ in addition the BVOC react with @with rate coefficents ofy-pinener0; = 8.7 x 10717 cm®s~1 and
Kiimonener0g = 2.13x 10716 cm3 571,

Exp HC koH HCinitial HCost HCreacted NOx CéA Yield
(cm®s™h (g3 (ugm3)  (ugm3) (ngm3)
(8/6) benzene 1210712 722 163 45 h 1.4 0.031
(7/6) benzene 121012 718 165 73 | 5.9 0.082
(1/8) benzene 121012 795 255 75 | 0.03 0.0005
(418) toluene 561012 330 157 89 | 0.18 0.0020
(11/6) toluene 5.&10712 203 72 48 | 1.9 0.039
(16/6) p-xylene 1410711 70 63 58 h 25 0.042
(14/6) p-xylene 1410711 74 40 32 | 0.60 0.018
(16/8) p-xylené 1.4x 107113 106 44 27 | 0.02 0.0007
(21/7) p-cymene 15510711 93 62 56 # 25 0.045
(22/7) p-cymene 151011 97 69 59 h 5.4 0.091
(25/7) p-cymene 15510711 92 51 38 | 0.78 0.021
(21/6) mesitylene 5.6%10°11 14 14 14 h 0.30 0.021
(17/6) mesitylene 5.6%10°11 15 15 15 | 0.40 0.027
(10/8) mesitylene 5.6%810°11 25 25 24 | 0.01 0.0004
(2717) HMB® 1x10°106 263 198 180 | 0.02 0.0001
(29/7) HMB 1x10°106 240 190 168 [ 0.02 0.0001
(10/6) MT-mix’ see header 287 229 221 I 55 0.25
(10/6) MT-mix& toluene see header 287&221 270838 25889 I 65 0.24
(18/6) «a-pinene see header 223 221 207 | 66 0.32
(11-12/6) toluene& MT-mix see header 21287 145&178 54&109 | 48 0.30
(14-15/6) xylene& MT-mix see header 7822  59&199  31&148 | 37 0.21
(22/6) MT-mix& toluene-d8 see header  39&250 39890 37.5840 | 14.5 0.18

1 Background aerosol mass 0.004-0.015 mypically 0.005 ug mi3; 2 deuterated p-xylene-d18:kop estimated from p-xylené; NOy added as Ng; 3
hexamethylbenzen&;Berndt and Bge (2001)7 after first 2.5 h of experiment 10/6.

light before AVOC addition in order to learn about the cham- was exposed to ozone overnight. The ozone was initially
ber induced particle formation. The background reactivity in about 20 ppb and originated from the previous photochem-
the chamber produced particulate mas®.015 ug nm3 (typ- istry. Before the filter sampling on the subsequent 2nd day
ically 0.005 pg nT3) a negligible contribution in most cases. the mixture was exposed to sunlight for another 4h. AB-
The ASOA yields only consider AVOC induced ASOA mass SOA 14-15/6 is the analogue to ABSOA 11-12/6 but using
and the background particulate mass was treated as an offsetylene instead of toluene as ASOA precursor. During exp.
An 1:1 mixture of the monoterpenes-pinene and 11/6 the mixing fan failed at 13:20 h leading to reduced par-
limonene served as example of biogenic precursors durticles losses during filter sampling and the subsequent AB-
ing other experiments. Three of the ASOA experiments andSOA part of the experiment. For the fourth ABSOA exper-
four mixed experiments (ABSOA) with biogenic and anthro- iment (22/6) BVOC and AVOC was added simultaneously
pogenic precursors were analysed in detail and the experand exposed for photo-oxidation during 6.3h. The experi-
imental procedures for these experiments are illustrated inments 13/6 and 18-19/6 illustrate pure ASOA (toluene) and
Fig. 1. In ABSOA 10/6, the BVOC mixture was added ini- BSOA («-pinene), respectively.
tially and photo-oxidised for 2.5 h before the AVOC (toluene) The SAPHIR chamber is equipped with a suite of instru-
was added and the mixture was further exposed to sunlighinents. For this study several gas concentrations lise O
for 3.5h prior to filter sampling. In ABSOA 11-12/6 the NO and NG were monitored, as were temperature and rel-
AVOC was added first and oxidised in sunlight for 5.75h ative humidity. The actinic flux and the according photol-
before the BVOC was added in the dark and the mixtureysis frequencies were provided from measurements with a
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composition is detected, except for the main components of
air; N2, Oz, CO, and HO vapour. A tungsten oven at 600
flash-vaporizes the particles under vacuum. The vapours are
ionized by 70 eV electron impact (El), and the resulting ions

.5
g
ES

H

X
X
X

o are detected by means of a time-of-flight mass spectrometer
J i % XX X X ) applying either a high-sensitivity mode (V-mode) or a high-
| mass resolution mode (W-mode). In this study we made use

% of the so-called MS mode, where ion signals are integrated
over all particle sizes, thus the overall composition of the

— SOA is determined.

i XX XXX X] To characterize the degree of oxidation of the particles,

two approaches were applied. The O/C ratio was derived

W by elemental analysis of mass spectra obtained in the high-
mass resolution W-mode as described by Aiken et al. (2007,

I 2008). As a proxy for O/C ratio that can be measured with
higher signal to noise ratio, the ratfa, was also determined
A A from high sensitivity V-mode data. The ratfa, is defined as
™ 00 gy e e Ty Ty the ratio of mass concentration of §Qons ¢n/z = 44 Th)

to the signal of all particulate organics measured by AMS.
Using all data where the organic mass loading was at least

3 . . . .
Sunlight exposure is shown by orange bars and filter sampling byo'5 ugn1, we find a linear relationship between O/C and

grey. Crosses indicate measurements VFR(343 K) by VTDMA. Thef44 with a slope= 3'3# O'_04' an |ntercepi:0.09i_0.004
arrows indicate when extra ozone was added to the chamber. Befor@nd R* = 0.9094. In a similar way agz4 characterizes the
experiments 11-13/6, 13/6 and 14/6 the SAPHIR chamber was exPresence of carboxylic acidgys (m/z =43 Th divided by
posed to sunlight before addition of organic precursor in order toall organics) characterizes the presence of less oxidized, car-
determine the background reactivity. bonyl like material.
Corrections for the (minor) influence of gaseous compo-
nents preceded the calculation of the O/C ratf@gy and

spectral radiometer (Bohn et al., 2005). In this study we em-f43. Chamber air contains CQand water vapour and both
ployed PTR-MS to monitor the concentrations of the VOC gas phase species contribute to the mass spectra. The con-
(Jordan et al., 2009). Particle number and number size distribution of gas-phase GOto m/z 44 and water vapour
tributions were measured by condensation particle counteto m/z 18 was inferred from measurements during peri-
(UWCPC, TSI3786) and a scanning mobility particle sizer ods when no particles were present. The values were sub-
(SMPS, TSI3081/TSI3786). tracted to obtain the particle signals for the elemental analy-

