Atmos. Chem. Phys., 11, 78583873 2011 iy —* -

www.atmos-chem-phys.net/11/7859/2011/ Atmospherlc
doi:10.5194/acp-11-7859-2011 Chemls_try
© Author(s) 2011. CC Attribution 3.0 License. and Phys|cs

Simulating the oxygen content of ambient organic aerosol with the
2D volatility basis set

B. N. Murphy 1, N. M. Donahue!, C. Fountoukis?, and S. N. Pandi$-

1Department of Chemical Engineering, Carnegie Mellon University 5000 Forbes Ave, Pittsburgh, Pennsylvania 15213, USA
2|nstitute of Chemical Engineering and High Temperature Chemical Processes (ICE-HT), Foundation of Research and
Technology (FORTH), Patra, Greece

3Department of Chemical Engineering, University of Patras, Patra, Greece

Received: 19 January 2011 — Published in Atmos. Chem. Phys. Discuss.: 11 March 2011
Revised: 12 July 2011 — Accepted: 19 July 2011 — Published: 4 August 2011

Abstract. A module predicting the oxidation state of organic genation case, and biogenic SOA aging case are found to un-
aerosol (OA) has been developed using the two-dimensionaleasonably depict OA aging, keeping in mind that this study
volatility basis set (2D-VBS) framework. This model is does not consider possibly important processes like fragmen-
an extension of the 1D-VBS framework and tracks satura-tation that may offset mass gains and affect the prediction
tion concentration and oxygen content of organic speciedias. On the other hand, many of the cases chosen for this
during their atmospheric lifetime. The host model, a one-study predict average O:C estimates that are consistent with
dimensional Lagrangian transport model, is used to simulatéhe observations, illustrating the need for more thorough ex-
air parcels arriving at Finokalia, Greece during the Finokaliaperimental characterizations of OA parameters including the
Aerosol Measurement Experiment in May 2008 (FAME-08). enthalpy of vaporization and oxidation state of the first gen-
Extensive observations were collected during this campaigreration of SOA products. The ability of the model to pre-
using an aerosol mass spectrometer (AMS) and a thermoddict OA concentrations is less sensitive to perturbations in the
enuder to determine the chemical composition and volatil-model parameters than its ability to predict O:C. In this sense,
ity, respectively, of the ambient OA. Although there are sev-quantifying O:C with a predictive model and constraining it
eral uncertain model parameters, the consistently high oxywith AMS measurements can reduce uncertainty in our un-
gen content of OA measured during FAME-08 (O:C =0.8) derstanding of OA formation and aging.
can help constrain these parameters and elucidate OA for-
mation and aging processes that are necessary for achiev-
ing the high degree of oxygenation observed. The base-case
model reproduces observed OA mass concentrations (med- Introduction
sured mean=3.1ugm, predicted mean = 3.3 ugm) and
O:C (predicted O:C=0.78) accurately. A suite of sensitiv- Organic aerosol (OA), although a significant component of
ity studies explore uncertainties due to (1) the anthropogenisubmicron particles throughout the world, is poorly simu-
secondary OA (SOA) aging rate constant, (2) assumed enlated by predictive models when compared to particulate in-
thalpies of vaporization, (3) the volatility change and num- organic constituents (Kanakidou et al., 2005; Fuzzi et al.,
ber of oxygen atoms added for each generation of aging, (42006). Thousands of individual organic compounds make
heterogeneous chemistry, (5) the oxidation state of the firstip this OA mixture, making its bulk properties (e.g. reac-
generation of compounds formed from SOA precursor oxi-tivity, volatility, hygroscopicity, etc.) difficult to assess and
dation, and (6) biogenic SOA aging. Perturbations in mostrepresent in mathematical models of the atmosphere (Gold-
of these parameters do impact the ability of the model to prestein and Galbally, 2007). These chemical transport models
dict O:C well throughout the simulation period. By compar- (CTMs) thus typically use surrogate species with averaged
ing measurements of the O:C from FAME-08, several sen-properties to represent dominant OA formation, evolution,
sitivity cases including a high oxygenation case, a low oxy-and removal pathways in order to predict ambient OA mass
concentrations at the Earth’s surface or aloft. This OA mass
concentration is believed currently to be the best predictor for
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current CTMs consistently underpredict OA mass concen-bient OA formation and chemical aging processes (Lane et
trations, missing up to 80 % of the observed material at theal., 2008; Murphy and Pandis, 2009; Cappa and Jimenez,
surface during summertime conditions (Morris et al., 2006).2010; Farina et al., 2010; Tsimpidi et al., 2010). One ma-
Underpredictions at high altitudes have been reported as wejbr advantage of this framework is its focus on volatility,
(Heald et al., 2005). the most important property for determining the condensed
The distribution of bulk organic mass between the particlefraction of an organic compound. Compounds with widely
and gas phases is traditionally modeled with an equilibriumvarying emission sources and otherwise different properties
partitioning approach taking into account absorption into thecan be lumped into these saturation concentration bins and
OA phase, while typically neglecting growth by adsorption a straight-forward prediction of OA mass concentrations is
to particle surfaces (Pankow, 1994; Odum et al., 1996; Sepossible. Moreover, the VBS can easily describe, at least
infeld and Pandis, 2006). In order to use this approach tdo a first approximation, organic oxidation processes (aging)
model atmospheric OA, one must account for the volatility occurring in the actual atmosphere after the initial oxida-
of any modeled semi-volatile organic, whether it originatestion step observed in smog chamber investigations. Experi-
directly from an emission source (primary organic aerosol orments suggest that this additional processing may reduce the
POA) (Robinson et al., 2007) or is formed from the oxidation overall volatility of organic compound populations consid-
of organic compounds too volatile to readily condense (secerably depending on the OA source and experimental con-
ondary organic aerosol or SOA) (Odum et al., 1996; Griffin etditions (temperature, relative humidity, N®nixing ratios,
al., 1999). Because these models treat the absorption of coretc.). It is straight-forward to use the VBS to transfer mass
stituents into a bulk aerosol phase, the addition of mass to thérom one volatility bin to another and thus affect the overall
absorbing phase enhances the particle-phase partitioning @A concentration. However, experimentally determined re-
individual species. In theory, one could enumerate and modeéction rates and yields for these processes are uncertain and
every one of the thousands of individual organic compoundgheir magnitudes are likely dependent on compound prop-
that contribute to OA formation and obtain an accurate pre-erties as well as environmental conditions. It is thus use-
diction of OA mass concentrations. However, in practice, ful to combine atmospheric modeling sensitivity studies with
this approach would make computation times impractically constraints from experiments and ambient measurements in
long and require a wealth of experimental data that does nobrder to reduce the current uncertainty in homogenous gas-
exist. Current models instead lump mass from compoundghase aging of organic compounds.
that are believed to behave similarly in the atmosphere (e.g. Recent developments in OA measuring techniques have
terminal alkenes or SOA from anthropogenic sources). Somaeriously increased analytical capabilities of smog chamber
models use heavily lumped approaches to further streamand ambient OA investigations. Specifically, the aerosol
line computation time, but run the risk of losing informa- mass spectrometer (AMS) and the thermodenuder systems
tion about contributions from specific sources and interac-provide detailed information about the average chemical
tions between them (e.g. mixing behavior). Thus, modelscomposition and volatility distribution of OA. Using the
exist on a spectrum from ones that describe broad, aggreAMS, field campaigns throughout the world have found that
gate behavior (Pandis et al., 1992; Binkowski and Roselleambient OA has high oxygen content, indicating extensive
2003; Gaydos et al., 2007) to ones that describe more deexidation during its atmospheric lifetime (Zhang et al., 2007;
tailed chemistry (Griffin et al., 2005). A major challenge for Kroll etal., 2011). Thermodenuder studies have found OA in
the field of atmospheric aerosol modeling is to find an ac-the field to be quite low in volatility, also indicative of exten-
ceptable, reasonably performing balance between these twsive oxidation and addition of polarizing functional groups
extremes. (Huffman et al., 2009; Lee et al., 2010). However, these
Recently, the volatility basis set framework was developedsame instruments deployed in smog chamber studies tend to
to describe OA absorptive partitioning by organizing the to- observe OA that is somewhat lower in oxygen content and
tal OA mass into surrogates along an axis of volatility (Don- higher in volatility (Jimenez et al., 2009). It is quite possi-
ahue et al., 2006; Stanier et al., 2008). This approach typble that continued atmospheric oxidation would help explain
ically employs species with effective saturation concentra-both of these inconsistencies. Moreover, if this continued
tions separated by one order of magnitude while spanning atexidation tends to decrease the average volatility of atmo-
mospherically relevant saturation concentrations (about 0.05pheric OA populations, then the subsequent mass enhance-
to 10° ug mi~3). Several studies have found this framework ment (which would be more pronounced in summer periods
a useful approximation for describing both formation of sec-with higher photochemical activity) may help close the gap
ondary organic aerosol (SOA) (Presto and Donahue, 2006in mass concentration between models and ambient measure-
Pathak et al., 2007; Stanier et al., 2008; Chan et al., 2009ments. However, as discussed above, the required parameters
Hildebrandt et al., 2009; Shilling et al., 2009) and evapo-for describing these processes in a framework like the VBS
ration of semivolatile primary organic aerosol (POA) con- are highly uncertain. There are many possible combinations
stituents (Shrivastava et al., 2006, 2008; Robinson et al.pof reaction rates and stoichiometric yields (transformations
2007; Grieshop et al., 2009) as well as for modeling am-in volatility space) that would predict results consistent with

