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Abstract. A new parameter model forα-pinene secondary
organic aerosol (SOA) is presented, based on simulations
with the detailed model BOREAM (Biogenic hydrocarbon
Oxidation and Related Aerosol formation Model). The pa-
rameterisation takes into account the influence of temper-
ature, type of oxidant, NOx-regime, photochemical ageing
and water uptake, and is suitable for use in global chemistry
transport models. BOREAM is validated against recent pho-
tooxidation smog chamber experiments, for which it repro-
duces SOA yields to within a factor of 2 in most cases. In
the simple chemical mechanism of the parameter model, ox-
idation of α-pinene generates peroxy radicals, which, upon
reaction with NO or HO2, yield products corresponding to
high or low-NOx conditions, respectively. The model param-
eters – i.e. the temperature-dependent stoichiometric coeffi-
cients and partitioning coefficients of 10 semi-volatile prod-
ucts – are obtained from simulations with BOREAM, includ-
ing a prescribed diurnal cycle for the radiation, oxidant and
emission levels, as well as a deposition sink for the par-
ticulate and gaseous products. The effects of photooxida-
tive ageing are implicitly included in the parameterisation,
since it is based on near-equilibrium SOA concentrations,
obtained through simulations of a two-week period. In order
to mimic the full BOREAM model results both during SOA
build-up and when SOA has reached an equilibrium concen-
tration, the revolatilisation of condensable products due to
photochemical processes is taken into account through a fit-
ted pseudo-photolysis reaction of the lumped semi-volatile
products. Modelled SOA mass yields are about ten times
higher in low-NOx than in high-NOx conditions, with yields
of more than 50 % in the low-NOx OH-initiated oxidation of
α-pinene, considerably more than in previous parameterisa-
tions based on smog chamber experiments. Sensitivity cal-

culations indicate that discrepancies between the full model
and the parameterisation due to variations in assumed oxi-
dant levels are limited, but that changes in the radiation levels
can lead to larger deviations. Photolysis of species in the par-
ticulate phase is found to strongly reduce SOA yields in the
full model. Simulations of ambient conditions at 17 different
sites (using oxidant, radiation and meteorological data from a
global chemistry-transport model) show that overall, the pa-
rameterisation displays only little bias (2 %) compared with
the full model, whereas averaged relative deviations amount
to about 11 %. Water uptake is parameterised using fitted ac-
tivity coefficients, resulting in a good agreement with the full
model.

1 Introduction

Aerosols play an important role in the Earth’s atmosphere
through their impact on climate (Solomon et al., 2007) and
air quality (Pope III et al., 2002; Krewski et al., 2009). Or-
ganic material often makes up more than 50 % of atmo-
spheric aerosols, of which an important fraction is secondary
organic aerosol (SOA), containing semi-volatile gas phase
oxidation products of volatile organic compounds (VOC),
that partition between the gas and aerosol phase (Jimenez
et al., 2009). Several VOC have been identified as important
SOA precursors through smog chamber experiments, such
as aromatic compounds, mostly of anthropogenic origin (Ng
et al., 2007b), and biogenic species such as the monoter-
penes (for examples, see references in Sect.2.5), sesquiter-
penes (Ng et al., 2007a), isoprene (Kroll et al., 2006) and
dicarbonyls (Volkamer et al., 2009). The monoterpeneα-
pinene is one of the volatile organic compounds whose SOA
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formation mechanism has received most attention. Numerous
smog chamber studies have been conducted, aimed at moni-
toring SOA yields and elucidating the gas phase and aerosol
phase composition and chemical mechanisms, which were
either “dark ozonolysis” (see for example the experiments
cited in Table 1 inCeulemans et al., 2010) or “photooxida-
tion” experiments (see Sect.2.5).