Laser induced fluorescence (LIF) was applied to measuresis (Allan et al., 2004).
hydroxyl radicals (OH). The uncertainty of the OH measure- A Volatility Tandem Differential Mobility Analyser (VT-
ment, which is determined by the accuracy of the calibrationDMA) set-up (Jonsson et al., 2007; Salo et al., 2011) was
of the LIF instrument, is 10% (). The LIF instrument is used to determine the thermal characteristics of the or-
described in detail by Fuchs et al. (2012). The OH radicalsganic aerosol particles. The aerosol was sampled from the
inside SAPHIR are predominantly formed by the photolysis SAPHIR chamber using 6 mm stainless steel tubing and
of HONO coming off the walls, and to a minor fraction by dried using a Nafion drier (Perma Pure PD100T-12MSS).
ozone photolysis (cf. Rohrer et al., 2005). We calculated theA narrow particle diameter range was then selected using
OH dose in order to better compare experiments at different. Differential Mobility Analyser (DMA) operated in a re-
conditions. The OH dose is the integral of the OH concentra-circulating mode. The size selected aerosol was directed
tion over time and gives the cumulated OH concentrations tahrough one of the eight temperature controlled paths in
which gases, vapours and particles were exposed at a givesn oven unit under laminar flow conditions. Each heated
time of the experiment. One hour exposure to typical atmo-oven consists of a 50cm stainless steel tube mounted in
spheric OH concentrations 0f210° cm—3 resultsinan OH  an aluminium block with a heating element set indepen-
dose of 7.2« 10°cm3s. dently from 298 to 563 Kt 0.1 K. To enable swift changes

A High-Resolution Time-of-Flight Aerosol Mass Spec- in evaporative temperatures the sample flow (0.3 LPM) was
trometer (HR-ToF-AMS, Aerodyne Research Inc., DeCarloswitched between the ovens giving a residence time in the
et al., 2006) was used to measure the chemical compositioheated part of the oven of 2.8s, calculated assuming plug
of the SOA. The particles enter the instrument through anflow. At the exit of the heated region, the evaporated gas
aerodynamic lens that reduces gas phase by abduwitld was adsorbed by activated charcoal diffusion scrubbers to
respect to the particle concentration, so that only particleprevent re-condensation. The residual aerosol was finally

Fig. 1. An overview of the experimental procedures. Main bars indi-
cate SOA-type; ASOA (blue), BSOA (green), and ABSOA (violet).
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classified using a Scanning Mobility Particle Sizer (SMPS).3 Methods
Because of low aerosol concentrations, the initial median
particle diameter was selected to dynamically follow the 3.1 Derivation of SOA yields
aerosol size distribution and was typically set around 80 nm.
From the initial particle mode diameteDges) determined  Aerosol yields from single aromatic precursors were deter-
at reference temperature (298 K) and the final particle modamined in experiments with production of ASOA only. The
diameter D7) after evaporation at an elevated temperature,aromatic compounds have two loss terms in the SAPHIR
the Volume Fraction Remaining (VFR(T)) was defined aschamber: flush out and reaction with OH. The flush-out rate
VFRT = (D7/DRef)® assuming spherical particles. This pro- is very well defined in the chamber as the replenishment flow
cedure was used to ensure that any change in particle din a range of 7-9 rhh~lis measured directly and can in addi-
ameter was a result of evaporation in the oven unit and tdion be deduced from inert tracers like €@r absolute water
minimise artefacts such as evaporation in the sampling linesoncentration (lifetime in a range of 28-39 h). The chemi-
prior the VTDMA (Salo et al., 2011). Thermal characterisa- cal turnover of the aromatic compounds was determined in
tion was done repeatedly at several temperatures (from 298even minute time steps by using the drop of measured con-
up to 563 K) or the evolution of volatility with time was mon- centration of the aromatic compound, corrected for the loss
itored at a fixed temperature, e.g. VFR(343K). An increaseby flush-out. The fraction that reacted was integrated over
in VFR corresponds to a less volatile aerosol particle. time to achieve the chemical turnover. For some cases we ad-
At the end of experiment sections filter samples were col-ditionally calculated the chemical turnover in a different way,
lected to get detailed insight into the chemical compositionapplying the measured OH and AVOC concentrations and the
of the aerosol particles. The filter samples were taken usfate coefficient at each time step. In these cases, the sum of
ing a preceding annular denuder coated with XAD-4 resinchemical loss and flush out deviated at maximum 15 % from
to remove gaseous species. The PTFE filters (ADVANTECthe observed total turnover. Particle mass was derived from
PTFE, pore size 0.2 ung 47 mm) were placed in stainless particle number measurements with the SMPS system using
steel housing. Two filters were sampled after each other witha density of 1.4 g cm?. Particles have additional loss terms
aflow of 20 L mirr 1, 1 h perfilter, after the roof was closed at in the chamber since they deposit and diffuse to the walls
the end of the day. Filters were stored at 253 K prior to anal-(compare Salo et al., 2011). The overall particle (typically
ysis. Extraction and analysis of the organic aerosol from theabout 5-6 h) lifetime in the chamber with fan on was esti-
filters followed the method of Kristensen and Glasius (2011)mated assuming that the aerosol mass concentratign)(
and will only be described briefly here. Samples were ex-should be constant at long times, in absence of aerosol pro-
tracted in acetonitrile, and the extracts were evaporated tauction after correction for all loss terms. The wall loss of
dryness and reconstituted in 200 pL of 0.1 % acetic acid andrapours and their potential partitioning with particles de-
3 % acetonitrile in water. All prepared samples were kept atposited on the walls was not considered. The yield is thus
268 K until analysis. Sample extracts were analysed usingiven by the chemical turnover of the aromatic compounds
a Dionex Ultimate 3000 HPLC system coupled through andivided by the loss correctedoa at the end of the day, i.e.
electrospray (ESI) inlet to a g-TOF mass spectrometer (mi-before closing the roof. The error in the yield calculation ac-
croTOFq, Bruker Daltonics GmbH, Bremen, Germany) op- cording to this approach is estimatecit@0 %.
erated in negative mode. The HPLC stationary phase was a In the same way, the yields for the BSOA and ABSOA
Waters T3 C18 column (2.4 150 mm; 3 um particle size), systems were calculated for comparison. Overall the chem-
while the mobile phase consisted of acetic acid 0.1 % (v/v)ical turnover and aerosol production was more distinct for
and acetonitrile. Pinonic acidis-pinic acid, terpenylic acid, the BSOA and ABSOA systems compared to the pure ASOA
diaterpenylic acid acetate (DTAA) and 3-methyl butane tri- systems. The uncertainty due to the loss corrections are about
carboxylic acid (MBTCA) were quantified using authen- +10% in these yield calculations.
tic standards. Oxidation products from limonene along with
dimer esters fronw-pinene were quantified using pinonic 3.2 Classification by anthropogenic fraction
acid, cis-pinic acid and DTAA as surrogate standards. Re-
covery from spiked filters was 72—-88 % for all compounds The experiments were performed in different order of addi-
except MBTCA (55 %), the uncertainty of a measurement istion of AVOC and BVOC and under different reaction con-
about 15 %. No correction for losses during sample handlingditions. In order to classify the SOA according to the anthro-
was applied. Detection limits were 1.1-3.5 nghand anal-  pogenic contribution, we estimated the ASOA fraction in two
ysis of two unexposed filters showed concentrations close tavays, by using thegz4 from AMS measurement and by sim-
detection limits. ple conceptualmodel calculations. Both methods have their
limitations but the results support each other.
For pure ASOA thefas (faa ason) is on average 0.2 in
experiment 13/6 with the largest ASOA mass achieved and
the best quality data. The signghs does not vary much
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(0.195-0.209) over a time period of 7.5 h and a final OH partitioning, but it will still be a valuable tool to compare
dose of 8.5¢< 101°cm~3s. Inspection of the BSOA during the anthropogenic contribution to the ABSOA in the mixed
the first 2.5h of experiment 10/6 with the: 1 mixture of  systems. The model estimate was tested against experimental
a-pinene and limonene revealed, that this fresh BSOA hadesults in two cases. The method overestimates the ASOA in
faapsoa =~ 0.08 after a short induction period. Thgs psoa the 11/6 (toluene) and the 14/6 (xylene) experiments by fac-
then increased with OH dose, and we parameterized this intors of 1.4 and 1.5, respectively, which we regard as a good
crease based on and the experiment 18/6 wiflinene by a  agreement considering the simplicity of the approach. We