Atmos. Chem. Phys., 11, 7858873 2011 www.atmos-chem-phys.net/11/7859/2011/



B. N. Murphy et al.: Simulating the oxygen content of ambient organic aerosol 7861

chamber observations (Dzepina et al., 2009; Grieshop et alregional-scale CTM that models OA aging with the 1D-
2009). The two-dimensional volatility basis set (2D-VBS) VBS, reproduced observed OA mass concentrations in ur-
tracks the oxygen content as well as the saturation concerban and rural areas well when anthropogenic SOA aging
tration of model species (Donahue et al., 2011), and this adwith the base-case OH reaction rate constant was taken
ditional information could be used to compare predictions tointo account but tended to overpredict when biogenic SOA
the results from AMS observations. Simulating this addedaging was included as well. When aging of SOA from
dimension may help constrain some of the uncertainties irboth sources was included with a reduced reaction rate
OA aging as well as provide more precise predictions of theconstant kon = 2.5x 10-12cm? molec 1 s™1), performance
concentration of organic carbon, which is reported by ambi-was comparable to the base case, but slightly worse. We will
ent monitoring networks (Chow et al., 2001; Watson et al.,look at both of these cases to see the affect of including bio-
2005). genic SOA (bSOA) aging in this 2D-VBS aging framework.
The major advantage of extending the VBS to describe The 2D-VBS requires many more model species than its
oxygen content is the ability to quantify the degree of oxy- 1D counterpart, and so computation time becomes an im-
genation. In this study, we will characterize this value as theportant concern. Thus, we will first use this framework in a
ratio of oxygen to carbon atoms (O:C). Previous modelinghost transport model with reduced spatial dimensionality in
efforts have implemented OA aging in the one-dimensionalorder to evaluate the usefulness of this approach for model-
VBS (1D-VBS) and found it to improve predictions of the ing regional-scale OA behavior. The Finokalia Aerosol Mea-
high degree of oxygenation in the ambient. However, thissurement Experiment (FAME-08), which took place in May
analysis was based only on estimating the fractional contri-2008 on the island of Crete, measured ambient OA with an
bution of species that had never been oxidized in the modeAMS and thermodenuder, providing hourly simultaneous in-
versus species that had been oxidized at least once. The cuiermation about O:C and volatility (Pikridas et al., 2010).
rent study performs a more rigorous analysis in which theMeasurements from the campaign indicate extensive, consis-
extent of oxygenation is predicted and evaluated. There argent OA aging with high O:C, low volatility and little diurnal
many uncertainties associated with this effort including thevariation (Hildebrandt et al., 2010; Lee et al., 2010). Thus
initial O:C distribution of OA constituents and the change this episode is a good candidate for a proof of concept mod-
in O:C with every aging generation. The hydroxyl radical eling evaluation of the 2D-VBS and its capabilities.
can also be taken up into the organic particulate phase and We present in this work an implementation of the 2D-VBS
react with condensed phase organic compounds, thereby alvithin a one-dimensional Lagrangian transport host model
tering their volatility and enhancing their oxygen content. to describe ambient organic aerosol formation and oxidative
OH uptake to condensed organic compounds has been studging. We use extensive observations of the OA chemical
ied in many experimental setups including uptake on organiccomposition during the FAME-08 study in order to evaluate
surfaces (Bertram et al., 2001) to particles in a flow tubethe model's ability to accurately predict the average degree
(George et al., 2007, 2008; Kroll et al., 2009; George andof oxygenation of bulk OA. We have chosen a suite of al-
Abbatt, 2010) and in smog chambers (Lambe et al., 2007)ternative model formulations that probe the major uncertain-
A modest range of uptake coefficients have been measuregles of the 2D-VBS approach to understand their impacts on
and reported in the literature but a lifetime for exposure tothe model’s prediction of total OA mass and extent of ox-
OH of about 6 dayskpH ~ 2 x 10~*2cm®molec* s~ with  jdation. Knowing the magnitude of these impacts, we rec-
[OH] = 10° moleccnT?) is largely representative of these ommend areas where detailed experimental characterization
findings. This reaction rate constant is much lower than theyould lead to significant improvement in accuracy for ambi-
base-case homogeneous OH reaction rate constant (Georgat OA models.
and Abbatt, 2010). It is therefore not expected that hetero-
geneous oxidation (by this pathway) will be significant near
urban areas and large OA sources. However, after significang  Organic aerosol module
atmospheric transport, heterogeneous aging may increase the
oxygenation of condensed phase material considerably. 2.1 Two-dimensional volatility basis set framework
Oxidation of biogenic VOCs like isoprene, monoterpenes
and sesquiterpenes is a significant source of SOA at botfThe traditional VBS framework of segregating OA surro-
global and regional scales, especially outside of urban argates based on effective saturation concentrationCr
eas. Therefore representing the atmospheric behavior g6 extended here to resolve OA mass in terms of O:C as
these SOA components accurately in models is crucial fowell. We assume organic compounds can range in O:C from
predicting the total OA budget well. Smog chamber exper-very low (fresh emissions) to Ol (highly oxygenated
iments have observed reductions in volatility and enhancespecies). This 2D-VBS implementation resolves OA mass
ments in oxygen content of biogenic SOA from multiple into 13 discrete linearly spaced O:C bins varying from 0 to
generation oxidation by the OH radical (Qi et al., 2010). 1.2. One could extend the O:C range up to 2 §G;Mow-
Murphy and Pandis (2010) found that PMCAMx-2008, a ever, we are not aware of observations of OA species at these
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exceptionally high levels of oxygenation. Few ambient AMS products in general. A similar conclusion was reached by
