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Abstract. The sensitivity of the formation of secondary or- 1 Introduction

ganic aerosol (SOA) to the estimated vapour pressures of the

condensable oxidation products is explored. A highly de-Secondary organic aerosols have a substantial impact on
tailed reaction scheme was generatedufgrinene photoox- human health, visibility and climate (e.g. Hallquist et al.,
idation using the Generator for Explicit Chemistry and Ki- 2009). The environmental impacts of SOA depend on their
netics of Organics in the Atmosphere (GECKO-A). Vapour physico-chemical properties and therefore their composition
pressures #V2P) were estimated with three commonly used (€.9. Fuzzi et al., 2006). SOA are formed by condensation
structure activity relationships. The values B¥2? were  of gaseous secondary organics produced during Volatile Or-
compared for the set of secondary species generated bganic Compound (VOC) oxidation. The gas/particle parti-
GECKO-A to describe-pinene oxidation. Discrepancies in tioning of each organic follows an absorption process (e.g.
the predicted vapour pressures were found to increase witfPankow, 1994) that can be described by:

the number of functional groups borne by the species. For =~ 4

semi-volatile organic compounds (i.e. organic species of in-Fi =xiviP

; 1)
1
i i i i p . . L
terest for SOA formation), differences in the predice@ where P; is the partial pressure of the species; its mole

range between a factor of 5 to 200 on average. The simulateg, o1 in the condensed phase, its activity coefficient
SOA concentrations were compared to SOA observations iy pVaP it saturation vapour pressure (atm). At thermo-
the Caltech chamber during three experiments performed ungy namic equilibrium, the condensed fraction of the total
der a range of NQconditions. While the model captures the amount of compound in the air,£2%", can be expressed as
qualitative features of SOA formation for the chamber ex- (e.g. Donahue et al., 2009): !
periments, SOA concentrations are systematically overesti-

mated. For the conditions simulated, the modelled SOA spe- zer Ni aer _ 1
ciation appears to be rather insensitive to #Y&P estimation §=

method.

=—— 2
Ni aert+ Ni gas 1+% « 108
where N, gas and N; aer are the number concentration
(molecule cnt® of air) of species in the gas and aerosol
phase, respectively/aer is the mean organic molar mass in
the aerosol (gmot'), Caer the total organic aerosol mass
concentration (ugm? of air), R the ideal gas constant
(atmm?PK~1mol1) and T the temperature (K). Figure 1

Correspondence td3. Aumont shows the variation 0f?®" as a function of the saturation
BY

(bernard.aumont@lisa.u-pec.fr) vapour pressure of a given species under typical atmospheric
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1.0 and Yalkowsky, 1997; Moller et al., 2008; Nannoolal et al.,
; ! 2008; Pankow and Asher, 2008). The differences inAH&¥
0.8 1 : estimated by available SAR can reach orders of magnitudes
] | for species in theP"@ range of 1012 and 10°atm (e.g.
0.6 1 I Camredon and Aumont, 2006; Clegg et al., 2008; Comper-
gfer | nolle et al., 2010; Booth et al., 2011). The objective of this
0.4 1 | study is to evaluate the sensitivity of predicted SOA forma-
1 I tion to PVaP estimates.
0.2 1 | Three vapour pressure estimation methods were tested
. ! in this study: the Myrdal and Yalkowsky (1997) method
0.0 P e o P " } — (referred hereafter as JR/MY), the Nannoolal et al. (2008)
10 10 10 10 10 10 10 10 method (hereafter NAN/NAN) and the SIMPOL-1 method

Vapour pressure (atm) from Pankow and Asher (2008) (hereafter SIM). The JRIMY

method is developed on the basis of the Clausius-Clapeyron

Fig. 1. Fractionz'in the aerosol phase at thermodynamic equilib- o4 ation. Vapour pressure is estimated as a function of the
rium as a function of the saturation vapour pressure of the SpeCie?emperature through a relatively simple formula, involving

considered and for typical atmospheric aerosol concentrations. Thff=he boiling point ) and structural properties (the effec-

calculation is performed assuming an ideal mixture in the con- . . | bond b d the hvd bond b
densed phase and mean molar mass of 200 gfadBhaded area tive torsional bond number and the hydrogen bond number).

represents the vapour pressure range where significant partitioning "€ Joback group contribution method (Joback and Reid,

of the species may occur under atmospheric conditions at equilib1987) was used to estima#. This method involves 29
rium. group contributions. The JR/MY method was implemented

as described by Myrdal and Yalkowsky (1997) #®Y2P and

Joback and Reid (1987) fd#, with the group contributions
aerosol concentrations. The volatility of organic compoundsfor -OOH, C(=0)OONGQ and -ONQ specified in Camredon
can be divided into 3 categories (see Fig. 1): and Aumont (2006). The NAN/NAN method is also based
on the Clausius-Clapeyron equation. The method estimates
PVaP as a function ofl}, and 212 group contributions and
interaction corrections. Boiling points were estimated us-
ing the Nannoolal method (Nannoolal et al., 2004) which in-
volves the same type of groups. The NAN/NAN method was
implemented as described by Nannoolal et al. (2004, 2008)
with group contribution values for -OOH, C(=O)OOH and
C(=0O)OONGQ taken from Compernolle et al. (2010). The
SIM method is an empirical method specifically developed
for the purpose of simulating SOA formation (Pankow and
Asher, 2008). It is very simple to use as it provide¥r
directly from 30 group contributions.

— species having a vapour pressure ranging between Recent studies have assessed SAR reliability against ex-
10-13 and 10 atm. These species are expected to bePerimental data for species of interest in SOA formation.
present in both phases depending on the aerosol load N JR/MY method was shown to provide good estimates
This category can be qualified as semi-volatile under at-0f 2**” for a set of organic species of interest for SOA for-
mospheric conditions. mation (Camredon and Aumont, 2006). Barley and McFig-

gans (2010) have compared JR/MY estimates with a differ-
A large number of secondary species are formed during VOQnt experimental database showing that the JR/MY method
oxidation (e.g. Aumont et al., 2005; Goldstein and Galbally, underestimate®"2°, mainly because of}, overestimation.
2007; Kroll et al., 2011). A detailed model describing SOA Barley and McFiggans (2010) have identified the NAN/NAN
formation needs vapour pressure data for each secondary omethod as the more reliable one to estim@Y@P for the pur-
ganic species produced during gas-phase oxidation. Explicipose of SOA formation. Nevertheless, Booth et al. (2010,
PV8P data needed to represent the gas/particle partitionin2011) have compared various methods for acids and diacids
for the myriad of secondary species are generally not availand showed that NAN/NAN does not always give the best
able. Structure Activity Relationships (SAR) are therefore results. However, very few experimental data are available
used to estimat®"'@ in SOA formation models (e.g. Cam- for species having a vapour pressure below®dtm. The
redon et al., 2007, 2010; Capouet et al., 2008; Xia et al.reliability of the SAR remains thus difficult to assess for the
2008). Several SAR devoted to the estimationPdf® are  semi-volatile organic compounds of interest in the context of
available in the literature (Capouet andilér, 2006; Myrdal ~ SOA formation.

— species having a vapour pressure below B@tm.
These species will be mostly in the aerosol phg8& ¢
0.99) even for a low aerosol concentration (0.1 pfin
This category can therefore be qualified as non-volatile
under atmospheric conditions.

— species having a vapour pressure above >Him.
These species will be mostly in the gas phase
(67°"< 0.01) even for a high aerosol concentration
(100pgnt3). This category can therefore be consid-
ered as volatile under atmospheric conditions.

Atmos. Chem. Phys., 11, 6895910 2011 www.atmos-chem-phys.net/11/6895/2011/
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i vap asti i - . . . .
The influence ofP*™ estimation method on SOA forma Table 1. Criteria used in the reduction protocol using surrogate

tion was simulated for SOA formed during-pinene pho-
tooxidation under various NQOlevels. The three?Va SAR

species for position isomer (see text).

were implemented in a detailed model for SOA formation.
The chemical schemes were generated using the Generator

Criteria

for Explicit Chemistry and Kinetics of Organics in the Atmo-
sphere (GECKO-A) (Aumont et al., 2005; Camredon et al.,
2007). Observations from the California Institute of Tech-
nology (Caltech) laboratory chamber (Ng et al., 2007) were
selected to test the sensitivity of the simulated SOA mass
concentration and speciation 2P estimates. Modelling
tools are described in Sect. 2. The vapour pressures estimated
with the three SAR adopted for this study are presented in
Sect. 3 for secondary products generated by GECKO-A dur-
ing «-pinene oxidation. Section 4 is devoted to sensitivity
tests of PVaP estimation methods for SOA formation and the
comparison of the modelling results with observations in the
laboratory chamber. Finally, the simulated results are used
to explore the influence of NQOon gaseous and condensed
organic properties in Sect. 5.