source function of the type nevertheless corrected all anthropogenic fractions derived by
the model calculations by a factor of 1.4.
faaBsoa=0.11—0.04x EXP(4.5x 102 x OH-dose (1) In the last column of Table 3 we show the anthropogenic

contributions calculated by the model divided by the correc-
Applying this parameterization we prediffa ssoa~0.1for  tion factor of 1.4. There and in Fig. 3d we compare the es-
pure BSOA at the end of experiments 10/6 and 22/6. ASSUMjmate of the ASOA fraction utilizingfas from AMS mea-
ing linear mixing the ASOA fraction (afrac) can be estimated g ,rements as described above. ASOA fractions in the AB-
from the actualfas (fa4 acT): SOA aerosols predicted by the model were used for detailed
analysis of the thermal characterization with VTDMA at the

faanct = fa4BSOA (2) end of the experiments, i.e. for the periods of filter samples.

faaason— faaBsoa

afrac=

With this approach we estimated the anthropogenic fractiory Result and discussion
in the ABSOA aerosols at the end of the experiments, i.e. for
the periods of filter samples, in order to compare to the model.1  SOA yields
predictions described in the following. In case of experiment
22/6 we applied Egs. (1) and (2) to calculate ASOA fractionsTable 1 provides calculated SOA vyields for aromatic VOC,
during the course of the experiment. (These are compared tmonoterpenes and the mixed experiments. Figure 2 shows
the model results in Fig. 3d.) the derived yields of aromatic VOC as a function of organic
In a second approach we estimated the anthropogenic fraaerosol mass(pa) for the 17 experiments with aromatic

tion in the mixed anthropogenic/biogenic ABSOA systems precursor. The yields are increasing with the organic aerosol
by a simplified chemical/partitioning model. The model in- load Coa as expected from Raoul’s law (Pankow, 1994). A
puts were the gas-phase concentrations of OH, of the aroHill function was fitted to the yields from all aromatic exper-
matic precursor and the particle mass as observed. We calciments resulting in the following expression
lated the sum of all products§,) formed by the reactions 0.39
of the aromatics with OH: yield= ——— =5

1+(22)

Coa

(4)

AVOC + OH — Psym 3)
The parameter base 7.4 x 10~ (yield for Cop — 0 in the
By using the measured particle mass and the yield functiorHill function) was set to 0 and the value of 0.39 in the enu-
derived from pure ASOA experiments we calculated at eachmerator predicts the maximum yield at infini€&a to be
seven minutes time interval the fraction Bfym which sup-  expected from the aromatic compounds.
posedly is residing in the particulate phase {Rf and in The data are within the errors in agreement with a re-
the gas phase (GRy. This information was used to calcu- cent study using artificial sunlight for OH production (Hilde-
late loss terms for Gigm by flush out (replenishment flow as brandt et al., 2009), however at the low end site. Hildebrandt
measured) and for R, by flush out and particle loss (about et al. (2009) corrected their yields for vapour deposition to
lifetime 6 h). The model thus delivers the amount of partic- the chamber walls or to particles deposited at the walls. The
ulate aromatic products Rig,and its fractional contribution  difference could thus be due to neglection of such wall effects
to the total mixed aerosol. This procedure assumes instann our case. Assuming the corrections applied by Hildebrandt
taneous partitioning and the estimated values will be moset al. were correct the results indicate that wall effects in
representative at those times when the chemistry is evolve@APHIR affect SOA yields to less than 33 %. For the model
sufficiently and when the estimated macroscopic yield de-calculations of the anthropogenic contributions in the mixed
scribes the partitioning of all oxidation products, i.e. at the experiments we adopted the Hill function with the parame-
end of the experiments we are aiming at. The model furthetters derived above, as it phenomenologically will present our
assumes that aromatic oxidation products mix into a BSOAobservation better than the Hildebrandt results (Hildebrandt
matrix as in a pure aromatic SOA. This assumption is sup-et al., 2009, 2011). The principal statements derived are not
ported by observations of Hildebrandt et al. (2011). affected by this choice.
This procedure may overestimate the actual loF%@f, if For BSOA we derive two yields. The yield for the BSOA
the dynamically derived R is over-predicted due to slow in experiment 10/6 containing both limonene anginene
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was 25 %, whereas the yield for the experiment 18/6 with 0.25

only a-pinene was 32 %. In the mixed ABSOA experiment Ohbservaions n SAPHIR &t gh O, (10 p), and 1ow N0 (& pPb)
11-12/6, 14-15/6 and 22/6 the yields were between 1¢ | $ e

and 30 % depending on experimental conditions and aerosc L.

loads. For the BSOA and ABSOA systems we achieved los — 110 SAPHIR ata (e o, s )
correctedCon in a range of 37-66 ugn?, with the excep- _°** oo ot e 200

tion of experiment 22/6 where tf@oa was 14.5ugme (see g = st s apmoni sy

Table 1). The potential synergetic effect on the BSOA yield o.10-
are discussed further below but generally considering the
variation of the experimental conditions we cannot detect & |
significant enhancement of the SOA yield by the presence o B ~
aromatic VOC. i

4.2 Mixed anthropogenic/biogenic secondary organic 0.01 01 1 10

aerosols (ABSOA)

Con [ng M

. . . Fig. 2. ASOA mass yield as a function of the organic aerosol con-
Figure 3 shows the experiment ABSOA 22/6. Ozonolysis andcentration for aromatic (anthropogenic) precursors and cymene.

reaction with OH radicals quickly convert the biogenic pre- the data points and the black fitting curve were achieved in this
cursorsx-pinene and limonene while toluene is more slowly study. The blue and red curves were calculated according to Hilde-
removed by OH producing a mixed aerosol (Fig. 3a). Thebrandt et al. (2009). Bands &f 20 % uncertainty intervals are grey
aerosol is in the beginning dominated by biogenic SOA with shaded. We acknowledge the kind support by Lea Hildebrandt.
slowly increasing anthropogenic contributions arising from