data reveal O:C of bulk OA to be above 1.1 (Ng et al., 2010;Shilling et al. (2009) who used a continuous flow chamber
Kroll et al., 2011). with varied SOA loadings instead. The uncertainty in our
Donahue et al. (2006) and Stanier et al. (2008) recom-assumption of volatility independent initial SOA O:C of 0.4
mended choosing saturation concentration bins separated hwill be evaluated in a sensitivity study using an initial O:C
an order of magnitude i6* space. Lane et al. (2008) chose distribution that varies with volatility. Semi-volatile and in-
to use four bins¢* =1 to 1000 pgm°) to represent SOA termediate volatility gases (compounds from evaporation of
production from volatile precursors since most atmospher-diluted POA mass) are assigned an O:C =0. The fate of the
ically relevant chamber experiments focus on OA loadingsproducts from the OH oxidation of these gases in the 2D-
in this range. Shrivastava et al. (2008) expanded this rang®BS is then calculated by assuming that the emitted gases
(C*=0.01to 1¢ pug nT3) in order to better represent evap- age similarly to later generation compounds (discussed in the
oration of POA mass explored in dilution experiments (Lip- next section).
sky and Robinson, 2006). Cappa and Jimenez (2010) em-
ployed a widerC* range (1015 to 1000 ug m3) for their 2.2 Homogeneous oxidative aging
model of ambient OA mass from Mexico City and Los
Angeles passing through a thermodenuder. Since the cuifhe 2D-VBS framework describes the evolution of OA
rent work involves evaporation of POA emissions, emissionvolatility and oxygen content by distributing mass along both
of intermediate volatility organic compoundé*{= 10° to axes (saturation concentration and O:C) when mass from any
10° ugn3), and comparison to thermodenuder data takenbin reacts with the OH radical. This study focuses primarily
during the FAME-08 campaign, we choo§& = 107° to on homogeneous gas-phase aging because it occurs rapidly
108 pg m3 (12 total bins). The module will thus be able (kon=0.1-10x 10~ cm®molecls™1) compared to esti-
to capture phenomena relevant to several different volatilitymates for heterogeneous reaction with OH. Previous work
regimes. with the 1D-VBS describe gas-phase OH aging using var-
The following five OA source classes are resolved: (1)ious approaches that typically act to reduce the volatility
aSOA is OA formed from the oxidation products of anthro- of the products compared to the reactant species. Lane et
pogenic VOCs (aromatics, alkenes and alkanes), (2) bSOA isl. (2008), Shrivastava et al. (2008), and Murphy and Pan-
OA formed from oxidation products of biogenic VOCs (iso- dis (2009, 2010) used a 1-bin (or decade) volatility reduc-
prene, monoterpenes and sesquiterpenes), (3) POA is fregton per reaction. This approach will be used in the present
emitted OA withC* < 1000 ug nt3. This mass may evap- study as the base-case scenario. The model must specify the
orate and recondense during its atmospheric lifetime, butransformation in O:C space as well. For the base case, we
once it reacts with OH it is removed from this classifica- will assume that oxidation of the population by the OH radi-
tion becoming (4) semi-volatile SOA (sSOA). (5) interme- cal will behave like H-atom abstraction from alkanes. After
diate volatility SOA (iISOA) mass is emitted largely in the the initial H-atom abstraction and oxygen addition, the re-
gas phase witlC* > 1000 pg nT3. This material, following  sulting alkyl peroxy radical can react with many gas-phase
Tsimpidi et al. (2010) is in equilibrium with emitted partic- constituents like NO, N@ or other peroxy radicals to form
ulate OA mass. Because of the difficulty in measuring massan alkoxy radical (Atkinson, 2000). This alkoxy radical can
in this volatility range, emission inventories do not include then stabilize through reaction and result in a product species
these compounds. We thus add an additional 1.5 times thaith one more oxygen than the precursor organic compound.
original POA mass emission rate to the intermediate volatil-On the other hand, the alkyl peroxy radical may react with
ity organic gas emission rate following several past studiesHO, to form a hydroperoxide that will have two more oxy-
(Robinson et al., 2007; Murphy and Pandis, 2009; Hodzicgen atoms than its precursor. We will assume for this base-
et al., 2010; Tsimpidi et al., 2010). In the gas phase, thiscase an equal probability of adding one or two oxygen atoms
mass is susceptible to oxidation by OH and may go to lowerto the organic reactant molecule. In order to calculate the
volatility and condense to form SOA. increase in O:C for each added oxygen, the average carbon
One source of uncertainty for SOA formation is the initial number of the reactant species must be known. Donahue et
O:C distribution for 1st-generation products of organic gasal. (2011) used structure activity relationships from the SIM-
oxidation. Mass from the oxidation of anthropogenic and POL group contribution method (Pankow and Asher, 2008)
biogenic VOCs is assigned an O:C equal to 0.4 consistento estimate vapor pressures as a function of carbon number
with smog chamber AMS measurements (Hildebrandt et al. and oxygen content. These trends can then be applied to the
2009; Kostenidou et al., 2009). Grieshop et al. (2007) foundrange of saturation concentration and O:C used in the current
that polarity for SOA components frompinene ozonolysis  work and a representative carbon number for every combina-
increased with decreasing volatility. Kostenidou et al. (2009)tion of C* and O:C can be estimated (Table 1). This represen-
used a thermodenuder in tandem with an AMS to segregatéative carbon number can be used to calculate the average in-
O:C by volatility for SOA from traditional monoterpene pre- crease in O:C. This O:C will likely fall “between” the model
cursor oxidation and found higher O:C for lower volatility O:C bins so we interpolate between them and subsequently
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Table 1. Carbon number as a function of effective saturation concentration and O:C in the 2D-VBS.