2 Modelling tools

O~ WNPRE

~

8
9
10
11
12
13
14
15
16
17
18
19
20

# of CHz groups

# of CH, groups

# of CH groups

# of C groups

# of primary nodes (ending positiéh)

# of secondary nod@s

# of tertiary nodes (branching positién)

# of quaternary nodes (2 branchifig)

# of conjugated carbonyls (-CO-CO- structures)
# of functional groups in 1-2 position

# of functional groups in 1-3 position

# of functional groups in 1-4 position

# of conjugated carbonyls at a terminal end of the chain
# of -CH,CH3 groups

# of -CH,CH>CHg groups

# of -CH,CH>CH,CH3 groups

# of -CO-CHO groups

# of -CO-CO(OONG®) groups

# of -CO-CO(OH) groups

# of -CO-CO(OOH) groups

2.1 «a-pinene gaseous oxidation schemes

2 Primary, secondary, tertiary and quaternary nodes are carbon atoms bound to 1, 2, 3

or 4 other carbon atoms of the skeleton, respectively.

Compounds of interest for SOA formation are multifunc-
tional species formed during the progressive gaseous oxi-
dation of organic matter. The description of the formation
of semi-volatile compounds and their partitioning between
phases requires the use of explicit chemical mechanisms.
Fully explicit chemical schemes that involve a large num-
ber of secondary species far exceed the size of chemical
schemes that can be written manually for long chain alka-
nes (C-6). The detailedx-pinene oxidation scheme was
generated using the GECKO-A computer program (Aumont
et al., 2005; Camredon et al., 2007). GECKO-A generates
chemical schemes according to a prescribed protocol (Au-
mont et al., 2005), assigning reaction pathways and kinetics
data, on the basis of experimental data and structure activity
relationships.

The number of species needed to describe explicitly the
oxidation of a precursor increases exponentially with the size
of its carbon skeleton (Aumont et al., 2005). GECKO-A gen-
erates an explicit oxidation chemical scheme of about 1 mil-
lion species for octene (Camredon et al., 2007), close to cur-
rent computational limits. Fully explicit chemical schemes
generated with GECKO-A are limited to precursors with
up to 8 carbon atoms. We therefore implemented a reduc-
tion protocol in GECKO-A to allow generation of oxidation
schemes for €8 hydrocarbons. The reduction protocol was
designed to keep the oxidation schemes as detailed as possi-
ble, without losing the chemical information that determines
organic species properties such as the reactivity or the volatil-
ity. The reduction protocol includes:

www.atmos-chem-phys.net/11/6895/2011/

the elimination of non-volatile species from the gaseous
chemical schemes. As discussed previously, a species
can be considered as non-volatile under atmospheric
conditions if its vapour pressure is below 18 atm.

The species is almost non-existent in the gaseous phase
and its gas phase oxidation should not be significant.
Gas-phase chemistry was thus not generated for species
having a vapour pressure below 2§ atm.

the substitution of species by isomers. The number
of isomers increases exponentially with the size of the
molecule (e.g. Goldstein and Galbally, 2007). This
method is then expected to be more effective when the
carbon chain is long. The reduction protocol was con-
strained to allow the substitution of one species by an-
other only if the two molecules are position isomers, i.e.
the two molecules differ only by the position of func-
tional groups on the carbon skeleton. Substitution is
not allowed for species bearing a C=C bond. In addi-
tion, isomer substitutions were restricted according to
the maximum production yields of secondary species.
No substitution is allowed if the production yield of a
species is greater thandl0-3. Species having a pro-
duction yield ranging from 5 103 to 1x 103 are sub-
stituted in the scheme if both the species and its surro-
gate match exactly the 20 criteria listed in Table 1. For
species having a production yield lower thar 103,

Atmos. Chem. Phys., 11, 689G-2011
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Fig. 2. First oxidation steps of the-pinene oxidation by OH as represented in GECKO-A. Framed compounds represent stable species.

the criteria listed in Table 1 are used to discriminate ing ratios for these reaction pathways were set to 50:50
among various possible position isomers. The programin GECKO-A based on the recommendation by Peeters et
scrolls down the list of the 20 criteria until one isomer al. (2001).
remains. If more than one isomer remains at the end of Figures 2 and 3 show reaction pathways included in
the process, the one with the highest yield is kept as surGECKO-A for thea-pinene + OH andx-pinene + Q reac-
rogate. These threshold values for the production yieldstions up to the formation of the first-generation stable prod-
were optimised to achieve the best compromise betweenicts. GECKO-A also provides vapour pressures for every
accuracy and size of the chemical scheme. Comparspecies included in the chemical scheme. &hginene ox-
isons performed with the explicit and reduced chemicalidation scheme generated with GECKO-A was then inter-
schemes have shown that these reductions have a negaced with the JR/MY, SIM and NAN/NAN vapour pressure
ligible influence on simulated ozone, gaseous and conestimates. As the reduction protocol depends on vapour pres-
densed secondary compound speciation, and SOA massure, the size of the generated chemical scheme differs ac-
cording to the SAR used (see Sect. 3). kepinene oxida-

In this study, specific constraints were placed on the first oxi-tion, the generated scheme include85 10°, 3.98 x 10°

dation pathways for the generaigginene chemical scheme and 530x 10° species using JR/MY, NAN/NAN and SIM,

by using branching ratios of the first OH-initiated chemical respectively.

pathways ofx-pinene, as theoretically calculated by Peeters

et al. (2001). In addition, reactions specific depinene 2.2 The box-model for SOA formation

chemistry, such as the breaking of the four-membered ring of

the a-hydroxy alkyl radical formed after OH addition, have The detailedy-pinene chemical scheme was implemented in

been identified in the literature. As there is not enough ev-a box-model. Time integration of chemical schemes is solved

idence to generalize this pathway to other species, this reusing the two-step solver (Verwer et al., 1994, 1996). The

action was not implemented in the GECKO-A protocol but gas/particle partitioning of organics was implemented as de-

manually added to the mechanism (see Fig. 2). Peeters ecribed by Camredon et al. (2007), solving Eq. (1) with the

al. (2001) proposed from theoretical studies that this reactiorassumption of ideality); = 1). Thermodynamic equilibrium

competes with the usual peroxy radical pathways. Branchis forced at each time step of 1 min and solved by the iterative

Atmos. Chem. Phys., 11, 6895910 2011 www.atmos-chem-phys.net/11/6895/2011/
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Fig. 4. Scatter plot ofPVaP estimated by JR/MY, NAN/NAN and SIM for the secondary species generated dupirgene oxidation. Shaded
areas define the semi-volatile domain of particular interest for atmospheric applicatiods &r@l 10-° atm).

method described by Pankow (1994). No reactions are asabout 12 x 10° stable species. Figure 4 presents the scatter

sumed to be occurring in the condensed phase. plots for the P8 computed at 298 K with the three estima-
tion methods. Differences in the predicted values were ex-
amined for various subsets of species. Two categories of sub-

3 Comparison of vapour pressure estimates sets were defined according to: (1) the number of functional

. ] groups (i.e. monofunctional, difunctional, trifunctional and
Vapour pressures estimated with JR/MY, NAN/NAN and myitifunctional species) and (2) the volatility (i.e. volatile,

SIM were compared for the set of secondary species gensemi-volatile and non-volatile species). Table 2 lists the
erated by GECKO-A to descrike-pinene oxidation, i.e. for

www.atmos-chem-phys.net/11/6895/2011/ Atmos. Chem. Phys., 11, 68962011
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Table 2. Mean average differences (MAD) and mean differences (MD) between JR/MY-SIM, JR/MY-NAN/NAN, SIM-NAN/NAN, for
(1) mono-functional, di-functional, tri-functional and multifunctional species and (2) for non volatile, semi-volatile and volatile species.