Experimental results have been combined with structure-
activity relationships, and sometimes theoretical quantum-
level calculations (Peeters et al., 2001), to construct detailed
mechanisms for the gas phase oxidation ofα-pinene, which
have been supplemented with a partitioning model (Kamens
and Jaoui, 2001; Jenkin, 2004; Capouet et al., 2008; Xia
et al., 2008; Valorso et al., 2011). Such detailed mechanisms
are often too large for use in global chemistry transport mod-
els, however. Moreover, these models still contain many un-
certainties (Hallquist et al., 2009), which can lead to discrep-
ancies between modelled and experimental SOA yields (Xia
et al., 2008; Ceulemans et al., 2010; Valorso et al., 2011).
Another approach towards SOA modelling has been the di-
rect fitting of parameterised two-product models for SOA
formation to experimental SOA mass yields (Odum et al.,
1996), and forα-pinene a number of parameterisations has
been derived (see Sect.3.5). Most smog chamber experi-
ments were hitherto conducted under conditions which, for
one or more aspects, differ from those which can be found in
the atmosphere: initial VOC loadings are often higher, NOx
concentrations might differ, OH-scavengers might be used,
and their run-time is often relatively short – several hours –
while atmospheric photochemical ageing might continue for
several days. Parameterisations based on experimental stud-
ies lack some of the sensitivity to important factors, such as
NOx-regime or ageing, due to lack of reliable experimentally
determined yields at various experimental configurations, or
because such effects were simply ignored in the parameteri-
sation.

A number of global modelling studies on SOA forma-
tion have made use of SOA parameterisations for various
precursors (see for exampleHenze et al., 2008; Tsigaridis
and Kanakidou, 2007; Farina et al., 2010; Pye and Seinfeld,
2010; Pye et al., 2010; Carlton et al., 2010). Biogenic pre-
cursors, and in particular the monoterpenes, are found to be
major contributors to SOA, but a consensus on the contribu-
tions of the various types of organic aerosol, and on its total
global production, has not been reached yet, with large dif-
ferences between different models, and with measurements,
remaining. In such studies, parameterisations forα-pinene
SOA are often used as a proxy for SOA from some or all of
the monoterpenes.

Various factors can impact SOA yields. Increasing temper-
ature is expected to have a decreasing effect, by increasing
the saturated vapour pressure of semi-volatile compounds.
SOA parameterisations (Odum et al., 1996; Presto et al.,
2005a) based on SOA experiments around the same tem-
perature do not contain an explicit temperature dependence.

In Pathak et al.(2007) dark α-pinene experiments at tem-
peratures between 15 and 40◦C were conducted, and a de-
crease in SOA yields was observed with increasing tem-
perature, which was smaller than the decrease predicted by
the full BOREAM model (Ceulemans et al., 2010), how-
ever.Saathoff et al.(2009) conducted a large number of dark
ozonolysis experiments at different temperatures, and explic-
itly included the temperature dependence in their parameteri-
sation. Several global modelling studies have made use of an
estimated enthalpy of vapourisation (1Hvap), to account for
the temperature dependence of SOA yields (Chung and Se-
infeld, 2002; Henze et al., 2008; Farina et al., 2010; Pye and
Seinfeld, 2010). The estimated1Hvap is still quite uncertain,
but its impact on global SOA production is large, especially
outside the boundary layer (Henze and Seinfeld, 2006; Fa-
rina et al., 2010). The temperature sensitivity in the parame-
terisation ofStanier et al.(2008) is based on an enthalpy of
vapourisation derived from chamber experiments at different
temperatures.

Photochemical ageing can have a strong impact on
SOA composition and yields. Long-term oxidation of semi-
volatile compounds by OH was shown to be crucial (Jimenez
et al., 2009). However, most previous parameterisations were
based on chamber studies using OH-scavengers, and/or on
experiments which did not last more than a few hours. Some
recent studies have tried to remedy the absence of ageing
impact on parameterised SOA yields through the use of a
volatility basis set, which allows oxidation products to evolve
through reactions with OH (Lane et al., 2008; Jimenez et al.,
2009; Farina et al., 2010). These ageing parameterisations
are still quite uncertain: they may require a number of ar-
bitrary choices (for example the change in volatility upon
reaction), as these models are still not fully constrained by
adequate experimental results under atmospheric conditions.
In the most recent global modelling studies (e.g.Farina et al.,
2010; Pye et al., 2010) the impact of long-term ageing was
ignored for biogenic VOCs.

WhereasTsigaridis et al.(2006) only considered ozonoly-
sis as a significant SOA source, photooxidation experiments,
such asNg et al. (2007a) indicated that high SOA yields
are also found in the OH-initiated oxidation ofα-pinene, es-
pecially under low-NOx conditions. Most global modelling
studies use identical SOA yields for ozonolysis and OH-
oxidation (Chung and Seinfeld, 2002; Farina et al., 2010;
Pye et al., 2010). Experimentally it is difficult to fully sep-
arate the SOA yields due to these oxidants. In dark ozonoly-
sis experiments, an OH scavenger limits the oxidation ofα-
pinene to ozonolysis, but this also limits ageing through OH-
oxidation. In photooxidation experiments, significant ozone
levels might be present, which oxidise part of the VOC.