o:.C Effective saturation concentration (ug |3r)
10° 10% 102 102 10! 10° 100 1?2 1] 10* 10®° 1P

1.2 6.9 6.5 6.1 5.7 53 4.9 4.5 4.1 3.7 3.3 3.0 2.6
11 7.4 7.0 6.5 6.1 5.7 53 49 44 40 3.6 3.2 2.7
1.0 8.0 7.5 7.0 6.6 6.1 5.7 5.2 4.8 4.3 3.9 3.4 3.0
0.9 8.6 8.1 7.6 7.1 6.7 6.2 5.7 5.2 4.7 4.2 3.7 3.2
0.8 9.4 8.9 8.3 7.8 7.3 6.7 6.2 5.6 51 4.6 4.0 3.5
0.7 104 9.8 9.2 8.6 8.0 7.4 6.8 6.2 5.6 50 44 3.8
06 115 109 102 9.5 8.9 8.2 7.6 6.9 6.3 5.6 5.0 4.4
05 130 122 115 107 10.0 9.3 8.5 7.8 7.0 6.3 5.6 4.9
04 148 140 131 123 114 106 9.7 8.9 8.1 7.2 6.3 5.6
03 173 163 153 144 134 124 114 104 9.4 8.4 7.4 6.4
02 208 196 185 173 161 149 137 125 113 10.1 8.9 7.7
01 305 288 271 253 236 219 201 183 166 149 131 114

split the mass between the two adjacent bins for each oxyeoncentration. The OM/OC before and after oxidation can
gen added. This approach introduces some numerical diffube calculated knowing the O:C of both the initial and final
sion, but the OA aging process is expected to “diffuse” massorganic species:

throughout the 2D-VBS space so this is an acceptable resul

The O:C increase due to oxidation by OH changes dependl[%} =1+ ES[O/C] + i[H/C] 2)

ing on where in the 2D-VBS space the reactant species is oC 12 12

An OA species with the same volatility but higher O:C than \yhere O/C is the O:C of the species of interest, and H/C is

another OA species presumably has fewer carbons since thge ratio of moles of hydrogen to moles of carbon. This rela-

greater functionality will act to reduce its volatility. Thus it {ionship assumes that the presence of organic nitrate will not
willincrease more in O:C when oxygen atoms are added tharignificantly alter this approximation. Also, we will assume

a larger hydrocarbon. _ that H:C is a function of O:C:
Shrivastava et al. (2008) and Murphy and Pandis (2010)

employed an OH reaction rate constant equal to1D0"**  [H/C]=2-[0O/C] 3)

for aSOA and 4< 10~ cm®molects! for sSOA and _ _ _
iSOA species in PMCAMx-2008, and found the model to foIIowmg Heald et al. (2010) who determined analy_zmg
reasonably reproduce observed OA concentrations in théMS field data that, on average, one hydrogen atom is lost
summer and winter. The same rates are used for the curreom & population of organics for every gain of one oxygen
model in the base case. For bSOA, the model does simulat@om.

the oxygenation of this mass as it reacts with OH, but as- . N .

sumes that these reactions increase O:C without a net chan&e3 Alte_rnatlvg homogeneous oxidative aging

of the volatility of the products. These gases are aged with configurations

the same rate constant used for aSOA aging. When mOdelT'his study will also explore the uncertainty in the O:C and
ing OA V.Vlth the ;D'VBS' the amount of mass added for each olatility distribution predictions due to the specific aging
generation of OX|daF|pn must be assumed. Lane et al. (2008 onfiguration chosen. Grieshop et al. (2009) and Hodzic et
assumed (_aach addition of oxygen adds 70'5% of theoreacta 1 (2010) investigated both the 1-bin base-case saturation
mass. Grlgghop et' al. (2009) used 7.5% and 40 % adqe oncentration reduction as well as a 2-bin reduction with a
mass for fitting their chamber results to the 1- and 2'bmreduced OH reaction rate constant and found both to per-
volatility reduction models, respectively. Resolving the ba- orm adequately. We assume that this 2-bin reduction in
sis set framework along the O:C axis allows explicit CaICUIa'volatility is accompanied by an addition of 2 or 3 oxygen
tion of.this added mass. Assuming carbon ?S conserved whe toms, each with equal probability, and we divide all of the
mass is moved up in O:C, the new organic matter (Carbonbase—case aging rate constants by a factor of 2. The 1- and
hydrogen, and oxygen) mass can be calculated as: 2-decade volatility shift scenarios reflect similar model sce-
oM oM -1 narios in that for every reaction with OH their proportional
[OM]Finai= [&] [OM]inital ([E} ) (1)  enhancement in O:C for a given reduction in volatility are
Final Initial similar. Therefore, we will also present the following two
where OM is the organic matter and OC is the organic carborsensitivity cases: (1) a 1-bin volatility shift with a 40 % and
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60 % probability of adding 3 or 4 oxygen atoms, respectivelyal. (2010). Using the organic massrafz 44 as measured
to explore the possibility of rapid oxygen addition with low by the Q-AMS, that study estimated O:C with the parame-
reduction in volatility and, (2) a 2-bin volatility shift with a terization of Aiken et al. (2008). The contribution fram/z
60 % and 40 % probability of adding 1 or 2 oxygen atoms, 57 (characteristic of fresh, hydrocarbon-like organic species)
respectively to explore the scenario where few oxygen addiwas barely detectable throughout the campaign, indicating
tions are needed to substantially reduce the volatility. heavily aged organic aerosol was arriving at the site regard-
A fourth sensitivity study will examine the affect of as- less of the source location.
suming aging of bSOA does not change its volatility. For this Measurements of the OA volatility with a thermode-
analysis, bSOA species are aged with the same mechanispuder were obtained simultaneously with the AMS chemi-
and rate constant used for aSOA aging. When both of theseal composition observations and are documented by Lee et
species are aged with the base-case OH reaction rate in thal. (2010). The OA observed had low volatility (approxi-
1D-VBS framework, model predictions generally overshoot mately two orders of magnitude less volatile than laboratory-
ambient measurements (Murphy and Pandis, 2010). We wilgeneratedx-pinene SOA). Comparing th€* distribution
study a case where all SOA is aged with the base-case reagredicted by the 2D-VBS with a fit obtained from the ther-
tion rates and then explore a second case with OH rate cormodenuder observations is ill-constrained. Instead, the final

stants reduced by a factor of 4. C* distribution of OA arriving at the Finokalia receptor site is
o . used, along with the size distribution of OA mass as input to
2.4 Heterogeneous oxidative aging a dynamic mass transfer model of a thermodenuder system