1 functional 2 functional 3 functional >3 functional Non volatile Semi volatile Volatile

group groups groups groups

n 108 1179 6838 107041 57772 56 360 1034
MAD jR/MY-SIM 0.47 0.67 1.27 3.6 4.53 2.36 0.55
MD JR/MY-SIM 0.12 —0.26 -1.14 —-3.59 —4.53 -2.31 0.12
MAD JR/MY-NAN/NAN 0.44 0.84 1.31 2.23 2.49 1.95 0.58
MD JR/MY-NAN/NAN -0.33 -0.7 —-1.23 -2.2 —2.36 —-1.91 —-0.43
MAD 51M-NAN/NAN 0.48 0.59 0.57 1.52 2.17 0.73 0.61
MD 51M-NAN/NAN —0.45 —-0.44 —0.09 1.39 2.16 0.42 -0.55

number of species in each subset. The number of specidselow 10 13atm). Models of the formation of SOA are ex-
increases exponentially with the number of groups as expected to be especially sensitive to the vapour pressure as-
pected from the growth of possible structural isomers (e.gsigned to the semi-volatile subset of species (see Fig. 1) due
Aumont et al., 2005; Goldstein and Galbally, 2007; Kroll et to representation of the phase partitioning. For this subset of
al., 2011). The mean difference (MD) and the mean absolutespecies, the differences iV reach a factor of 5 between
difference (MAD) between the estimated values were calcuthe NAN/NAN and SIM estimates, a factor of 90 between
lated for each subset: the JR/MY and NAN/NAN estimates and a factor of 200 be-
tween the SIM and JR/MY estimates (see Table 2). The large
3) discrepancies between estimation methods for these semi-
volatile species are a likely source of uncertainty when used
in modelling studies devoted to SOA formation.

1 vap vap
MAD, =3 ‘IogloPy,,- —logio Py
l

1
MD, = ;Z ('0910P;§p_|091opﬁp> 4)
i

4 PVaP sensitivity of SOA formation

wheren is the number of species in the subset ang” _ . N
and P\®" are the vapour pressures estimated for the specie$-1 Simulation conditions
i with the x andy SAR, respectively. The MAD and MD , i
values are shown in Table 2 for the various pairs of SAR. ~ Simulated SOA formation was compared to SOA observa-
The JRIMY method estimates low@"a? in comparison to tions in the.CaItech chamber durlrtgp!nene oxidation.
NAN/NAN and SIM as already highlighted by previous stud- Three experiments performed under variousNOncentra-
ies (e.g. Barley and McFiggans, 2010; Compernolle et al, iONS were selected:
2010). Discrepancies in the predicted vapour pressures in-
crease with the number of functional groups borne by the
species (see Table 2). Agreement is typically within a fac-
tor of 3 for mono-functional species and 5 for di-functional
species but reaches a factor of 30 (SIM vs. NAN/NAN) to
4000 (JR/MY vs. SIM) for species bearing at least 4 func-
tional groups.

As expected from this result, differences in the predicted _ 3 “high-NO,” experiment, using HONO photolysis to

values increase as vapour pressure decreases (see Fig. 4). produce OH radicals with an initial NCconcentration
For the subset of volatile species, the estimat&®’ values of about 1 ppm.

typically agree within a factor of 4 (see Table 2). For the

non-volatile species, the differencesi®’ range from 2 or-  Details of these experiments are given by Ng et al. (2007).
ders of magnitude (SIM vs. NAN/NAN) to almost 5 orders Experiments were performed at ambient temperature with
of magnitude (JR/MY vs. SIM). Note however that for at- low relative humidity (-5 %) using black light lamps. In-
mospheric applications, this strong disagreement should nobrganic seeds were introduced before the start of each ex-
be a major issue as long as the various methods predict thageriment. Initial concentrations of the precursors are given
a given species is non-volatile (i.e. with a vapour pressuren Table 3. Temperature, relative humidityzgONO, NG,

— a“low-NOy” experiment, using HO; photolysis to pro-
duce OH radicals.

— an “intermediate-N¢ experiment, using KO, photol-

ysis to produce OH radicals with an initial N@oncen-
tration of about 200 ppb.

Atmos. Chem. Phys., 11, 6895910 2011 www.atmos-chem-phys.net/11/6895/2011/
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Table 3. Initial conditions used to simulate-pinene oxidation experiments performed in the Caltech chamber.

Low-NOy experimerft  Intermediate-NQ experimerﬁ High-NOx experimerft

Measured parameters

Temperature 298K 296K 299K
Relative humidity 53% 6.4% 3.3%
[x-pinendg 13.8 ppb 13.1ppb 12.6 ppb
[Oszlo 4ppb

[NO]o 198 ppb 475 ppb
[NO>]o 463 ppb
Optimised parameters

[H20210 4ppm 10 ppm

[HONOJg 400 ppb
[NOx]o background 0.66 ppb

NOx offgassing 1.5 ppt mint

OH unknown source Bx10°moleccnm3s1
INO2 2.4%x10 I min—1 2.4%x10 I min—1 2.4x10 I min1
202 1.7x10 4 min—1 1.7x 104 min—1 1.7x10 4 min—1

2 experiment 1b experiment 3¢ experiment 4 as described by Ng et al. (2007).

and SOA concentrations were monitored during each exper- Observed and simulated evolution of gaseous compounds
iment. Experimental aerosols mass given below is wall losq«-pinene, @G, NO and NQ) are compared in Fig. S1 (sup-
corrected. plementary material). In the low-NQexperiment, produc-

Each experiment was simulated with the three distincttion of Og is observed. Although NPlevels were under
chemical schemes generated using either JR/MY, NAN/NANthe limit of detection of the instruments, this ozone produc-
or SIM to estimatePV®., Some key parameters required tion gives evidence for the presence of N the cham-
to perform the simulation were not measured, e.g. the ini-ber. An initial NO, concentration was assumed as well as
tial concentrations of OH precursors, photolysis constantsa source of NQ offgassing from the chamber wall (see Ta-
and chamber-specific parameters. These parameters were $#¢ 3). The temporal evolution ef-pinene and @ are well
to achieve reasonable agreement between the simulated Orepresented by the model (see Fig. S1). The precursor is
NO, and NQ concentrations and the observations, especiallyoxidized in 7h and a maximum {3concentration of about
for the time profile ofx-pinene removal. The optimised pa- 30 ppb is reached. In this systempinene is simulated to
rameters are given in Table 3. be oxidized~87 % by OH. In the intermediate NCGexperi-

The photolysis frequencies were inferred using the lowment, the decay ai-pinene is also well simulated.-pinene
NOy experiment. In this experiment, the initial concentra- is oxidized after half an hour, mainly by reaction with OH
tions are such that the dominant OH source is th®4pho- (at 70%). The concentration ofs@s well simulated during
tolysis while the major OH sink is its reaction withyB5. the first 30 min. but overestimated thereafter. In the high-
The OH steady state concentratiofj;Js then given by: NOy experiment, the decay ef-pinene is under-predicted,

SS strongly suggesting a missing OH source (see Fig. S2). Sim-
Con~ 2hz02/k ®) ulations were also performed using the Master Chemical
where J202 is the HO; photolysis frequency andthe rate  Mechanism (Saunders et al., 2003). Similar results are ob-
constant for the KO, + OH reaction. G, can be calcu-  served for the evolution of gaseous compounds (see Fig. S2).
lated from the measured-pinene decay, leading teigoo=  The disagreement in the simulatedpinene decay seems
1.7 % 10_4min_l for the conditions of the eXperiment. All therefore not Specific to GECKO-A. The MCM has been
the photolysis rates were then computed using a typical blackvaluated against several chamber experiments for gas phase
light spectral distribution weighted to yield thigabz value.  chemistry (Pinho et al., 2007) and the similar behaviour of
The obtainednozis 0.24 mirt, which is in good agreement  poth schemes provides a mutual support for an additional
with the 0.26 min! value measured by Ng et al. (2007). OH source in the high NPexperiment. An “unknown OH”

These CompUtEd phOtOlySiS frequenCieS were used for thgource of 18 x 109 molec Crn‘s S_l was thus added for the
simulations of the three experiments.
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Fig. 5. Time evolution of SOA during-pinene photo oxidation fa) the low-,(b) intermediate- angc) high-NOy experiments. Dots and
lines represent, respectively, measurements and values modelled using the R¥#oomethods.