the photo-oxidation of the aromatic precursors (total OH

03 - e
dose 5x 10 cm s)_. The model estimated biogenic and Generally, the time behaviour gha, fa3, O/C and volatil-
anthropogenic contributions are shown as green and blugy are in accordance with previous studies on SOA ageing
dashed lines (Fig. 3b). At the end of the eXper_'ment,f'lter(Tritscher et al., 2011; Salo et al., 2011). The complication
samples were collected and analysed for specific acids. I, 5, experiments is that in addition to OH induced ageing
Fig. 3b (inset) results are shown from the filter analysis for 54 qark ageing of the SOA also the relative contribution of
a number of identified carboxylic acids and dimer esters. INnagoa and BSOA is changing with time as can be seen in
Fig. 3c and d the corresponding properties of the aerosol as ghe ASOA fraction (blue line in Fig. 3b) with the final ASOA
function of time are shown. , __ fraction estimated to about 56 %.
' AMS'derlved propertiegsa, ar_1d O/C are increasing with Table 2 provides the average of selected quantities at the
time (Fig. 3c) and OH dose (Fig. 3d). Th@s, whichis @ g of the experiments, i.e. when the filters were taken. For
measure of the less oxidized compounds, is decreasing. Thgg50A 22/6 one can see that the reaction mixture was ex-
faa |§ closely re!ated to O/C but t.hﬂ4 is gent_e@lly of higher posed to a relatively high OH dose *51010 cm-3 s) thus
quality (less n0|_se) due to the higher senS|t|V|ty of the AMS producing a less volatile (high VFR(343K)), aged aerosol
measurements in the V-mode, and consequefais replac- ity rather high O/C ratio (0.52 0.05) and a significant
ing O/C in parts of the evaluation. Figure 3c also includes af4ction of anthropogenic SOA (56 %). For the other ABSOA
comparison between the ASOA fraction derived by the sim-,,4 BsoaA experiments the O/C ratios are lower.
ple model and from measurefds, see Sect. 3, demonstrating o the pure ASOA 13/11 experiment the O/C ratio is high
the agreement between these two methods. (Note the dowg 79) it should be noted that in all ABSOA experiments ex-
scaling of the model results by the factor of 1.4.) . ceptthe 22/6, the AVOC and BVOC were added successively,
Figure 3d shows the volume fraction that remains inyhich had implication on the final anthropogenic fraction. In
the condensed phase at a given temperature (VFR(343 Kjpape 2 the OH dose is provided separately for the AVOC and
VFR(373K), VFR(423K), and VFR(463K)) together with gy/o¢ taking into account when AVOC and BVOC, respec-
the OH dose and ASOA fraction. The behaviour of VFR was ey were added into the chamber. If for example compar-
similar at all temperatures and VFR(343 K) will be used as aMing the ABSOA 11-12/6 with ABSOA 14-15/6 the BVOC
example in the following discussions. VFR continues to in- 5o exposed to more OH in experiment 14—15/6 providing
crease at all temperatures in the dark after the roof chamber is, ;e ased VFR(343K) at somewhat higher O/C ratio. Note
closed. This phenomenon was also observed in the other expat i exp. 11-12/6 the mixing fan broke during the first day.
periments, and indicates that non-photochemical processefyg affects the observed SOA mass as the lifetime of SOA
must take place. Since O/Gs, and fa3 are levelling off ;e SAPHIR chamber is longer with the fan switched off
when the roof is closed (duration 6 h), the processes may (Salo et al., 2011).
be even non-oxidative. Since the properties of the aerosol at the time of filter
sampling and the end of the experiment depend on several
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Fig. 3. ABSOA experiment 22/6 where biogenic and anthropogenic precursors are added simultaiiap@bncentrations of reactants

toluene (blue), monoterpenes (green), ozone (magenta), OH (red). The variation of the OH signal is caused by variations in the actinic flux due
to passing cloudgB) Produced SOA (black), model derived biogenic (dashed green) and anthropogenic (dashed blue) SOA fractions. The
inset shows the results of the filter analysis at the end of the experiment (compare T&B)eBYL (magenta)fa4 (green), andfs3 (black),

model derived ASOA fraction (blue line) and ASOA fraction derived frgm (blue squares)D) Aerosol particle properties VFR(343 K),
VFR(373K), VFR(423 K), VFR(463 K) (black diamonds), together with the OH dose (red) and the model derived ASOA fraction (blue line).

aspects such as OH dose, reaction time and sequence of ad-
dition a more thorough analysis was necessary as described

ntens.
x10%

below. However, generally from the values provided in Ta- #{a miz 186
ble 2 one may conclude that increasing anthropogenic frac-
tion and OH dose provided an aerosol with higher O/C ratio 1
and VFR(343 K) m/z 157
] m/z 172
4.3 Speciation and compound classes in filter
measurements
) ) . 3 o0 0 5 10 15 20 25 30 Time [min]
Figure 4 shows total ion chromatograms of organic acids "w{g Hyrony-keto-limononic cid

Keto-limonic acid

N

m/z 187

m/z 1 73&
v

from the filter samples for two experiments, ASOA 11/6 and
ABSOA 12/6. Exp. 11/6 shows fewer organic acids in ASOA ]
from toluene compared to the number of organic acids in
ABSOA, though it is important to note that the analytical -]
method will primarily detect organic acids and not less polar
molecules such as carbonyl compounds that could also con-
tribute to SOA. The respective chromatogram of exp. 10/6

m/z 229

Hydroxy-pinonic acid
Terpenylic acid
Hydroxy-limononic acid

DTAA MW 368 Dimer

/inic aci:/
20

m/z 157

resembles that of exp. 11/6. SOA from photo-oxidation of  °¢ 3
toluene at high N conditions have been observed to con-
sist of a high number of carbonyl compounds as well as smalf
organic acids (Kleindienst et al., 2004), which may be diffi-
cult to detect using the applied analytical conditions.

Table 3 lists selected identified and quantified oxidation
products of the precursorg-pinene and limonene. Quan-
tification of identifieda-pinene products showed strikingly

Atmos. Chem. Phys., 13, 28322855 2013

ig. 4. Total ion chromatogram of organic acids in aerosols from
(A) toluene after ageing (exp. 11/6), a(®) the same experiment

after addition of BVOC mix and further ageing (exp. 12/6). Major
identified and unidentified peaks are highlighted.
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Table 2. Summary of initial precursor concentrations and selected quantities at the time of filter collection. The OH dose is the accumulated
measured dose since BVOC and AVOC addition, respectively. All uncertainties given are the statistical standard deviations.

Experiment BVOC AVOC SOA mass OH-dose OH-dose VFR o/C ASOA
precursor precursor (ng m*3) AVOC BVOC (343K) =+ stdev fractiont
(ppb) (ppb) + stdev (cm=3s) (cm=3s) + stdev (%)
ABSOA a-pinene & toluene 16.4 1.6x1010  33x1010 086+0.01 0.46£0.01 8(22)
(10/6) limonene (85 ppb) +15
(40 ppb)
ABSOA a-pinene & toluene 146+ 062  65x1010 04x1010 0.86+0.02 0.43:0.02 8(9)
(11-12/6) limonene (85 ppb)
(40 ppb)
ABSOA a-pinene & xylene 57+0.4 6.7x1010  1.1x1019 09+0.02 0.45:0.03 13(13)
(14-15/6) limonene (30 ppb)
(40 ppb)
ABSOA a-pinene & toluene 35+0.4 5.0x 1010 50x1019 094+0.01 0.59:0.05 56 (54)
(22/6) limonene (60 ppb)
(8 ppb)
ASOA toluene 1.2+ 0.07 6.0x 1010  n/a 0.98+0.01 0.36:£0.12 100
(11/6) (85 ppb)
ASOA toluene 4.7+0.4 8.5x 1010 n/a 0.98+0.01 0.79£0.04 100
(13/6) (85ppb)
ASOA xylene 0.20+£0.03  56x1019 n/a 0.95+0.01 0.44+0.22 100
(14/6) (30 ppb)
BSOA3 a-pinene 26.2+ 1.6 n/a 21x 1010 0794001 0.43:002 0
(18/6) (40 ppb)
BSOA34  a-pinene 44+0.14 n/a 8.% 1010 0.88+0.02 0.46+0.03 0
(19/6) (40 ppb)

1 values estimated from simple model, Sect. 3, values in () from AMS measurements, Se?chmger SOA lifetime due to failure of mixing fad.Salo et al. (2011)* 2 h after
filter measurements.