(Riipinen et al., 2010). This model is then used to predict
the fraction of initial OA remaining (MFR) after exposure
o the elevated thermodenuder temperature. The thermode-
uder model also needs as input the thermodenuder tempera-
12 o3 1.1 S . ture and residence time as well as the enthalpies of vaporiza-
2 x 10~"*cm* molec™s™) for all SPecies in the particu- tion and accommodation coefficients of the OA constituents.
Iat(_e phase (Lambe et "f“"..2007; Weitkamp e.t al., 2008)'The 2D-VBS model assumes enthalpies of vaporization for
This process, although S|gn|f|ca_qtly slower than its gas—phaseevery organic species, so it makes sense to keep this parame-
analogue, may be able to S'Qn'f'ca”"y enhance the averagea, consistent between the transport model and the thermod-
O:C of the bulk OA population after much of the highly nuder model. A range of vaporization enthalpy inputs to the

;)xygenz_iteddmass hr?s cond_sns_ed a?g. IS no I_o_nger availal fiermodenuder model will also be explored when comparing
or continue gas-phase oxi gtlon. IS sensitivity case asg, predictions to the FAME-08 observations.
sumes, as a first approximation, that heterogeneous phase

aging only adds functional groups to the OA species and3.2 Lagrangian transport model
does not lead to fragmentation and enhanced evaporation of

OA mass. Other processes that would affect OA formationThe 2p.vBS organic aerosol module has been added to a
rates may also be occurring in the particulate phase including o _qimensional Lagrangian transport model which simu-

accretion combinations and reactions in the aqueous phasgies air parcels as they arrive at a receptor site. The Fi-
with hydrophilic organic species like glyoxal. These systems,jyalia site during the FAME-08 campaign in May 2008 will

should be further explored in future studies. be used here. Previous versions of this host model have been
applied to California in efforts to develop predictive mod-
ules for processes such as SOA formation (Strader et al.,
1999; Koo et al., 2003) and gas/particle partitioning of at-
3.1 Measurements mospheric pollutants (Gaydos et al., 2003). The model takes
into account relevant atmospheric processes including gas-
FAME-08 was conducted from 8 May to 4 June 2008 andphase chemistry (using SAPRC-99), dry and wet deposition,
continuously measured chemical and physical characterisand vertical turbulent dispersion. Removal processes have
tics of PM, air ions, gaseous species and meteorological pabeen updated with treatments similar to those in PMCAMXx-
rameters (Pikridas et al., 2010). No distinct variation was2008 (Gaydos et al., 2007). The 10 grid cell column reaches
seen in relative humidity or wind speed, but intense solar ra2.5 km in the atmosphere with the first cell top boundary at
diation was observed with daily maxima always exceeding60 m. Gridded inputs were obtained for a domain includ-
850 W ni 2. This feature of the FAME-08 campaign makes ing the entire European continent as well as parts of north-
it a desirable scenario for the initial testing of the 2D-VBS ern Africa and western Asia. All of the meteorological pa-
OA aging module. rameters (horizontal winds, vertical dispersion coefficients,
The non-refractory PMchemical composition was mea- temperature, pressure, water vapor, clouds, and rainfall) in-
sured with an Aerodyne quadropole aerosol mass spedput to this model are calculated by the Weather Research and
trometer (Q-AMS) as described in detail by Hildebrandt et Forecasting (WRF) Model (Skamarock et al., 2008). WRF

The impact of heterogeneous-phase oxidation by OH up
take directly to OA species will be explored by employ-
ing the same aging mechanism as for the base case wit
an equivalent homogeneous OH aging rate constasi~

3 Application to the FAME-08 campaign
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2 (HYSPLIT) model (Draxler et al., 2009) is used to calculate
72 h back trajectories for each arriving air parcel. For consis-
tency, this study uses the same meteorological fields (calcu-
lated by WRF) as input to the HYSPLIT model to calculate
the back trajectories. One source of uncertainty in calculat-
1.2 ing back-trajectories is wind shear along the parcel path. Be-
cause of this phenomenon, a parcel initialized at the Earth’s
surface may have a different spatial origin than one initial-
ized at 1 km. These parcels in theory may have accumulated
different pollutant levels, been exposed to different weather
0.4 conditions, etc. To help mitigate this issue, 20 trajectories are
calculated for each arrival time by varying the height of the
arriving parcel from ground level to the 2.5 km model ceiling
(Fig. 2a). The HYSPLIT clustering analysis utility is then
Fig. 1. Hourly averaged primary organic aerosol bulk emis- used to estimate the path of one trajectory that best repre-

sions for the European domain during the EUCAARI period (May sents the origins of the 20 sample trajectories simultaneously

2008). The red star indicates the location of the FAME-08 (Fig. 2b). ] ] ) )
measurement site. Each trajectory is started 72 h before it arrives at the recep-

tor site and initialized with pollutant concentrations output
from a PMCAMx-2008 simulation of the European domain

was driven by static geographical data and dynamic meteothat are matched specifically to that location and time. As the
rological data (near real-time and historical data generated bynodeled air parcel proceeds through the path calculated by
the Global Forecast System 11 °). Twenty-seven sigma- HYSPLIT, it accumulates pollutant emissions determined by
layers up to 0.1 bars were used in the vertical dimension. Thehe hourly gridded inventories. Another source of uncertainty
WRF May 2008 run was periodically re-initialized (every 3 arises from the lack of horizontal dispersion in this approach.
days) to ensure accuracy in the corresponding fields that arat later model times, when the parcel is near the receptor site,
used as inputs to this Lagrangian model. it is possible that only the emissions dictated by the actual

Anthropogenic and biogenic emissions are input as hourlygrid the parcel is located in will have an effect on the con-
gridded fields (Fig. 1). Anthropogenic gases include landcentrations experienced at Finokalia. At the other extreme,
emissions from the GEMS dataset (Visschedijk et al., 2007)or earlier model times, when the parcel is far away from
and emissions from international shipping activities. Anthro-the site, it is likely that a wide area of sources contributes
pogenic particulate matter mass emissions of organic ando pollutants that will eventually affect levels at the receptor
elemental carbon are based on the Pan-European Carbonsite. The trajectories in Fig. 2a illustrate this divergence as
ceous Aerosol Inventory that has been developed as part ahey go back in time. To overcome this weakness, a larger
the EUCAARI activities (Kulmala et al., 2009). Three dif- area of grid cells is taken into account at each time step when
ferent datasets are combined in order to produce the biogenicalculating the average emissions experienced by the parcel.
gridded emissions for the model. Emissions from ecosystem¥his area begins as a diamond 24 grid cells wide and cen-
are produced offline by the Model of Emissions of Gases andered on the parcel’s present grid cell. As the model moves
Aerosols from Nature (MEGAN) (Guenther et al., 2006). forward in time, the sample size decreases until it uses only
Since sea surface covers a considerable portion of the dahe parcel grid cell to inform pollutant emission rates for the
main, the marine aerosol model developed by O’'Dowd etlast six model hours. PMCAMx-2008 includes an additional
al. (2008) has been used with the submicron aerosol sea sprayA model species that is advected from outside the model
source function from Geever et al. (2005) to estimate massoundaries. This species, boundary condition OA (bcOA), is
fluxes for both accumulation and coarse mode including theassumed to be highly aged and essentially non-volatile. Its
organic aerosol fraction. Wind speed data from WRF andconcentrations at the boundaries in PMCAMXx-2008 are kept
chlorophyll-a concentrations are the inputs needed for theonstant horizontally and through time, but do vary in height
marine aerosol model. Wildfire emissions from May 2008 generally consistent with observed vertical profiles (Morgan
were also included (Sofiev et al., 2008a,b). et al., 2010). For this study, the O:C of bcOA will be as-