simulatedx-pinene removal to fit the observations, as shownlevels off after 30min at 5pgn¥. The simulated mass
in Fig. S1. The model represents accurately the evolution otoncentrations are overestimated by the various schemes
a-pinene, NO and N@when this “unknown OH” source is from the beginning of the experiment. After one hour of
included. In this experiment, the formation of @nd NG oxidation, SOA concentrations reach values of 28 ggm
are negligible due to the high NO concentratiarpinene is 8 ug nt3 and 13 pg m? for the JR/MY, NAN/NAN and SIM
thus oxidized exclusively by OH. schemes, respectively. Simulated SOA concentrations for
As expected, the gas-phase evolution is essentially indethis NO, experiment show the strongest sensitivity to the
pendent of the distinct models used to estimaAté”. The  method used to estimafe'@’. The main contributors to the
discrepancies in the simulated SOA mass with these varisimulated SOA mass have vapour pressure betweehari
ous models are therefore directly linked to the sensitivity to 10~ atm (see Table 4, S1 and S2). As shown in Fig. 1, such
vapour pressures only. species will mostly be found in the aerosol phag€'- 0.9)
when the aerosol load exceeds 10 ugirtes in the low- and
4.2 Comparisons of simulated and observed SOA mass  intermediate-NQ experiment). The condensed fractigfif’
shows therefore a low sensitivity t8Y@° values and thus
Observed and simulated SOA mass are compared in Fig. 5pvap estimates. For conditions where the aerosol concen-
In all experiments, SOA formation is observed as soon aYrations are lower (as in the high_N@Xperiment), a greater
the experiment begins, i.e. whenpinene starts to be ox- sensitivity of £2¢" to PV values is observed (see Fig. 5).
idized. This behaviour is also simulated by the model. For the h|gh NQ experiment, the major contributors to SOA
For the low NQ experiment, SOA mass is measured to haye £2°" around 0.3 to 0.9 (see Table S2). Note that for
reach a maximum value of 30 ugthafter 7h. The SOA  atmospheric conditions, sensitivity to vapour pressure is ex-
mass is well simulated during the first 30 min followed by pected to be h|gher than shown for the smog chambers ex-

an increasing overestimation for the three vapour pressur@eriments simulated here due to lower background aerosol
schemes assessed in this study. At the end of the expeggncentrations.

iment, SOA mass simulated using JR/MY, NAN/NAN and

SIM reaches values of 82 pg, 70 ug nT3 and 66 pg m3 Figure 5 shows that while the explicit model captures the

respectively. For this experiment, the simulated SOA mas%ualitativg features. of SOA formation for thefse smog cham-
shows a relatively low sensitivity t82P estimation method, ~P€" €xperiments, simulated SOA concentrations are system-
atically overestimated. The model using JR/MY systemati-

In the intermediate-N@experiment, SOA accumulates dur- . . .
ing the first 2h and reaches a maximum value of aboutc_a"y produces the highest SOA yields. This scheme overes-

15ugnT3. The simulated SOA concentrations are overes-t'mates SOA concentrations by up to afactorof 4. The quel
timated from the beginning of the experiment. At the end using SIM and NAN/NAN overestimates SOA concentration

of the experiment, the simulated SOA concentrations usin 0 alesser extent, up to a factor of 3. Based on these 3 exper-
JR/MY, NAN/NAN and SIM are 66 pg m?, 44 ug n3 and ments, NAN/NAN and SIM methods show the best agree-
449 r.'n_s respectively. The plateau ob’served after 2 h ofMent between observed and simulated SOA. Nevertheless,

oxidation in SOA concentration is not captured by the mog-he simulated SOA concentrations show unexpectedly low

. . . .. itivi i p
els. The simulated SOA concentrations still show a S|gn|f—sﬁns'\mty t9 the mithOd ysgd to ;?t'm:@ ' W.e" tIJeI_(I)w
icant increase after 3h of oxidation. In this experiment,t e P variability shown in Sect. 3 for the semi-volatile or-

the SOA mass simulated with the JR/MY method is over- ganic species.
estimated in comparison to the NAN/NAN or SIM method.  The systematic overestimation of the simulated SOA con-
In the high-NQ experiment, observed SOA concentration centration suggests that processes are either misrepresented
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Table 4. Top 10 species in SOA simulated with SIM in the low N€éxperiment, with their rank and contribution to the total simulated SOA
mass£2®'is computed at the end of the experiment.

00 OH
H
HOO H o Obbn OrooH
CH H
OH OH OOH
rank 1 2 3 4 5
contrib 19% 1% 7% 5% 4%
SIM log(P"*) 11,67 11,67 -9,51 9,51 9,51
e 0,99 0,99 0,96 0,96 0,96
rank 1 2 3 4 6
contrib 14% 8% 6% 5% 4%
JRIMY log(P"*") -13,45 -13.45 -10,65 10,65 -10,78
E* 1,00 1,00 0,99 0,99 0,96
rank 1 2 3 4 5
contrib 18% 10% 7% 6% 5%
NAN/NAN | |5q(P"?P) -12,61 -12,34 -10,03 -10,03 9,84
g 1,00 1,00 0,99 0,99 0,99
o
00 OOH
HOO. Hoon HOO Sk
OH OH o]
OOH QOH OOH
rank 6 7 8 9 10
contrib 4% 4% 4% 3% 2%
SIM log(P"*") -9,51 -9.51 -9,51 -11,48 -10,49
g 0,96 0,96 0,96 0,99 0,99
rank 7 12 13 14 32
contrib 4% 3% 3% 3% 1%
JRIMY log(P"*") -10,78 410,78 -10,78 -13,34 -12,52
& 0,99 0,99 0,99 1,00 1,00
rank 6 8 7 9 1
contrib 5% 4% 4% 3% 2%
NAN/NAN [ oq(P"*") 9,84 410,09 -10,09 -12,54 -11,86
g 0,99 0,99 0,99 1,00 0,90

or missing in GECKO-A. One hypothesis could be that of NAN/MY underpredicted aerosol amounts considerably.
the various SAR underestimate¥@ for the semi-volatile =~ These outcomes reinforce the assumption that the systematic
species. Such a bias is however difficult to confirm as veryoverprediction of the simulated SOA concentration might be
few experimental data for theV@P range of interest are avail- due to an underprediction of the estimated vapour pressure
able. We implemented the method combining Nannoolalwith 3 methods used in this study. Nevertheless, this hy-
boiling points with Myrdal and Yalkowsky vapour pressure pothesis is not directly sustained by the O:C analysis (see
(hereafter NAN/MY method), known to provide high esti- Sect. 5.2). Another hypothesis is that the oxidation proto-
mates forPVeP (Barley and McFiggans, 2010). The simu- col currently implemented in GECKO-A leads to the forma-
lated SOA concentration is given Fig. S5. The results showtion of secondary compounds for which volatility is too low.
that the simulated SOA concentration is largely underesti-In particular, some chemical pathways leading to C-C bond
mated in the low- and intermediate- @xperiment. In  breaking could be lacking or misrepresented in the protocol.
the high-NG experiment, no SOA is simulated using these The simulated major contributor to SOA mass is indeggl C
vapour pressures. These results are consistent with those repecies (see Sect. 4). Possible oxidation processes occur-
ported by Compernolle et al. (2010), showing that the usering in the aerosol phase that lead to the fragmentation of
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Fig. 6. Contribution of the top 10 (red), top 100 (red + orange) and top 1000 (red + orange + yellow) organic species to the total simulated
SOA mass for the low-NQexperiment obtained with JR/ M{a), SIM (b) and NAN/NAN (c).

Exp low-NOx 4.3 Simulated SOA composition
100 — — . .

< Qsittvs Y (5c) ' R ' Oow %0 068_ The simulated SOA composition was investigated at the
je | L ONNvs SiM (96) 00 S % molecular scale for the three vapour pressure models tested
= 80 o % °O 00%9 q here. Table 4 reports the simulated top 10 species contribut-
E . °% @gﬁ% 1 ing to the total SOA mass with SINPV@P estimates for the
‘g 60} o ng 0 © E low-NOy experiment. Their contribution and ranking sim-
o L 0©p° oo e % & o 4 o e o ] ulate_d with JR/MY and NAN/NAN are also repqrted. _The
S a0k o 8 9 © 0%68 °, ] speciation of these top 10 species as well as their ranking are
ol ° ;‘602 oy ¢ S o 8 | very similar between SIM, NAN/NAN and JR/MY. The three
ks °0 o o %gg 9 models predict the same top 4 species. Species gredn-
< 20r O%oo%?@:é’ 1 pounds bearing mainly alcohol and hydroperoxide moieties,
& - o 1 as expected under low-NQonditions. Figure 6 shows the

0 R T T T T cumulative contribution of the top 10, 100 and 1000 species

0 20 40 60 80 100 to the simulated SOA mass for the three models. During the

Rank of species with method B first minutes of oxidation, the top 10 species represent al-

most the total simulated SOA mass. The complexity of the
SOA composition increases as oxidation proceeds, owing to
the contribution of the less volatile species produced in the
gas-phase from the oxidation of the first-generation species.
After 7 h of oxidation, about 100 species contribute signifi-
cantly to the SOA mixture. The contribution of the next 1000
species increases slowly but remains low over the timescale
the carbon skeleton, i.e. to volatilization of the aerosol (e.g.of the experiment. Their contribution might, however, be im-
Molina et al., 2004; Kroll et al., 2009), are not currently portant at longer time scales.