similar concentrations (relative to total aerosol mass) withindimer esters ofr-pinene oxidation products. The group of
15% in aerosol samples from experiments 10/6 and 12/6dimer esters covers the following specifically identified com-
This proves that there is a very good reproducibility of both pounds: pinyl-diaterpenyl dimer ester (molecular weight,
the SAPHIR chamber experiments and chemical analysisMW 358), pinonyl-pinyl dimer ester (MW 368) and terpenyl-
Exp. 10/6 and 12/6 primarily differ in the order of intro- diaterpenyl dimer ester (MW 344) previously observed from
duction of VOC reactants to the SAPHIR chamber, whereozonolysis ofa-pinene ands-pinene (Miller et al., 2008,
BVOC mix was added before toluene in exp. 10/6, while 2009; Camredon et al., 2010; Yasmeen et al., 2010; Gao et
toluene was aged for 5.75 h before addition of BVOC mix al., 2010; Kristensen et al., 2012). The class concentration
in exp. 12/6. Since the concentrations of oxidation productsof the particulate organic matter are shown in Table 3 and
from «-pinene are quite similar in the two experiments, this presented in Fig. 5. In experiments 10/6 and 12/6, first gen-
indicates that the presence of toluene ASOA in the chambeerationa-pinene oxidation products contribute about 3% to
prior to BVOC introduction does not significantly affect the the aerosol mass, while the second generation product con-
composition of BSOA tracers far-pinene given in Table 3.  tributes only about 0.03%. Dimer esters constitute about

The a-pinene oxidation products can be grouped in first- twice as much of the aerosol in exp. 10/6 compared to exp.
generation products (a broadly defined group consistingl2/6 (0.09% and 0.04 % of the aerosol mass, respectively),
of pinonic acid,cis-pinic acid, terpenylic acid and diater- which is probably due to the order of magnitude higher OH
penylic acid acetate), an identified second-generation prodeose in exp. 10/6. In exp. 14-15/6 which differs from exp.
uct MBTCA previously identified from gas-phase OH oxi- 11/6—-12/6 in the use of xylene instead of toluene, only 40 %
dation of pinonic acid (Mller et al., 2012) and suggested of the aerosol mass was left when the filters were taken. The
as tracer for pinene oxidation (Szmigielski et al., 2007) and
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Table 3. Concentration of quantified BSOA tracer compounds in filter samples. All listed compounds were below detection limit in ASOA
samples (11/6 and 13/6). Concentration in n@grif not stated elsewise. Molecular weights MW are given in g olThe detection limits
were 1.1-3.5 ngm?3 and the error is estimated #0615 %.

Compound name, ABSOA (10/6) ABSOA (12/6) ABSOA (15/6) ABSOA (22/6) BSOA (18/6) BSOA (19/6)
abbreviation and MW

Terpenylic acid 28.7 28.6 11.1 10.9 76.6 11.6
(TPA) MW=172

Diaterpenylic acid acetate 6.9 3.7 2.0 2.8 25.3 5.2
(DTAA)MW =232

Pinic acid 63.9 69.2 17.2 12.7 613.5 36.3
(AP1) MW=186

cis-pinonic acid 3.0 3.7 15 2.9 13.8 1.9
(AP2) MW=184

Hydroxy-pinonic acid 15.2 35.1 4.9 3.6 21.1 9.7
(AP3) MW=200

Norlimonic acid 34.3 39.8 7.2 2.4

(Li1) MW =186

Keto-limononic acid 7.9 19.5 11.8 1.3

(Li2) MW =186

Keto-limonic acid 188.7 158.1 20 9.4

(Li3) MW =188

Hydroxy-keto-limononic acit 145.0 121.7 30.1 171

(Li4) MW =202

unknown acid MW =188 97.2 9.8
unknown acid MW=202 111.6 135
Sum of 1. generation products

[ng m—3air] 493.6 479.4 105.8 63.1 59.1 88
[ng ug~1 PM] 30.1 32.8 18.6 18.0 36.6 13.8
2. generation product 4.1 4.4 4.8 30.2 320.8 42.7

3-Methyl butane tricarboxylic
acid (3-MBTCA) MW=204

[ng m~3 air]

[ngug1 PM] 0.3 0.3 0.8 8.6 12.2 6.7
Terpenyl-diaterpenyl dimer 0.7 0.7 18.3 1.8

este? (DE1) MW=344

Pinyl-diaterpenyl dimer estér 7.3 25 1.0 5.2 292.5 28.6
(DE2) MW=358

Pinonyl-pinyl dimer estér 7.4 3.5 1.4 1.4 141.8 11.5

(DE3) MW=368

Sum dimer esters
[ng m~3 air] 15.4 6 2.4 7.3 452.6 41.9
[ng g1 PM] 0.9 0.4 0.4 2.1 17.3 6.5

1Quantified usingis-pinic acid as surrogate standafdQuantified usingis-pinonic acid as surrogate standatdQuantified using averaged standard curves of the precursors (see
Kristensen et al., 2012).

higher value in exp. 11-12/6 could be traced back to pro-compounds compared to exp. 10/6 and 12/6 (Table 3). Inter-
longed the SOA lifetime in the chamber. estingly, the second-generation oxidation product MBTCA
In exp. 22/6 BVOC mix and toluene were added togetherhowever shows a significantly higher concentration in exp.
to the SAPHIR chamber at the same time and the concentra22/6 compared to exp. 10/6 and 12/6 constituting almost
tion of BVOC was about one fourth of the previous experi- 1.4 % of the total aerosol mass (Fig. 5). A possible expla-
ments. This is reflected in the total aerosol mass at the endation for the higher concentration of MBTCA in exp. 22/6
of the experiment which was 3.5 ug about one fourth  could be the higher OH-to-BVOC ratio compared to exp.
of exp. 10/6 and 12/6 (16.5 and 14.6 ug¥respectively).  10/6 and 12/6 which could increase the gas-phase oxidation
The lower BVOC concentration used in exp. 22/6 resultsand ageing of first-generation oxidation products sudatisas
in a generally lower concentration of almost all identified pinonic acid. Increased ageing in exp. 22/6 may also explain
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In F'g' 6a the time eyolutlon of VFR(343,K) 'S_ shown as Fig. 6. VFR(343 K) for ABSOA experiments and BSOA experiment
a function of elapsed time, where thg starting time was de-1g/6 as a function ofA) elapsed timéB) OH dose(C) fas. fas for
fined by the start of particle formation induced either by ASOA 11/26 have a large stdev (grey horizontal error bars) due to
opening the roof or by injection of AVOC into the illu- |ow signal compared to ASOA 13/6 (blue horizontal error bars).
minated chamber. The corresponding points in time of the