Six parcels arriving at 03:00, 07:00, 11:00, 15:00, 19:00,sumed equal to the bulk average of all other OA species. This
and 23:00 h local time (UTC + 2 h) are simulated for 9 cam- assumption should be revisited when applying this model to
paign days (9, 12, 15, 16, 17, 26, 27, 28 and 29 May). Theseirban areas with lower O:C values, but will have little effect
days are chosen because AMS and thermodenuder data weoa predictions of highly aged OA at the Finokalia station.
available, and the air masses originated from Europe (emisThe likely source for this species is long-range transport from
sions inventories for northern Africa are quite uncertain). other continents as well as marine-source OA mass.
The Hybrid Single Particle Lagrangian Integrated Trajectory

1.6

0.8

0 kghr'x10*
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Fig. 2. 72-h back-trajectories calculated in HYSPLIT with WRF gridded meteorological input data for parcels arriving at the Finokalia
site during the FAME-08 campaign on 15 May 2008 at 05:00 p.m. aY20 back-trajectories are simulated with varying arrival altitude.

(b) These paths are then combined with the HYSPLIT clustering utility to estimate one representative trajectory for the parcel’'s horizontal
path.

4.2 Organic aerosol O:C, volatility distributions

—
8 Boundary Condition OA

The predicted O:C distribution (Fig. 4a) shows a wide distri-
bution with at least three, perhaps four, peaks throughout the
day. Aging of POA, which is initialized at 0 in O:C creates a
peak at about 0.2, while the fresh SOA leads to a clear peak at
0.4 and perhaps another at 0.5 indicative of aged compounds
that have condensed and are no longer subject to homoge-
Fig. 3. Diurnally averaged organic aerosol mass concentrations foeous OH reaction. Some of the OA mass is predicted to
the FAME-08 period segregated by source class. Also shown ar¢each an O:C of 1.2, creating a peak at the top of the axis.
the measurements taken by the AMS with the corresponding unceWhen averaged, the predicted O:C of the population agrees
tainty range. well with observations both in terms of magnitude and trend
throughout the day. The predicted value always falls within
the estimated measurement error of 20 %.
4 Results If this predicted distribution is reflective of the actual am-
bient OA O:C distributions, it could indicate a weakness in
describing the complexity of OA oxygen content with one

The predicted diurnally averaged organic aerosol sourcéVéraged value. However, the strong peak at 0:C =1.2 could
profile for the base-case simulations is consistent with the?!SC indicate unrealistically aggressive aging parameters that

AMS measurements during the FAME-08 study (Fig. 3). would continue to enhance the average O:C and lead to O:C

The base-case average predicted OA concentrations qverpredictions if they were not artificially held at 1.2 by

3.3 pg T3 agrees reasonably with the measured concentrathe module boundaries. The model can also estimate the

tion, 3.1 g n3. Moreover, the model results exhibit little organic m_ass adde_d per generation of oxidation. The aver-
variability throughout the day although slightly more than @€ for this model is about 16 % and fluctuates between 14

that of the measurements. Anthropogenic sources clearl*"d 18 % depending on proximity of the parcel to local emis-
dominate the OA contribution for this case. with aSOA. Sions sources. This estimate falls between the assumptions of
iSOA, SSOA, and POA accounting for 17.8 36.6. 16.7 and’-5 % and 40 % for the one- and two-bin shift cases, respec-
2.9%, respectively. bSOA is predicted to contribute 22.7 %UVelY: _ S _

to the total OA arriving at Finokalia on average during this The predicted volatility distribution is similarly quite sta-

period. The emission source strength of the IVOC precursord!€ throughout a representative day of air parcels arriving
that lead to this mass is quite uncertain as are its aging paranftom Europe during the FAME-08 study (Fig. 4b). The trend
eters. The very small contribution from fresh POA due to SNOWS one consistent mode with a nearly constant average

N A . i N ) N A N . g _ 3 .
semivolatile partitioning and oxidation is consistent with the effective volatility (C*=0.6 uignm~) and a somewhat wide

— 2 —3 ..
observations of Hildebrandt et al. (2010) during FAME-08. 'ange (fromC*=10"° to .102“9 m-*). For every arrving
parcel, the finalC* and size distributions are summed and

input to the dynamic mass transfer thermodenuder model of
Riipinen et al. (2010). Given the thermodenuder temperature

Organic Matter (ug m™)

4.1 Organic aerosol mass concentrations

Atmos. Chem. Phys., 11, 7858873 2011 www.atmos-chem-phys.net/11/7859/2011/



B. N. Murphy et al.: Simulating the oxygen content of ambient organic aerosol 7867

and residence time used during the measurements, the model
predicts the OA mass fraction remaining of particles in the

arriving parcel. This value, diurnally averaged, is then di- o L
rectly compared to the measurements from the thermode- , o7 RIS %% om

A

nuder in Fig. 5. Two major sources of uncertainty for the S os 0.4 9™
thermodenuder model, the vaporization enthalpi®&l(ap) :
and accommodation coefficients)( are explored systemat-
ically in this figure. Only the base-case configuration of the
transport model is used for input data here. In other words,
for the data in this figure, the vaporization enthalpies are
only varied in the thermodenuder model, not the Lagrangian
model. Sensitivity to the enthalpy of vaporization in the
Lagrangian model will be explored later. Three values for
the enthalpy of vaporization (30, 50, and 75 kJ mgland

the accommodation coefficient (0.05, 0.5, and 1) are cho-
sen to represent all OA species, independent of their volatil- "+ 2 5 « 5 6 7 & o 1011 12 1 14 15 16 17 18 19 20 21 22 25 2