implemented in GECKO-A. A third possibility is that the = The rankings provided by the three models for the top 100
less volatile species are also removed on the chamber walbOA contributors are compared in Fig. 7. As already shown
(Matsunaga and Ziemann, 2010; Loza et al., 2010). Suchn Table 4, the leading species are almost the same regard-
uptake of vapours would decrease the gas-phase amount t#ss of the method used to estim&¥®. Among the top 100
SOA contributors, therefore lowering the predicted SOA andspecies, at least 83 are identical in the simulations using the
bringing the model and the observations into closer agreethree PV2P estimation methods. Discrepancies increase for
ment. In addition, we simulated SOA formation assuming athe species of lower ranking. As the contribution of those
gas/particle absorptive equilibrium into an ideal liquid phase.species to the total SOA mass remain low for the conditions
Recent studies suggest that the partitioning could occur acsimulated here, this does not significantly influence the sim-
cording to an adsorptive/resublimation process between thelated SOA concentration.

gas and an amorphous solid phase (Virtanen et al., 2010; Similar trends were found for the intermediate- and high-
Vaden et al., 2011; Cappa and Wilson, 2011). These newNOy experiments. Tables S.1 and S.2 in the supplementary
insights could also be a possible explanation for the diver-material show the simulated top 10 species for these exper-
gences observed between the experiments and the modell@éhents and Fig. S3 gives the cumulative contribution of the
SOA. top 10, 100 and 1000. As for the low-N@xperiment, the

Fig. 7. Comparisons of the ranks of the simulated top 100 organic
species between the various methods in the lowcH&periments.
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Fig. 8. Simulated distribution of condensed secondary organics

as a function of carbon and function at the end of alow-,  Fig 9. Simulated distribution of the gaseous and condensed sec-
(b) intermediate- andc) high-NOx experiments. C10Fi stands for  gngary organics as a function of the type of functionality at the end

species having 10 carbon atoms and bearifignctional groups.  of the (a) low-, (b) intermediate- an€c) high-NO experiments.
Percentages are computed on a per carbon atom basis.

ison to SIM and JR/MY. In addition, species partition toward
SOA total mass is only made up of about one hundred specieghe condensed phase to a lesser extent and will thus undergo
in the high NQ experiment and about one thousand specieSurther gaseous oxidation, promoting the formation of these
in the intermediate N@experiment among the hundreds of highly functionalised species.
thousands included in the explicit chemical scheme. For the The distribution of the different organic moieties in the
conditions simulated here, SOA speciation therefore appeargerosol phase is shown in Fig. 9 for the three models, at the
to be rather insensitive to the"P estimation method. end of each experiment. Results are expressed as a ratio of

organic functional groups per carbon:

an{ X Ci
The structural properties of SOA components were inves-Ry,c = ’C—
tigated for the JR/MY, NAN/NAN and SIM models. Fig- Z”i xCi
ure 8 shows the simulated distribution of condensed species
as a function of the number of carbon atoms and functionawhereC; is the concentration of moleculein the aerosol
groups borne by the molecules. Ratios given in Fig. 8 werephase and:¥ or n¢ are the number of functional groups
computed at the end of the low-, intermediate- and high-k and carbon atoms, respectively, in the moleauleThe
NOy experiments. Condensed organic carbon is dominategubstitution degree of the carbon in the condensed phase,
by species containing 10 carbon atoms, i.e. of the same siz®_ Ri/c, ranges between 0.32-0.35, 0.36-0.39, and 0.40-

_ni _ H k
as the precursog-pinene. In the low-N@ experiment, the 0.44 for the low-, intermediate- and high-N@xperiments

Ci0 species bear mainly 3 and 4 functional groups, reSpeC'respectiver, depending on the"a estimation method.

tively contributing to 53-62 % and 29—-40 % of the condensed.l.he carbon substitution degree and the O:C and N:C ra-
i i vap ; ; . .
organics, depending on the"™ estimation method. In the tios are slightly lower for the MY model, compared to the

?(I)gnhailNQ(;expecrg?ﬁrn;, tth: %;Fnegle focgzzilgmﬁén:;%ﬁ;i?-e dNAN/NAN and SIM. As discussed above, the JR/MY model
' groups, 'outing 0 S€0eads to the condensation of less oxidized species, which

organics according to the method used to estinf. In explains the lower substitution degree. In the low;N&X-

gll experiments, the JR/MY model caIcngtes lower VOIat",'é)eriment, dominant moieties are the hydroperoxide group
ity and therefore promotes the condensation of more volatil

i : ies with horter carbon skeleton or | %RROOH/C=O.15—O.17), the alcohol group fdn,c =0.10)
SPecies, 1.€. Species a Snorter carbon SKe'eton or 1€z 4 the ketone group (Ro-/c=0.04-0.05). For the high-

fuenrf:rtr'](;?]?“je_?‘ng% ;Z?:ggfg; 'th.zz Icr(])tr?trrnz)e?(laa;eo;’\?;he NOy experiment, dominant moieties are the aldehyde and
periment, di-functionali peci loute 7o _ketone groups (R-Ho/c+R.co-/c=0.11-0.13), the al-

condensed phase with JR/MY, whereas none of these speci 2! B .
is a significant SOA contributor in the simulations performed%EFT(Z)IN(;J”;[J:p 0(?5_“60150":1; t?{;?:)or?c?i(tjiotr?sesinr:thalgtaegrr?gr%
with SIM and NAN/NAN. This is a direct consequence of the the JR/I\Z//IY NA;N/NA.N aﬁd SIM models provide very similar '

lower P¥*Pestimations provided by JR/MY in comparison to degrees of substitution of the carbon and functional groups
SIM and NAN/NAN (Sect. 3). The NAN/NAN model pre- '

dicts a larger contribution for low volatility species, i.e. more

functionalised species. For example, in the highsN®- 5 |nfluence of NO, levels on gaseous and particulate
periment, Go species bearing 5 functional groups represent  organic properties

12 % of SOA mass with NAN/NAN, but only 6 % with SIM

and 3% with JR/MY. This result is a direct consequence ofNOy levels govern the distribution of organic species formed
the higherPVaP estimates provided by NAN/NAN in compar- during gaseous oxidation, and therefore SOA formation and

4.4 Simulated SOA structural properties

(6)
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Fig. 10. Simulated distribution of gaseous and condensed secondary organics concentrations freggnfunction of?VaP (atm) and O:C
ratio at the end of théa) low, (b) intermediate angc) high-NOy experiments, for the (1) particle, and (2) gas phases.

speciation (Kroll and Seinfeld, 2008). Under low-N€on- shift isomerisation or reaction with ) or to its fragmen-
ditions, peroxy radicals (R react with HQ to form hy-  tation (decomposition bg-scission).

droperoxides, whereas under high Népnditions, RQ re-

acts with NO to form organics nitrates (e.g. Atkinson, 2000), The simulated distributions of O:C ratio in the particle and
among other products. The presence of hydroperoxides urgas phases can be determined as a functioR'6F to ex-

der low NQ, and nitrates under high NOn gaseous and amine the NQ influence on the fragmentation and function-
condensed organic species has been detected experimentafijjsation processes during oxidation (Jimenez et al., 2009).
(e.g. Noziere et al., 1999; Reinnig et al., 2009; Rollins et al.,Results are presented in Fig. 10 for the SIM model at the
2010) and simulated by models (e.g. Camredon et al., 2007)end of each experiment for the low-, intermediate- and high-
The dependence of these Organic moieties ory M@els is NOy cases. Results obtained with the JR/MY and NAN/NAN
also highlighted in this modelling study (see Fig. 9). More- models were very similar and are not shown here. In the low-
over, NQ levels influence the number of carbon atoms andNOx experiment, SOA exhibit 2 peaks of concentrations (red
functional groups of secondary organics by enhancing thereas in Fig. 10a.1) at vapour pressure of #tand 10°1°
conversion of peroxy radicals into alkoxy radicals (RO). RO atm and at O:C ratios of 0.5-0.6 and 0.6-0.7, respectively.
undergoes three reaction types (e.g. Atkinson, 2000), whichrhese areas contain about 50 % of the simulated SOA mass

lead either to functionalisation of the carbon skeleton (H-and correspond to the top 10 species presented in Sect. 4.
The major SOA contributors that have similar structures (see

Atmos. Chem. Phys., 11, 6895910 2011 www.atmos-chem-phys.net/11/6895/2011/
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Table 4) fall into the same area on the plot of O:C ratio vs.6 Conclusions
PVaP, Other SOA contributors account for less than 2 % each

to SOA mass (blue to green areas in Fig. 10a.1). The vapo
pressures of the species are distributed betweert*1®