VFR(343 K) measurements are indicated in Fig. 1. During
the first 6 or 9 h, respectively, when the reaction mixtures |n the two cases 11/6 and 14/6 when BVOC were added
are exposed to sun light, the SOA become less volatile rein the dark to pre-existing ASOA a significant drop in
flected as an increase of VFR(343K), no matter whethen/FR(343K) is observed. The drop is due to condensation
ASOA, ABSOA or BSOA was available. Figure 6a illustrate of fresh BSOA material arising from the ozonolysis of the
also that VFR(343 K) may increases with increasing anthro-BVOC. (Ozone was available from the previous photochem-
pogenic contribution, with pure BSOA (18/6 and 10/6, first jcal processes.) The fresh BSOA component is leading to a
data point) and pure ASOA (11/6, 13/6 and 14/6) grouping atmuch more volatile aerosol. However, the formed ABSOA is
the bottom and the top of the VFR(343 K) scale, respectively.then getting less volatile during the night reflected as an in-
The ABSOA experiment 22/6 wherein AVOC and BVOC crease of the VFR(343 K). In both cases the roof was opened
were mixed from the beginning is situated in between thethe second day after about 23 h. In the experiment 15/6 the
pure systems. photo-oxidation of BVOC and xylene formed fresh particu-
late material again generating more volatile aerosol. This is
consistent with previous results (Salo et al., 2011) emphasis-
ing the importance of gas phase chemistry in the OH radical
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induced ageing of SOA. At the end of 15/6 the VFR(343 K) (Mdller et al., 2012). The curve for the mixed ABSOA (22/6)
recovered and exceeds the value before light exposure, indis connecting the BSOA experiment with the ASOA regime,
cating that the ageing process continued after the productioas significant ASOA fraction is building up during the for-
of fresh material had ceased, forming a less volatile SOAmation process (comp. Fig. 3b). Interestingly, for the exp.
The corresponding dip in VFR(343 K) was not seen in the10/6 where toluene was added to pre-existing BSOA, the
toluene case 12/6 as the extra photo-oxidation did only add & FR(343 K) increase of the ABSOA with OH dose accel-
small increase in SOA mass. The OH dose acting at the seerates with increasing ASOA contribution. This behaviour is
ond day of experiment 15/6 is about twice that of the exp.distinct although only up to 8-9% of the aerosol is calcu-
12/6 (see Fig. 6b) in accordance with production of morelated to be ASOA (Table 3). This suggests that even small
fresh material on 15/6. It is noted that the filter analysis re-contributions of ASOA can reduce the volatility and reduce
vealed more 2nd generation product at the end of exp. 15/@he volatility of ABSOA. Moreover, the smallest change of
in accordance with the higher VFR(343 K) on this day. VFR(343 K) with OH dose is observed for thepinene
Figure 6b displays the VFR(343 K) as a function of the ac- BSOA in experiment 18/6, underlining an effect of the ASOA
tual OH dose derived from the OH-LIF measurements. Thecomponent for the mixed ABSOA.
lowest dose on the scale corresponds to 1.5 h exposure to av- After the roof was closed at the end of the day we took one
erage atmospheric OH levels ofx210° cm~3, whereas the  data point in the dark with all other parameters unchanged.
largest dose corresponds to 12 h exposure. For the aerosols The VFR(343 K) continues to increase consistently for all in-
the dark, any change in the VFR (343 K) falls on vertical lines vestigated ASOA and ABSOA systems. One toluene experi-
at that OH dose seen by the pre-existing SOA. This OH dosenent (13/6) was exposed to more OH than the others but still
has to be subtracted in order to get the actual OH dose actinghowed indications for ageing under dark conditions, how-
on the added BSOA components during the photo-chemicaéver weaker. Since the volatility of ABSOA decreases also
ageing on the next day. in the dark, the enhancement during daytime in experiment
Presenting VFR(343 K) vs. the OH dose simplifies the pic- (10/6) may also have non-oxidative contributions (Kroll and
ture for the first hours. Overall, the VFR of SOA increases Seinfeld, 2008; Kroll et al., 2011). Night time ageing pro-
with OH dose and the higher VFR(343 K) for ASOA is partly cesses were reported before by Tritscher et al. (2011) for
caused by exposure to a larger OH dose. Experiment 15/&-pinene SOA.
and 22/6 show higher VFR(343K) compared to exp. 10/6 Figure 6¢ shows the VFR(343 K) as functionfaf;, which
and 12/6, which were exposed to smaller OH dose. The latters related to the O/C ratio for biogenic and aromatic systems
have both lower 2nd generation product fraction comparedAiken et al., 2008; Chhabra et al., 2010, 2011). Simplisti-
to 15/6 and 22/6, and smaller dimer fractions than exp. 22/6cally, a higherf44 indicates increasing contribution of car-
(Fig. 5). We conclude that the ageing and formation of a lessoxylic acids. Here we deploy less data points since the de-
volatile aerosol, reflected as an increase of VFR, is overall retection level was insufficient for the xylene ASOA.
lated to the OH dose, thus to photo-chemistry. The influence The two pure ASOA systems show high VFR(343 K), and
of the photo-chemistry on the BSOA components is also rethe largestfs4 signal at 0.2 and- 0.25, respectively. The
flected in increasing 2nd generation product and to less ex{44 are larger thanfs4 reported by Chhabra et al. (2011)
tent the dimer fraction. (0.05-0.1) and in the range ofs4 reported by Aiken et
For the pure ASOA the relative increase of VFR(343K) al. (2008) for ambient urban aerosol. For the ASOA in exp.
with OH dose is less pronounced, compared to ABSOA11/6 the standard deviation dfy4 is large (0.09) while in
and BSOA dominated aerosols. The onset of ASOA parti-exp. 13/6 it is significantly lower (0.004). A difference be-
cle formation and the first available VFR(343 K) data oc- tween these two experiments is that in the 13/6 a small ad-
cur at larger OH dose, due to the lower reactivity of the dition of NOy was made but from the yield curve shown in
AVOC. In addition first generation oxidation products of Fig. 2 this should not influence the aerosol production. Con-
AVOC (mainly carbonyls see above) may have higher vapoursidering the large scatter of thf4 data on the 11/6 we ne-
pressures compared to the BVOC and more oxidation stepglect this data for the further considerations and assume that
are needed to induce SOA formation. As a consequence thpure ASOA systems havgi, of 0.2 in line with the 13/6
potential of ageing after particle formation is smaller for experiments. Independent of that, the large obserygdor
ASOA, since the vapours aged already in the gas-phase priguure ASOA corroborates our suggestion that more oxidation
to particle formation. In contrast BSOA from the reactive steps are needed and that AVOC vapours are more oxidized
precursorsx-pinene and limonene is formed already at low before they form particulate matter, probably because they
OH dose. In addition, during rapid formation, vapours with have smaller C-backbones.
higher vapour pressures also reach saturation and contribute The fresh mixed ABSOA 22/6 features low VFR(343K)
to the BSOA mass (Pankow, 1994; Odum et al., 1996), leadof 0.79 at fa4 of 0.11. During on-going photo-oxidation
ing to a higher volatility early in the formation phase. These VFR(343K) is increasing with increasing. At fa4 of
vapours will react (age) with OH and this leads to increas-0.15 the VFR(343K) of the ABSOA reaches values in be-
ing low volatile second generation products e.g. MBTCA tween the pure BSOA witlfs4~ 0.1 and the pure ASOA
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systems withfs4~ 0.2. An increase offs4 is also seen in  have comparable OH dose and the total aerosol loading (see
exp. 10/6 after toluene was added to the BSOA aerosol. Th@able 2). For O/C ratios as described above a linear com-
increase of VFR(343 K) withfs4 in experiment 10/6 is simi-  bination for experiment 18-19/6 BSOA (0#0.46 at OH
lar to 22/6, but shifted to 20 % lowef4 values. The change dose=8.7x 10°cm=3s) and for experiment 13/6 ASOA
in VFR(343K) with f44 for both ABSOA experiments is (O/C=0.79 at OH dose-8.5x 101°cm~3s) is able to de-
stronger than that faz-pinene BSOA, which in addition has  scribe the measured O/C (0.59 at desg.0x 10°°cm=3s)
been exposed to a much larger OH dose. The steep increas¢ the end of experiment 22/6. This implies that there is not
of VFR(343K) for the ABSOA systems withfz4 supports  much room for non-linear mixing effects on O/C (afid) of
that the presence of ASOA components reduces the volatilitthe ABSOA if the estimated anthropogenic fraction is 56 %
of the aerosols, possibly in a non-stoichiometric fashion. Thein experiment 22/6. The yield comparison is slightly more
strong tendency to increase VFR with only small changes incomplex since the yields have larger uncertainly. Again look-
oxidation state would be commensurable with oligomerisa-ing into experiment 22/6, the calculated yield at the end of
tion processes, which were first described for trimethylben-the experiment was 18%. The yield from the experiment
zene, also an aromatic precursor (Kalberer et al., 2004).  with limonene and-pinene (10/6) has a yield of 25 % while
The addition of BVOC to ASOA followed by ozonolysis the ASOA yield estimates from Eq. (4) at an aerosol load
in exp. 11/6 and 14/6 reduce&s from about 0.2 to about  of 3.5ugnT3 is 11 %. The linear combination of those us-
0.1 in both cases, i.e. the aerosol is obviously dominatedng 55 % ASOA fraction is about 19 %. This is surprisingly
by BSOA. In the ABSOA exp. 12/6 not much change oc- close to the yield observed, and in line with no anthropogenic
curred when exposing the ABSOA to sunlight the second dayenhancement.
while in the ABSOA 15/6 chemical changes during the dip Compared to other properties the volatility responded dif-
in VFR(343 K) were observed withiy4 increasing with sun  ferently to the mixing. In Fig. 7 we show VFR(343K) as
exposure and OH dose from 0.10 to 0.11. function of the ASOA fraction, as predicted by the model.
In summary, ASOA shows larger VFR(343K), i.e. lower The data is colored by experiment day as in Fig. 6. For clar-
volatility associated to higher degree of oxidation than BSOAIity we omitted two intermediate data points on the second
and ABSOA. To reach the larger degree of oxidation longerday for experiment 11/6 and 14/6. The lower bound of the
exposure to OH radicals is needed. In ABSOA already smallshaded area connects VFR(343K) for the fresh pure BSOA
fractions of ASOA lead to strong increase in VFR(343K), (experiment 18/6) with that for fresh pure ASOA (exper-
even at low degrees of oxidation, indicating that ASOA com-iment 13/6). The OH dose for these two data points was
ponents trigger a reduced volatility either by oligomerisationlow 2.1x 1010 and 3.6x 10, respectively, but not exactly
or morphological changes e.g. formation of glassy states (Zothe same. As stated above, a higher OH dose is needed be-
brist et al., 2008; Virtanen et al., 2010). Since VFR(343K) fore ASOA is formed. The upper bound of the shaded area
increase also overnight in presence of low ozone concenis given by VFR(343K) achieved at the highest OH dose
trations, a slow non-photochemical, if not non-oxidative of ~9 x 101°cm=3s for both BSOA (experiment 19/6) and
ageing process must also take place. This process is ndtSOA (experiment 13/6).
much affecting the oxidation state and could be oligomer- As can be seen in Fig. 7 overall the VFR(343K) in-
ization by condensation reactions (Kroll and Seinfeld, 2008;creases with increasing ASOA fraction. In addition photo-