. . . R R Local Time (Hour)

ity. Assuming a uniformA Hyap=30kJ mot? (Fig. 5a) is

not consistent \,N'th any O,f the actual measurement_s’ reQardlfig. 4. Diurnally averageda) O:C distribution for a representative
Ie;s of the choice ok. It is thus SUQQEStGd from th's Cam- 4ay during the Finokalia Aerosol Measurement Experiment. Black
paign that the base-case assumption of 30kIMi t00  gjrcles represent measurement averages while the gray line corre-
low. IncreasingA Hyapto 50 kJ mof? still overpredicts MFR  sponds to the model average as it evolves throughout the day. Error
observations in general, although some agreement is sedsars denote 20 % deviation from the measurem@)tOA volatil-
around noon for a representative day with= 1 (the up- ity distribution for the same representative day in May 2008. The
per bound ony). With AHyap=75 kJ mofl, the model un-  gray line here represents the model average of the OA volatility.
derpredicts the observed MFR (overpredicts evaporation) for

cases Wltr.u > 0.5. However, there are likely many model Table 2. O:C Distributions for First-Generation SOA Products.
configurations that would lead to acceptable results as long
asA Hyap~75kJ mot? and 0.05< « < 0.5. Moreover, some

0.2

Local Time (Hour)

b)

Log, [C* (ug m)]

4
3
2
1
0
4 0 Ham?)
2
3
4
5

* —3
error is introduced by assuming constanHy,p across all c* (hgm™) ! 10 100 1000
volatilities (Epstein et al., 2010). This analysis is not meant Anthropogenic SOA 0.6 04 03 0.25
to actually recommend specific values #8F,ap ande, but Biogenic SOA 04 024 014 01

does give insights into upper and lower bounds on these pa-
rameters and the reasonableness of the 2D-VBS predictions.
To test the uncertainty introduced by our method of clus-average is almost unchanged between the base case and this
tering 20 back-trajectories, we ran the model for each trajecsensitivity test.
tory separately for an entire simulation day (16 May). We The predicted O:C diurnal average resulting from using
found some variability in the organic mass prediction with the variable O:C distributions for the first-generation prod-
extreme estimates about 0.75 ugthirom the mean predic- ucts of VOC oxidation (Table 2) are shown in Fig. 6. Al-
tion. O:C and volatility were much more stable with ranges though there appears to be added mass at O:C lower than

of O:C+0.02 and logpoC* £0.2. 0.4, there does not seem to be an added peak. There is, how-
ever, a substantial reductionr {0-15 %) in the average O:C
4.3 Sensitivity studies throughout the day.
4.3.1 First generation product oxidation state 4.3.2 SOA vaporization enthalpy
distribution

Temperature sensitivity is an important concern in simulat-
When the O:C distributions of first-generation VOC oxida- ing OA formation, especially for predictions at high altitudes.
tion products are updated with yield estimates that vary withFigure 7 shows, though, that for this period, surface concen-
volatility (Table 2), little change in total OA mass or contri- tration predictions are not very sensitive to the choice of SOA
bution from any particular OA source is seen. The averagevaporization enthalpy. For this test, we only vary the aSOA
OA concentration decreases from 3.3 to 2.8 pg rtr~15 % and bSOAA Hyap. The sSOA, iISOA, and POA species have
decrease). This is due to the enhanced oxygen mass addedvaporization enthalpies that vary with volatility consistent
the base case from species that have the opportunity to reackith Murphy and Pandis (2009). As the enthalpy of vaporiza-
high O:C before condensing and being unavailable to furthetion is increased, the predicted O:C consistently decreases,
oxidation processes. The volatility distribution and diurnal due to OA mass condensing that would have otherwise stayed
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o & o8f . Fig. 7. (a) Organic aerosol mass concentrations émdO:C with
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500 B I TIPS B thalpy of vaporization in the 2D-VBS configuration. All values are
o'z y i i i
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o 02p _— i .
C)AHup=75kImolt aprazos rors bars correspond to the measurements uncertainty.

2 4 6 8 1 16 18 20 22 24

?.ocal '1I':;me (H1o4ur)
Fig. 5. Comparison of model predicted OA behavior in a ther- ical for modeling thermodenuder behavior than for OA at-
modenuder to observations made during FAME-08. Black circlesmospheric behavior. This is not to say that the enthalpy of
and gray area indicate measurement values and uncertainty, respegaporization is unimportant for CTMs in general. It is quite

tively. The transport model predictions for this base case assumesnportant for models to correctly represent OA temperature
AHyap=30kJmol! for aSOA and bSOA species, regardless of sensitivity at high altitudes where cooling will lead to en-

volatility, while A Hyap for POA, iISOA, and sSOA species varies hanced partitioning to the particulate phase.

linearly from 130 to 64 kImoil as effective saturation concen-

tration increases fron* = 1075 to 1Ppgnm 3. The dynamic 4 33 Homogeneous oxidative aging
mass transfer thermodenuder model (Riipinen et al., 2010) assumes

= 1 1
all oA malss hash fivap=30kImof™ (a), S0kImor= (b), or 1 i volatility shift. The 2-decade reduction in volatility
75 kI mol = (c). . . . .
scenario results in a diurnal profile that performs nearly as
well as the base case, although with the reduced aging rate
constant (half of the base-case assumption) it slightly under-

CCEFEET - . predicts the FAME-08 measurements (Fig. 8a). The aver-
' age OA volatility is slightly reduced as well for this scenario
n ' compared to the base case (0.20 and 0.63Tf) mespec-
. tively). This is somewhat less reduction than expected given

the much larger jump in volatility for every generation of ag-
ing compared to the base-case aging configuration. OA mass
appears to accumulate at effective saturation concentrations
of approximately 0.1-1 ugn? because once it gets to this
Fig. 6. Diurnally averaged O:C for a representative day during the POINt, it is more likely found in the particulate phase and un-
FAME-08 campaign assuming an initial O:C that varies with volatil- able to react with gas-phase OH. Thus, the full difference that
ity for first-generation organic products of VOC oxidation in the might be anticipated in moving from a 1- to 2-decade shift in
2D-VBS. volatility is not realized. The average O:C (Fig. 8b) is also
lowered compared to the base case in this test, and this result
is probably due to the lack of the strong peak at O:C=1.2
in the gas phase until it were oxidized to greater functional-seen in the base-case scenario. If this aging scenario is car-
ity. The predicted organic mass concentrations do not changged out with the base-case OH reaction rate constants instead
much compared to those of the base-case simulation and staf the reduced ones, the average OA mass increases substan-
generally within measurement uncertainty for the entire daytially, from 2.8 to 3.7 ug m?° but O:C agrees nearly exactly
The model predicted volatility distributions (not shown) are with the base case throughout the entire representative day.
almost exactly the same for all of these cases. It is cleaincreasing the reaction rate also reintroduces the strong peak
that for this analysis, constrainingHyap is much more crit-  of OA mass at O:C=1.2. It is possible that if homogeneous

Local Time (Hour)
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aging is the principal driving force for O:C increases in the Fig. 9. Diurnally averageda,b) OA mass concentrations for the
ambient, then significant material must exist at exceptionallycases with bSOA aging with OH reaction rate constantoflD~11

high O:C & 0.9) in order to overcome the comparably small and 0.25< 10-11cm® molec1s1, respectively. (c) O:C for the
O:C increase from mass that condenses to the particle phasew OH aging rate constant case.
at 0:C of 0.4 t0 0.6.