—5 . -
10> atm and the O:C ratios range from 0.2 to 1.2. The Shap%)imation methods: the Myrdal and Yalkowsky, Nannoolal

g;;gf ds'sgtpggo(g.:]ggggrgf;lhezgjgg'qnea"f’ef’g'ocr?nm se¢- and SIMPOL methods. Comparisons of JRIMY, NAN/NAN
) y Species {Jimenez N » 1.8 ucing volal, 4 sim pvap estimates for the set of secondary species in-
ity and increasing oxidation degree of secondary organics

- ) . volved in thex-pinene oxidation scheme show lar iscrep-
A similar shape is observed in the gas phase. In the pres—O ed in thew-pinene oxidation scheme show large discrep

ence of NQ, the organic species distribution shows a differ- ancies. Differences in the predictéd™” of individual com-
' 9 P ounds increase with the number of functional groups on the

?hn;np?;t?(r)r\:\./--ll\-lrs %2?23?§n2'5tgzuégonndz)r(h'g'rtsa?]ivcv'sd?é:g:e:@wolecule and can reach 5 orders of magnitude for some of
' y org the semi-volatile products ef-pinene oxidation. These dis-

fcr)orcn r:tlcoosmoljirzjgtitc?nzéf Hﬁcﬁgﬁgﬁsgdgie:r:zt?f);;rzznigg‘oiscrepancies between vapour pressure estimation methods are
: . . a source of uncertainty in explicit SOA modelling studies.

reactions mostly controlled by the reactions of alkoxy radi-

cals. No particle-phase reaction processes are currently im- SOA mass is over-predicted when the model is applied to

plemented in the model. In the last few years, experimentafimulatea-pinene photooxidation experiments over a range

studies have shown the presence of polymerisation reactior@f NOx levels carried out in the Caltech chamber. Observed

in the condensed phase (e.g. Kalberer et al., 2004; Heaton &tOA mass is overestimated by the models, up to a factor of 4

al., 2007). Accounting for polymerisation reactions would Using the JR/MY model and up to a factor of 3 using the SIM

likely produce high molecular mass compounds and shift theand NAN/NAN models. The identity of the main SOA con-

distribution toward the lower volatility range. tributors and the mean structural properties (the number of
The aerosol chemical composition was measured usingarbon atoms and functional groups borne by the molecules)

an Aerodyne Quadrup0|e Aerosol Mass Spectrometer (QWere inVeStigated for the three models tested here. Despite

AMS) for these experiments (Ng et al., 2007). The O:C ratiodifferences in estimates d#*@ for individual compounds,

has been estimated from the fractionnofz44 to total sig-  for the experimental conditions simulated in this study, the

nal in the mass spectrum, using the correlation derived bysPeciation does not depend strongly on H€P estimation

Aiken et al. (2008). The O:C values for these experimentsmethod.

are about 0.3 (Ng et al., 2010). The O:C ratios simulated While GECKO-A captures the qualitative features of the

with GECKO-A are 0.55 and 0.73 (on average) for the low ¢-pinene/SOA/NQ system, the systematic overestimation

and high NQ experiments, respectively. Theses ratios areof the simulated SOA mass suggests that some processes

twice those estimated from the measurett 44 fragment.  may be misrepresented or not presently included in GECKO-

Recently, high resolution AMS data have become availablea. These include: (i) underestimation &2 for the semi-

for a-pinene photooxidation experiments performed in thevolatile species by the various SAR, (ii) formation of sec-

Caltech chamber (Ng et al., 2011; Chhabra et al., 2011)ondary compounds with overly low volatility in the oxida-

The O:C ratios have been calculated explicitly by elemen-tion protocol currently implemented in GECKO-A, (iii) up-

tal analysis. The O:C values are found to be about 0.34 fotake of gaseous semi-volatile organic species on the chamber

a low NGO, experiment and 0.42 and for a high N@xper-  wall and (iv) the assumption of a gas/particle absorptive equi-

iment, performed under similar conditions. Although theselibrium into an ideal liquid phase instead of a gas/particle

ratios are in better agreement with the values simulated Withadsorptive/resublima’[ion process into an amorphous solid

GECKO-A, the model still overestimates the O:C. This over- phase. Future sensitivity studies will address these issues.

estimation is consistent with the general overestimation of

the SOA vyields simulateq for_these experiments. This Su_p'SuppIementary material related to this

ports the hypotheses ra|§ed in Sect. 4..2 about the p‘?ss'blgrticle is available online at:

processes that may be m|§represented in GECKO—A_wnh th%ttp://www.atmos-chem-phys.net/11/6895/2011/

following exception. The likelihood of ®#V2P underestima-

) . . . acp-11-6895-2011-supplement.pdf
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YWve present detailed simulations of SOA formation fram
inene photooxidation using GECKO-A with thrgaP es-

www.atmos-chem-phys.net/11/6895/2011/ Atmos. Chem. Phys., 11, 68962011


http://www.atmos-chem-phys.net/11/6895/2011/acp-11-6895-2011-supplement.pdf
http://www.atmos-chem-phys.net/11/6895/2011/acp-11-6895-2011-supplement.pdf

6908

R. Valorso et al.:

INSU

Institut national des sciences de I'Univers

The publication of this article is financed by CNRS-INSU.

Explicit modelling of SOA formation frarmpinene photooxidation

Capouet, M., Muller, J. F., Ceulemans, K., Compernolle, S.,

Vereecken, L., and Peeters, J.: Modeling aerosol formation in
alpha-pinene photo-oxidation experiments, J. Geophys. Res.-
Atmos., 113(22), D023080i:10.1029/2007jd008992008.

Cappa, C. D. and Wilson, K. R.: Evolution of organic aerosol mass

spectra upon heating: implications for OA phase and partitioning
behavior, Atmos. Chem. Phys., 11, 1895-191di;10.5194/acp-
11-1895-20112011.

Chhabra, P. S., Ng, N. L., Canagaratna, M. R., Corrigan, A. L.,

References

Aiken, A. C., DeCarlo, P. F., Kroll, J. H., Worsnop, D. R., Huff-

man, J. A., Docherty, K. S., Ulbrich, I. M., Mohr, C., Kimmel,

J. R., Sueper, D., Sun, Y., Zhang, Q., Trimborn, A., Northway,
M., Ziemann, P. J., Canagaratna, M. R., Onasch, T. B., Alfarra,
M. R., Prevot, A. S. H.,, Dommen, J., Duplissy, J., Metzger,
A., Baltensperger, U., and Jimenez, J. L.: O/C and OM/OC ra-

Russell, L. M., Worsnop, D. R., Flagan, R. C., and Seinfeld,
J. H.: Elemental composition and oxidation of chamber or-
ganic aerosol, Atmos. Chem. Phys. Discuss., 11, 10305-10342,
doi:10.5194/acpd-11-10305-2012011.

Clegg, S. L., Kleeman, M. J., Griffin, R. J., and Seinfeld, J. H.: Ef-

fects of uncertainties in the thermodynamic properties of aerosol
components in an air quality model — Part 2: Predictions of the
vapour pressures of organic compounds, Atmos. Chem. Phys., 8,
1087-1103¢d0i:10.5194/acp-8-1087-2008008.

tios of primary, secondary, and ambient organic aerosols withCompernolle, S., Ceulemans, K., andulér, J.-F.: Technical

high-resolution time-of-flight aerosol mass spectrometry, Envi-
ron. Sci. Technol., 42, 4478-4485, 2008.

Atkinson, R.: Atmospheric chemistry of VOCs and NOx, Atmos.

Environ., 34, 2063-2101, 2000.

Aumont, B., Szopa, S., and Madronich, S.: Modelling the evolution Donahue,

of organic carbon during its gas-phase tropospheric oxidation:
development of an explicit model based on a self generating ap-
proach, Atmos. Chem. Phys., 5, 2497-25441;10.5194/acp-5-
2497-20052005.

pressure estimation methods for use in modelling the formation
of atmospheric organic aerosol, Atmos. Chem. Phys., 10, 749—
767,d0i:10.5194/acp-10-749-201R010.

Booth, A. M., Barley, M. H., Topping, D. O., McFiggans, G.,

Garforth, A., and Percival, C. J.: Solid state and sub-cooled
liquid vapour pressures of substituted dicarboxylic acids using

Note: Vapor pressure estimation methods applied to secondary
organic aerosol constituents frompinene oxidation: an in-
tercomparison study, Atmos. Chem. Phys., 10, 6271-6282,
doi:10.5194/acp-10-6271-2012010.