Kroll et al., 2011). chemical processes and processes in the dark are affecting
VFR(343 K). The effect of OH-dose, i.e. increasing exposure
4.5 Anthropogenic enhancement to photochemical processing, can be followed by increasing

size of the circles. This is clearly shown for the pure sys-
Using the combination of data from pure and mixed systemdems at ASOA fractioa=0 and ASOA fraction=1, where
the question regarding anthropogenic enhancement can BéFR increases with the OH dose. One may note that for ex-
addressed. As described above there is potential for enhanceeriments with high fraction of BSOA there is also a slight
ments both regarding the yield and VFR. The evidence onincrease in VFR that happens in the dark. For experiments
more than an additive effect is crucial depending on the esti-11/6 and 14/6 this effect was discussed in detail in Sect. 4.4.
mate of the anthropogenic fraction. Using the anthropogenic With the focus on ASOA fraction and OH dose as key
fraction derived from the simple model, one can compareparameters, one can clearly observe an enhancing effect of
linear combinations of the properties from the pure systemsASOA components on VFR(343 K). Herein we understand
with measured quantities at the end of the mixed experimentenhancement as something that is more prominent than the
The most direct case is the experiment 22/6, where the SOAinear mixing effect due to the ASOA fractioconsidering
precursors were added simultaneously and the ASOA fracalsothe effect of OH dose. Three clear cases of an enhance-
tion is estimated to 56 % by the model. The linear mixing ment effect were observed:
of fasasoa andfasbsoa according to Egs. (1) and (2) en-
abled us to corroborate the model predicted ASOA fraction,
see Table 2. A complication in applying linear mixing is to
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1. Experiment 10/6 shows a strong increase of 104
VFR(343K) after toluene was added to the reac- ® @
tive system. A high VFR(343K) of 0.85 is reached 0.9 @ o}
although the OH dose was low compared to BSOA in @ 3 o
experiment 18/6. | §) o == T addiion to ASOA in the dark

(ozonolysis)

0.8 4

@@\ 0’/

2. In experiment 22/6 the mixed ABSOA reached an o aditon to BSOA
VFR(343K) of 0.93 — typical for pure ASOA — with (oration by OF) -A BSOAGABSOA (1065

0.7 3 ASOA & ABSOA  (11/6-12/6)

.
) . 0
only 56 % ASOA fraction and at an 40 % lower OH dose Ortdose scalein units of 10%cm™s 5 0%
pe
e

VFR at 343 K

(13/6)
25 5 75 10 ASOA & ABSOA  (14/6-15/6, Xyl.)
22/6)

than the high OH dose boundary okal0'%cm—3s. o 000 ABSoA (

BSOA (18/6 a-pinene)
0.6 -

3. The photochemical processed ABSOA on the second 00 0.2 O on fraci® 08 10
day in experiments 11-12/6 and 14-15/6 reach high
VFR at ASOA fractions of less than 10 and 15 %, re- Fig. 7.VFR(343 K) for ABSOA experiments and BSOA experiment
spectively, and exposure to a low OH dose on sec-18/6 (triangles) as a function of the model derived ASOA fraction
ond day. This effect is more pronounced for experimentWith OH dose indicate by the size of the circles. The lower bound-

14/6 with somewhat larger OH dose and slightly larger & of the shaded area is given by VFR(343K) for freshly formed
ASOA fraction aerosol at OH doses ef 1-2x 109cm=3 s for pure BSOA and of

3.6 x 1010cm=3s for pure ASOA. The upper boundary line con-

. . nects pure BSOA (18/6) and pure ASOA (13/6) at about the same
In summary, the O/C (angls4) as well as the SOA yield in OH dose~ 9 x 1010cm~3s. Enhancement due to ASOA compo-

the ml.x.ed experiment 22/6 can be explained by a simple !m'nents is evident when VFR(343K) is large at small ASOA frac-
ear m'X'“Q of the pure ASOA and BSOA Components, while tion, and/or small OH dose at the same time: 10/6 (increase of
the VFR is clearly enhanced by ASOA over-proportional to rr(343 K) at small ASOA fraction), 22/6 (very high VFR(343 K)
the mass fraction. This conclusion is based on the ASOAgt 509 ASOA fraction), 11/6 and 14/6 (high VFR(343 K) at small
fraction derived from the model. Therefore it is important ASOA fraction and very low OH dose).