SOA yields fromα-pinene have been shown to decrease
with increasing NOx concentrations (Presto et al., 2005a;
Ng et al., 2007a; Capouet et al., 2008), although the same
is not necessarily true for other VOCs, such as sesquiter-
penes (Ng et al., 2007a) and isoprene (Hoyle et al., 2011).

Atmos. Chem. Phys., 12, 5343–5366, 2012 www.atmos-chem-phys.net/12/5343/2012/



K. Ceulemans et al.: Parameterising SOA fromα-pinene 5345

Presto et al.(2005a) andPathak et al.(2007) provided sep-
arate high and low-NOx SOA yield parameterisations. Un-
til recently, NOx dependence was not considered for bio-
genic species in most global models.Farina et al.(2010)
andPye et al.(2010) have employed a parameterisation with
a NOx dependence for the monoterpenes, however, which
follows the approach ofHenze et al.(2008) for aromatics.
Simulations indicate that water uptake by SOA can signifi-
cantly increase SOA yields at high relative humidities (Xia,
2006; Compernolle et al., 2009). Measured growth factors
show that water can be taken up in significant amounts by
SOA (Meyer et al., 2009), althoughEngelhart et al.(2011)
found only slight increases of total aerosol volume due to
SOA water uptake from measurements at Crete. Water uptake
by SOA has been ignored in most global modelling studies,
however, due to lack of reliable and easily implementable pa-
rameterisations.

In this paper, we present a parameter model forα-pinene
SOA containing 10 condensable products, taking into ac-
count the impact of temperature, type of oxidant, NOx-
regime and photochemical ageing on SOA yields. The ef-
fect of water uptake is also treated. Due to its small size,
this parameterisation is easily implementable in global chem-
istry transport models. The parameterisation is based on sim-
ulations with the detailed model BOREAM (Capouet et al.,
2008; Ceulemans et al., 2010). The use of a box model makes
it possible to easily cover a wide range of photochemical
conditions. The parameterisation is designed to reproduce
the SOA yields at equilibrium, when the production of con-
densable products is balanced by losses due to deposition
and photochemical degradation, after typically two weeks.
A similar approach was adopted recently inXia et al.(2011),
in which a reduced mechanism consisting in a volatility ba-
sis set with further ageing reactions was designed, based on
simulations with the detailed MCM mechanism forα-pinene.
Another reduced-size model designed to reproduce SOA pro-
duction of a larger model (in this case the MCM v3.1) is the
Common Representative Intermediates mechanism for both
anthropogenic and biogenic VOC oxidation and SOA forma-
tion (Utembe et al., 2009).

Section 2 presents the BOREAM model, in particular
its generic chemistry mechanism (Sect.2.2), which repre-
sents the further-generation chemistry. The model is val-
idated against a number of photooxidation smog-chamber
studies in Sect.2.5. Next, in Sect.3.1 the parameter model
is presented, and the adjustment of its parameters is de-
scribed in Sect.3.2. In Sect.3.4 the sensitivity of the pa-
rameterised SOA to NOx, HOx and radiation levels is inves-
tigated, and the parameterisation is evaluated against the full
model in simulations of ambient conditions at 17 different
locations around the globe, using oxidant, radiation and me-
teorological fields from a global chemistry-transport model.
Section3.5presents a comparison with previous parameteri-
sations. Finally, in Sect.3.6, the treatment of water uptake is
discussed.

2 Full box model description

2.1 Gas phase chemistry mechanism

The gas phase mechanism of the BOREAM model is de-
scribed inCapouet et al.(2008). The chemistry of the rad-
ical reactions, up to primary products is based on advanced
quantum chemical calculations for key reactions (Peeters
et al., 2001; Vereecken et al., 2007; Capouet et al., 2008;
Ceulemans et al., 2010), and on structure activity relation-
ships (SARs) for other primary gas phase reactions. The
cross reactions of peroxy radicals are represented through
reactions with counter species representing different peroxy
radical classes. Further chemistry of the primary products
includes photolysis and reaction with OH, ozone or NO3,
which are based as much as possible on recent structure ac-
tivity relationships (Capouet et al., 2008). The further gener-
ation products are lumped into so-called semi-generic and
generic species classes (Capouet et al., 2008; Ceulemans
et al., 2010). The semi-generic species are classes defined by
their carbon number and by their functional groups, whereas
their precise structure is not specified. Only the most com-
mon secondary products are described through the semi-
generic scheme, as a complete description would require a
prohibitively large number of categories.