High oxygen addition.When the aging mechanism adds ) . .
3 or 4 oxygen atoms with a 1-decade reduction in ef'fective_that itmay not be appropriate to treat aSOA and bSOA aging

saturation concentration, the average OA mass and volatil'” the same way, at least from the perspective of this simple

ity change little from the base casedC= 3.4 ug nT3 and implementation of the 2D-VBS, which only considers func-
C*=0.66 ugm3). On the other hand, the .average O-C in- fionalization of organic molecules. This does not mean that
creases significantly to 0.94. There is also enhanced build-u SOA aging can be ignored. Fragmentation processes are

of mass at the highest O:C. This O:C increase is not sup—'kmy irr_lpo_rtant_in reducing the mass produced b_y aging and
thus bringing this system back into agreement with the mea-

ported by the AMS measurements, falling well above the up- ) o
per limit of the uncertainty in the measurement. surements. These processes are not simulated in this work.
More chamber studies and modeling efforts of both aSOA

Low oxygen additionThis case results in a decrease in the Y
3 , : and bSOA systems at long oxidation timescales are needed
average Ga (2.9 ugn1°), a considerable decrease in aver- . . .
to characterize this behavior.

age volatility €* =0.18 ug n3), and a sizable decrease in
oxygenation (O:C=0.51). The decrease in mass is associy 3 4 Heterogeneous oxidative aging
ated with reducing the mass added by oxygen throughout the
simulation. The underprediction for average organic massThe heterogeneous oxidative aging sensitivity study did not
and average O:C are not supported by the observations of efesult in significant change to the OA mass concentrations
ther metric, and this aging scenario is likely not a realistic or degree of oxygenation compared to the base-case predic-
depiction of organic compound aging in the atmosphere.  tions. The small scale of this enhancement is likely due to
Biogenic SOATwo simulations were performed to inves- the slow reaction rate assumed for this process. The rate
tigate the effects of adding bSOA aging. The first case treatsvas chosen to be consistent with available observations of
bSOA with the same reaction rate constant as aSOA and age€3H uptake rates to organic particles so it is not expected
it with the 1-bin shift formulation. This approach results in that this estimate is far from reality. However, this is only
overprediction (Fig. 9) of the FAME-08 OA mass concentra- one of a few pathways for organic compound oxidation in-
tion measurements, and similar average performance in presolving more than one phase. These other pathways, includ-
dicting O:C as the base case. In the second case, reducing tlireg aqueous phase processing, could be responsible for some
aging rate constant for all OA constituents by a factor of 40:C enhancements as well. There is a decrease in volatility
results in slight underprediction of the OA concentration and(C* = 0.4 ug nT2) due to continued reaction of OA mass with
underprediction of O:C. Taken together, these results suggestas-phase OH. The further volatility reduction is comparable
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to, although a little smaller than, the uncertainty in choosingprocesses, which may lead to decreased mass at higher O:C
between the 1- and 2-decade volatility shift approaches. Thigould have an effect on the predictions here. The inclusion of
is consistent with the trends seen by Hildebrandt et al. (2010pSOA in aging mechanisms was also explored and although
during the FAME-08 campaign. That study reported similar aging parameters could be adjusted to bring mass concen-
levels of oxygenation for parcels they believed to originatetrations into agreement with observations, these changes re-
from the same source location but vary in the time they tooksulted in unrealistically low O:C predictions. Additional lab-
to arrive at Finokalia. Future implementations of this model oratory studies of this complex aging process are required to
will investigate other heterogeneous-phase mechanisms ddllow its simulation in CTMs. Specifically, knowing how im-
OA formation and their effects on the predictions of O:C and portant fragmentation processes are, and what factors drive
volatility. them would be a considerable step forward in modeling this
system. On a related point, because of the high concen-
o trations of hydroxyl radicals used in smog chamber exper-
5 Implications iments, it is entirely possible that the yields used in this work
- . ., for aSOA and bSOA formation include some mass formed
A proof of concept model for predicting OA formation with X : ; ' .
from aging processes and not just yields of first-generation

the 2D volatility basis set in a Lagrangian chemical trans- . ; ; 2
) roducts. It will be important in the future to distinguish
port host model has been presented and its results have been )

. . : - these two categories from each other for both aSOA and
evaluated with extensive measurements from the Flnokah%

, . SOA formation. This will help address the rather unintu-
Aerosol Measurement Experiment campaign. The base-cas ) .
: . Itive assumption that aSOA compounds age while those from
model, performs encouragingly well for predicting OA mass

. 2 ’ bSOA do not.
concentrations, average volatility, and average O:C for a rep- Other assumptions required by the 2D-VBS framework

resentative day (diurnal average of 9 days) in May 2008. R . . . i
While this perfgrr(nance is encograging, it isyil%portanilto em-Vere explqred in this _study including the initial O:C distri-
phasize some factors that limit the strength of conclusionsbuuon forfirst-generation SOA compounds and the presence

that could be drawn from this study. This work only involves ;)fbh?.terofgeréeoo:s omdaﬂog. lnhcmdt';]g a Vf‘”‘":gle 2%(\:/I§|SS
data obtained from one site during the EUCAARI measure- ribution for compounds when they enter the 2b- '

ment campaign. Other sites and time periods will be ana s opposed to assuming a constant value of 0.4 regardless

o : o : )
lyzed in the future to explore the reproducibility of these of volatility, resulted in a 10-15 % decrease in average O.C

results. Further, the data obtained from the FAME site arethroughout the representative simulation day. Including het-

rather constant, and the model is not tested for its ability totrogeneous reaction of condensed phase organic compounds

reproduce extensive variability in the system. When OtherW|th OH did very little to alter the volatility or O:C distri-

sites with more local sources are chosen, these aspects of tlg)éI tion from that of the base case. However, other heteroge-

rodel performance wil be emphasize to & much largel 'O PIOCCSSe Ik SO produeton fomabyva, o acere
extent. Lastly, because of the large number of uncertain pa.—n the future to fa/rther evaILl?ate an.d constrain the 2D-VBS
rameters available in this model, some of them (number o

oxygen atoms added, number of volatility bins shifted) WereW|th measurement campaign data from locations throughout

chosen beforehand (within reasonable limits) with the goaI:h;a WO;Idr' Itn(i:an ?ISO Ib s ES(\E/? :(?il!nvrﬁ?;;gaﬁitu?ciztzar:n fi?j-
of achieving highly oxygenated OA at Finokalia. However, ures ot organic aerosol behavior fike g interactions a
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