to note that the model has been constrained with fiye

measurements. O/C anfi4 are unlikely to be affected in . . — . .
a non-linear way. Thus, if the model significantly overesti- can be missing primary precursors, oxidation of intermedi-

mates the ASOA fraction, this will implicate synergetic ef- ate volgtile compounds and eﬁective ageing of SOA (Pye
fects to low O/C, lowfss and low SOA yield while the VFR and Seinfeld, 2010). All these issues have been addressed

can be described by a linear combination. If the opposite igh & serlefs r?f modelling studle§ of air pollution |n'Me.xO;'co
valid, i.e. the model is overestimating the ASOA fraction the as part of the MILAGRO experiment (see e.g. Tsimpidi et

VFR enhancement effect would be even stronger than outd!- 2(_)11_; Dzepina et al., 2009, 2011; HOd.ZiC et al., 2010).
lined above. The finding from the present study that mixed ASOA and

BSOA can evolve rapidly producing an aerosol with low

volatility favours an ageing treatment in models with re-
5 Atmospheric implications duced evaporation upon dilution with increasing OH expo-

sure (Dzepina et al., 2011).
Oxidation of aromatics and other traditional anthropogenic Using a combination of global modelling efforts and ob-
VOCs can contribute significantly to SOA formation. Us- servations of organic aerosol mass (AMS) and organic car-
ing newly derived aerosol yields de Gouw et al. (2008) bon (filters) Spracklen et al. (2011) proposed a new source
accounted for a large fraction (37 %) by oxidation of tra- attribution of SOA. According to their analysis 2/3 of the
ditional anthropogenic SOA precursors and the remainingSOA may have biogenic precursors but is strongly related
fraction remained unexplained. A large unexplained frac-with the CO source distribution, an anthropogenic tracer.
tion was typical for model and measurements comparisonsSuch effects were proposed before by de Gouw et al. (2005,
and has been addressed in several previous studies whe?®08) and de Gouw and Jimenez (2009). This portion of SOA
e.g. Volkamer et al. (2006) specifically demonstrated howis called anthropogenic enhanced SOA. Our findings of an
ASOA was under-predicted in urban air masses by up to aver-proportional enhancement effect of ASOA components
factor of 10. During recent years several explanations haven volatility may contribute to understand anthropogenic en-
been suggested for these inconsistencies. One finding is th&slancement. Aromatic emissions are surely closely related to
SOA formation from aromatic systems has significant higherCO emissions and if an ASOA fraction of 10% or more is
yields than previously reported which was further recog-available this should decrease the volatility of the resulting
nised in our study (Table 1 and Fig. 2). However, in the ABSOA. The volatility reduction is not available in remote,
study of de Gouw et al. (2008) the higher yields from aro- biogenically dominated regions, where aromatic emissions
matic system were already applied and 63% SOA masare absent. Since ABSOA is less volatile than BSOA, less
was still found unexplained. Other explanations for this gapBSOA is observed than ABSOA at same source strength of
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BVOC. However we also showed that OH dose is an im-remaining gas phase vapour was exposed again to sunlight
portant driver of ageing of SOA and is affecting its volatil- the VFR(343 K) dropped temporarily in analogy to the ob-
ity, thus we do not claim that we can fully explain the an- servation described in Salo et al. (2011). Since the ASOA
thropogenic enhancement. However such effects of aromathad a lower volatility than BSOA any changes in the anthro-
ics could contribute significantly to anthropogenic enhance-pogenic fraction did influence the overall volatility. Further-
ment. more, it was demonstrated that this effect was more than ad-
The exposure of the reaction mixtures to natural OH dosdlitive, i.e. presence of ASOA induced decreased volatility
and the long duration of experiments lead to concentrationgincreased VFR) that could not be explained by a linear com-
of monoterpene oxidation products as listed in Table 3, thabination of volatility properties of ASOA and BSOA. This
are generally higher, but still comparable to concentrationsvas in contrast to other properties suchfas and O/C as
found in aerosol samples from ambient air (Kristensen andwell as the overall SOA vyield that within experimental un-
Glasius, 2011; Zhang et al., 2010). Dimer esters have previeertainties could be described by a linear combination of the
ously been identified from ozonolysis afpinene in smog pure systems.
chamber studies and ambient air (e.g. Camredon et al., 2010; In addition to OH induced ageing and the anthropogenic
Kristensen et al., 2012). Our results can be connected to afraction of the particles, the VFR(343 K) was also affected
mospheric conditions using the OH dose, for example theby a time dependent ageing, that occurred during dark hours,
OH dose in BSOA 22/6 is Bx 101°cm=3s and corre- and might be linked to condensed phase processes such as
sponds to 7 h of exposure to an OH radical concentration opolymerisation. The observed volatility changes and associ-
2 x 10°cm~3s. The final aerosol mass of 3.5 ugfis also  ated processes were compared to the chemical composition
comparable to atmospheric observations of organic aerosadf the aerosol, O/C andys. Analogous to the VFR(343 K)
mass in urban plumes (Tsimpidi et al., 2011). We thus con-changes, the O/C ratio increased due to OH induced age-
clude that our findings are transferable to the atmosphere. ing and with increasing anthropogenic fraction. However, for
the third process, that dominated VFR(343 K) changes dur-
ing dark hours, no relation to O/C ratio could be established.
6 Conclusions The interpretation is that this process does not change the
overall chemical composition but the volatility, and was con-
The main focus of this work was to study aerosol formation sequently attributed to changes in viscosity, e.g. induced by
and properties from photo-oxidation of mixed aromatic andpolymerisation.
monoterpene precursors (as examples of anthropogenic and Given the observation in the particulate phase and the ex-
biogenic VOC) to mimic real world conditions. In a sepa- posure to natural sun-light at realistic OH concentrations our
rate set of experiments also the aerosol yields of SOA werdindings should be applicable to the atmosphere. The reduced
quantified. The aromatic yield data were used to estimate theolatility induced by ASOA (and OH dose) have an influ-
ASOA contribution to aerosol mass in the mixed ABSOA ex- ence on the atmospheric SOA lifetime, where the BSOA frac-
periments applying a simplified model. The estimated ASOAtion in mixed ABSOA should have longer lifetimes and thus
contributions ranged from very smalk-( %) up to signif-  higher abundance in anthropogenically influenced areas with
icant fraction & 50 %), providing a suitable range to study distinct aromatic emissions compared to BSOA in natural
the effect of ASOA on aerosol properties. Absolute measurefegions. This effect may contribute to the so-called anthro-
ments of OH radicals were used to constrain the estimateghogenic enhancement and should be considered in regional
conversion of aromatic precursor in the mixed experimentsand global model predictions.
and providing a direct measure on OH dose.
The volatility of the aerosol is an important measure of
the thermal persistence of particles in the atmosphere, anficknowledgementsThis ~ project ~ was  supported by
was used in combination with the OH dose, anthropogeniccYROCHAMP-2 (Integration of European Simulation Cham-
fraction and chemical composition of the particles to un- bers for Investigating Atmospheric Processes) — EC 7th framework,
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pogenic sy'stems produced aerosol with Iowef volatility thanGothenburg. The research presented is a contribution to the
the biogenic monoterpene system. However, in order to progyedish strategic research area ModElling the Regional and Global
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