N. M., Robinson, A. L., and Pandis, S. N.:
Atmospheric organic particulate matter: From smoke to
secondary organic aerosol, Atmos. Environ., 43, 94-106,
doi:10.1016/j.atmosenv.2008.09.02909.

Fuzzi, S., Andreae, M. O., Huebert, B. J., Kulmala, M., Bond,
Barley, M. H. and McFiggans, G.: The critical assessment of vapour

T. C., Boy, M., Doherty, S. J., Guenther, A., Kanakidou, M.,
Kawamura, K., Kerminen, V.-M., Lohmann, U., Russell, L. M.,
and Rschl, U.: Critical assessment of the current state of scien-
tific knowledge, terminology, and research needs concerning the
role of organic aerosols in the atmosphere, climate, and global
change, Atmos. Chem. Phys., 6, 2017-2G88;10.5194/acp-6-
2017-20062006.

Knudsen Effusion Mass Spectrometry (KEMS) and Differen- Goldstein, A. H. and Galbally, I. E.: Known and unexplored organic

tial Scanning Calorimetry, Atmos. Chem. Phys., 10, 4879-4892,
doi:10.5194/acp-10-4879-2018010.

constituents in the earth’s atmosphere, Environ. Sci. Technol.,
41,1514-1521, 2007.

Booth, A. M., Montague, W. J., Barley, M. H., Topping, D. O., Mc- Hallquist, M., Wenger, J. C., Baltensperger, U., Rudich, Y., Simp-

Figgans, G., Garforth, A., and Percival, C. J.: Solid state and sub-
cooled liquid vapour pressures of cyclic aliphatic dicarboxylic
acids, Atmos. Chem. Phys., 11, 655-665j:10.5194/acp-11-
655-2011 2011.

Camredon, M. and Aumont, B.: Assessment of vapor pressure esti-

mation methods for secondary organic aerosol modeling, Atmos.
Environ., 40, 2105-2116J0i:10.1016/j.atmosenv.2005.11.051
2006.

Camredon, M., Aumont, B., Lee-Taylor, J., and Madronich, S.:

son, D., Claeys, M., Dommen, J., Donahue, N. M., George,
C., Goldstein, A. H., Hamilton, J. F., Herrmann, H., Hoff-
mann, T., linuma, Y., Jang, M., Jenkin, M. E., Jimenez, J. L.,
Kiendler-Scharr, A., Maenhaut, W., McFiggans, G., Mentel, Th.
F., Monod, A., Pevt, A. S. H., Seinfeld, J. H., Surratt, J. D.,
Szmigielski, R., and Wildt, J.: The formation, properties and
impact of secondary organic aerosol: current and emerging is-
sues, Atmos. Chem. Phys., 9, 5155-5286i:10.5194/acp-9-
5155-20092009.

The SOA/VOC/NQ system: an explicit model of secondary or- Heaton, K. J., Dreyfus, M. A., Wang, S., and Johnston, M. V.:
ganic aerosol formation, Atmos. Chem. Phys., 7, 5599-5610, Oligomers in the early stage of biogenic secondary organic

doi:10.5194/acp-7-5599-2002007.
Camredon, M., Hamilton, J. F., Alam, M. S., Wyche, K. P., Carr,

aerosol formation and growth, Environ. Sci. Technol., 41, 6129—
6136,d0i:10.1021/es0703142007.

T., White, I. R., Monks, P. S., Rickard, A. R., and Bloss, W. Jimenez, J. L., Canagaratna, M. R., Donahue, N. M., Prevot, A. S.

J.: Distribution of gaseous and particulate organic composition

H., Zhang, Q., Kroll, J. H., DeCarlo, P. F., Allan, J. D., Coe,

during dark ?-pinene ozonolysis, Atmos. Chem. Phys., 10,2893—- H., Ng, N. L., Aiken, A. C., Docherty, K. S., Ulbrich, 1. M.,

2917,d0i:10.5194/acp-10-2893-20,12010.

Capouet, M. and Mller, J.-F.: A group contribution method for
estimating the vapour pressuresagpinene oxidation products,
Atmos. Chem. Phys., 6, 1455-146d0i:10.5194/acp-6-1455-
2006 2006.

Atmos. Chem. Phys., 11, 6896910 2011

Grieshop, A. P., Robinson, A. L., Duplissy, J., Smith, J. D., Wil-
son, K. R., Lanz, V. A,, Hueglin, C., Sun, Y. L., Tian, J., Laak-
sonen, A., Raatikainen, T., Rautiainen, J., Vaattovaara, P., Ehn,
M., Kulmala, M., Tomlinson, J. M., Collins, D. R., Cubison, M.

www.atmos-chem-phys.net/11/6895/2011/


http://dx.doi.org/10.5194/acp-5-2497-2005
http://dx.doi.org/10.5194/acp-5-2497-2005
http://dx.doi.org/10.5194/acp-10-749-2010
http://dx.doi.org/10.5194/acp-10-4879-2010
http://dx.doi.org/10.5194/acp-11-655-2011
http://dx.doi.org/10.5194/acp-11-655-2011
http://dx.doi.org/10.1016/j.atmosenv.2005.11.051
http://dx.doi.org/10.5194/acp-7-5599-2007
http://dx.doi.org/10.5194/acp-10-2893-2010
http://dx.doi.org/10.5194/acp-6-1455-2006
http://dx.doi.org/10.5194/acp-6-1455-2006
http://dx.doi.org/10.1029/2007jd008995
http://dx.doi.org/10.5194/acp-11-1895-2011
http://dx.doi.org/10.5194/acp-11-1895-2011
http://dx.doi.org/10.5194/acpd-11-10305-2011
http://dx.doi.org/10.5194/acp-8-1087-2008
http://dx.doi.org/10.5194/acp-10-6271-2010
http://dx.doi.org/10.1016/j.atmosenv.2008.09.055
http://dx.doi.org/10.5194/acp-6-2017-2006
http://dx.doi.org/10.5194/acp-6-2017-2006
http://dx.doi.org/10.5194/acp-9-5155-2009
http://dx.doi.org/10.5194/acp-9-5155-2009
http://dx.doi.org/10.1021/es070314n

R. Valorso et al.: Explicit modelling of SOA formation froaxpinene photooxidation

J., Dunlea, E. J., Huffman, J. A., Onasch, T. B., Alfarra, M. R.,

6909

group interactions, Fluid Phase Equilibria, 269, 117-133, 2008.

Williams, P. I., Bower, K., Kondo, Y., Schneider, J., Drewnick, Ng, N. L., Chhabra, P. S., Chan, A. W. H., Surratt, J. D., Kroll, J.

F., Borrmann, S., Weimer, S., Demerjian, K., Salcedo, D., Cot-
trell, L., Griffin, R., Takami, A., Miyoshi, T., Hatakeyama, S.,
Shimono, A., Sun, J. Y., Zhang, Y. M., Dzepina, K., Kimmel,
J. R., Sueper, D., Jayne, J. T., Herndon, S. C., Trimborn, A.
M., Williams, L. R., Wood, E. C., Middlebrook, A. M., Kolb,

H., Kwan, A. J., McCabe, D. C., Wennberg, P. O., Sorooshian,
A., Murphy, S. M., Dalleska, N. F., Flagan, R. C., and Seinfeld,
J. H.: Effect of NG level on secondary organic aerosol (SOA)

formation from the photooxidation of terpenes, Atmos. Chem.
Phys., 7, 5159-517410i:10.5194/acp-7-5159-2002007.

C. E., Baltensperger, U., and Worsnop, D. R.: Evolution of Or- Ng, N. L., Canagaratna, M. R., Zhang, Q., Jimenez, J. L., Tian,

ganic Aerosols in the Atmosphere, Science, 326, 1525-1529,
doi:10.1126/science.1180353009.

Joback, K. G. and Reid, R. C.: Estimation of Pure-Component
Properties from Group-Contributions, Chem. Eng. Commun., 57,
233-243, 1987.

Kalberer, M., Paulsen, D., Sax, M., Steinbacher, M., Dommen, J.,
Prevot, A. S. H., Fisseha, R., Weingartner, E., Frankevich, V.,

J., Ulbrich, 1. M., Kroll, J. H., Docherty, K. S., Chhabra, P. S,
Bahreini, R., Murphy, S. M., Seinfeld, J. H., Hildebrandt, L.,
Donahue, N. M., DeCarlo, P. F,, Lanz, V. A.,&®t, A. S. H.,
Dinar, E., Rudich, Y., and Worsnop, D. R.: Organic aerosol
components observed in Northern Hemispheric datasets from
Aerosol Mass Spectrometry, Atmos. Chem. Phys., 10, 4625—
4641,doi:10.5194/acp-10-4625-20,12010.

Zenobi, R., and Baltensperger, U.: ldentification of polymers Ng, N. L., Canagaratna, M. R., Jimenez, J. L., Chhabra, P. S., Se-
as major components of atmospheric organic aerosols, Science, infeld, J. H., and Worsnop, D. R.: Changes in organic aerosol

303, 1659-1662, 2004.
Kroll, J. H. and Seinfeld, J. H.: Chemistry of secondary or-
ganic aerosol: Formation and evolution of low-volatility or-

composition with aging inferred from aerosol mass spectra, At-
mos. Chem. Phys., 11, 6465-64%hi:10.5194/acp-11-6465-
2011 2011.

ganics in the atmosphere, Atmos. Environ., 42, 3593-3624 Noziere, B., Barnes, |., and Becker, K. H.: Product study and mech-

doi:10.1016/j.atmosenv.2008.01.0@B08.
Kroll, J. H., Smith, J. D., Che, D. L., Kessler, S. H., Worsnop, D.
R., and Wilson, K. R.: Measurement of fragmentation and func-

anisms of the reactions of alpha-pinene and of pinonaldehyde
with OH radicals, J. Geophys. Res.-Atmos., 104, 23645-23656,
1999.

tionalization pathways in the heterogeneous oxidation of oxi- Pankow, J. F.: An Absorption-Model of the Gas Aerosol Partition-
dized organic aerosol, Phys. Chem. Chem. Phys., 11, 8005-8014, ing Involved in the Formation of Secondary Organic Aerosol,

doi:10.1039/b905289&009.

Atmos. Environ., 28, 189-193, 1994.

Kroll, J. H., Donahue, N., Jimenez, J. L., Kessler, S. H., Cana-Pankow, J. F. and Asher, W. E.: SIMPOL.1: a simple group

garatna, M. R., Wilson, E. R., Altieri, K. E., R., M. L., Wozniak,
A. S., Bluhm, H., Mysak, E. R., Smith, J. D., Kolb, C. E., and
Worsnop, D. R.: Carbon oxidation state as a metric for describing
the chemistry of atmospheric organic aerosol, Nature Chemistry,
3,133-139, 2011.

Loza, C. L., Chan, A. W. H., Galloway, M. M., Keutsch, F. N.,
Flagan, R. C., and Seinfeld, J. H.: Characterization of Vapor Wall
Loss in Laboratory Chambers, Environ. Sci. Technol., 44, 5074—
5078,d0i:10.1021/es1007272010.

Matsunaga, A. and Ziemann, P.: Gas-wall partitioning of organic
compounds in a teflon film chamber and potential effects on reac-

tion product and aerosol yield measurements, Aerosol Sci. Tech-

nol., 44, 881-892, 2010.

Molina, M. J., Ivanov, A. V., Trakhtenberg, S., and Molina, L. T.: Reinnig, M. C., Warnke, J., and Hoffmann, T.:

Atmospheric evolution of organic aerosol, Geophys. Res. Lett.,
31(5), L22104d0i:10.1029/2004g102091@004.

Moller, B., Rarey, J., and Ramjugernath, D.: Estimation of the
vapour pressure of non-electrolyte organic compounds via group
contributions and group interactions, J. Mol. Lig., 143, 52—63,
doi:10.1016/j.mollig.2008.04.02@008.

contribution method for predicting vapor pressures and en-
thalpies of vaporization of multifunctional organic compounds,
Atmos. Chem. Phys., 8, 2773-279%%0i:10.5194/acp-8-2773-
2008 2008.

Peeters, J., Vereecken, L., and Fantechi, G.: The detailed mecha-

nism of the OH-initiated atmospheric oxidation of alpha-pinene:
a theoretical study, Phys. Chem. Chem. Phys., 3, 5489-5504,
2001.

Pinho, P. G., Pio, C. A., Carter, W. P. L., and Jenkin, M. E.:

Evaluation of alpha- and beta-pinene degradation in the de-
tailed tropospheric chemistry mechanism, MCM v3.1, using
environmental chamber data, J. Atmos. Chem., 57, 171-202,
doi:10.1007/s10874-007-9071-2007.

Identifica-
tion of organic hydroperoxides and hydroperoxy acids in sec-
ondary organic aerosol formed during the ozonolysis of differ-
ent monoterpenes and sesquiterpenes by on-line analysis using
atmospheric pressure chemical ionization ion trap mass spec-
trometry, Rapid Commun. Mass Spectrom., 23, 1735-1741,
doi:10.1002/rcm.4063009.

Myrdal, P. B. and Yalkowsky, S. H.: Estimating pure component Rollins, A. W., Smith, J. D., Wilson, K. R., and Cohen, R.

vapor pressures of complex organic molecules, Ind. Eng. Chem.
Res., 36, 2494-2499, 1997.
Nannoolal, Y., Rarey, J., Ramjugernath, D., and Cordes, W.: Esti-

C.: Real Time In Situ Detection of Organic Nitrates in At-
mospheric Aerosols, Environ. Sci. Technol., 44, 5540-5545,
d0i:10.1021/es1009262010.

mation of pure component properties: Part 1. Estimation of theSaunders, S. M., Jenkin, M. E., Derwent, R. G., and Pilling, M.

normal boiling point of non-electrolyte organic compounds via
group contributions and group interactions, Fluid Phase Equilib-
ria, 226, 45—63, 2004.

Nannoolal, Y., Rarey, J., and Ramjugernath, D.: Estimation of pure

J.: Protocol for the development of the Master Chemical Mech-
anism, MCM v3 (Part A): tropospheric degradation of non-
aromatic volatile organic compounds, Atmos. Chem. Phys., 3,
161-180d0i:10.5194/acp-3-161-2003003.

component properties: Part 3. Estimation of the vapor pressure o¥/aden, T. D., Imre, D., Beranek, J., Shrivastava, M., and Zelenyuk,
non-electrolyte organic compounds via group contributions and A.: Evaporation kinetics and phase of laboratory and ambient

www.atmos-chem-phys.net/11/6895/2011/ Atmos. Chem. Phys., 11, 68962011


http://dx.doi.org/10.1126/science.1180353
http://dx.doi.org/10.1016/j.atmosenv.2008.01.003
http://dx.doi.org/10.1039/b905289e
http://dx.doi.org/10.1021/es100727v
http://dx.doi.org/10.1029/2004gl020910
http://dx.doi.org/10.1016/j.molliq.2008.04.020
http://dx.doi.org/10.5194/acp-7-5159-2007
http://dx.doi.org/10.5194/acp-10-4625-2010
http://dx.doi.org/10.5194/acp-11-6465-2011
http://dx.doi.org/10.5194/acp-11-6465-2011
http://dx.doi.org/10.5194/acp-8-2773-2008
http://dx.doi.org/10.5194/acp-8-2773-2008
http://dx.doi.org/10.1007/s10874-007-9071-0
http://dx.doi.org/10.1002/rcm.4065
http://dx.doi.org/10.1021/es100926x
http://dx.doi.org/10.5194/acp-3-161-2003

6910

R. Valorso et al.: Explicit modelling of SOA formation frarapinene photooxidation

secondary organic aerosol, Proc. Natl. Acad. Sci. USA, 108,Virtanen, A., Joutsensaari, J., Koop, T., Kannosto, J., Yli-Pirila, P.,
2190-2195¢0i:10.1073/pnas.101339110811.

Leskinen, J., Makela, J. M., Holopainen, J. K., Poschl, U., Kul-
Verwer, J. G. and Vanloon, M.: An Evaluation of Explicit Pseudo-

mala, M., Worsnop, D. R., and Laaksonen, A.: An amorphous
Steady-State Approximation Schemes for Stiff Ode Systems solid state of biogenic secondary organic aerosol particles, Na-
from Chemical-Kinetics, J. Comput. Phys., 113, 347-352, 1994. ture, 467, 824—-827, 10.1038/nature09455, 2010.
Verwer, J. G., Blom, J. G., VanLoon, M., and Spee, E. J.: A com- Xia, A. G., Michelangeli, D. V., and Makar, P. A.: Box model stud-
parison of stiff ODE solvers for atmospheric chemistry problems, ies of the secondary organic aerosol formation under different
Atmos. Environ., 30, 49-58, 1996. HC/NOx conditions using the subset of the Master Chemical

Mechanism for alpha-pinene oxidation, J. Geophys. Res., 113,
D10301,d0i:10.1029/2007JD008728008.

Atmos. Chem. Phys., 11, 6895910 2011

www.atmos-chem-phys.net/11/6895/2011/


http://dx.doi.org/10.1073/pnas.1013391108
http://dx.doi.org/10.1029/2007JD008726