2.2 Generic chemistry

The generic chemistry system was introduced inCapouet
et al.(2008), and further extended inCeulemans et al.(2010).
Generic species are used to represent classes of lumped
multi-functional compounds. In the current version of the
model, generic species are defined by their carbon num-
ber (from 10 down to 6) and by one explicit functional
group. Other functional groups which might be present in
the multi-functional compounds which the generic species
represent, are not explicitly rendered. These “implicit” func-
tional groups still have an impact on the volatility and re-
activity of the compound. Therefore the generic species are
further subdivided into 11 volatility classes. Each class rep-
resents lumped organic compounds, which have a “parent
compound” (the molecule resulting from replacement of the
explicit functional group by one or more hydrogen atoms)
with a saturated liquid vapour pressurep0

L,parent falling
within the volatility class range. For the highest volatil-
ity class, indicated by the letter “a”,p0

L,parent> 10−1 Torr

at 298 K. Class “b” contains species with 10−1 Torr>
p0

L,parent> 10−1.5 Torr, etc., and for the lowest volatility class

“k”, p0
L,parent< 10−5.5 Torr.

In the model, the non-radical generic species themselves
are then assigned a vapour pressure, determined by the con-
tribution of its explicit group (based onCapouet and M̈uller,
2006), and the representative volatility class vapour pressure
p0

L,LX , taken to be equal to the geometric mean of the volatil-

ity class range for classes “b”–“j”, 10−0.75 Torr for class
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Table 1. Illustration of generic alkoxy radical reactions included in BOREAM. R2R and RO3 denote peroxy radical counters (Capouet et al.,
2004). The rates of these reactions are detailed in the Supplement.

LX10iO + O2 → LX10iCHO + HO2 (1)
LX10iO → 0.60 LX9hO2 + 0.60 R2R + 0.20 LX9fO3 + 0.20 RO3 + 0.20 LX9bCHO + 0.20 OH + CH2O (2a)
LX10iO → LX9dO2 + R2R + HCOOH (2b)
LX10iO → LX7bO2 + R2R + acetone (2c)
LX10iO → 0.60 LX10kO2 + 0.60 R2R + 0.20 LX10kO3 + 0.20 RO3 + 0.20 LX10gCHO + 0.20 OH (3)

“a”, and 10−5.75 Torr for class “k”. In our notation a generic
species name consists of the prefix “LX”, the carbon number,
the vapour pressure class symbol and the explicit functional
group. In total there are 55 classes (5 carbon numbers times
eleven vapour pressure classes), besides the generic products
with less than 6 carbon atoms, which are not considered for
SOA formation, and lumped into a special generic class (with
prefix “SX”). Each class includes 13 gas phase species: 3 rad-
ical species (alkoxy, peroxy and acyl peroxy) and 10 molec-
ular species, and their chemistry is described by 86 reactions
for each class (see Sect. S1 in the Supplement).

Molecular generic compounds can react with the OH rad-
ical or undergo photolysis. The rates of reactions involv-
ing the explicitly represented functional group are obtained
through structure activity relationships, as for the explicit
molecular products. In order to account for the reactivity
of the implicit part of the generic compounds, we assume
that generic species with lower vapour pressures are more
functionalised, and therefore generally more reactive. On the
basis of simple assumptions, described in the Supplement,
the OH-reactivity and photolysis rates have been assigned.
Whereas reactions such as photolysis or alkoxy-radical de-
composition lead to a loss of carbon atoms or functional
groups from the molecule, other reactions might add func-
tional groups to the implicit part of the molecule. In each
case, the product of the reaction is assigned to the appropri-
ate carbon number/volatility class.

The generic alkoxy radicals can undergo three types of
reactions (Table1): reaction with O2, leading to a carbonyl
function (1), decomposition (2) or H-shift isomerisation (3).
The reaction with O2 usually has a reaction rate of the order
3−8× 104 s−1, and is not strongly dependent on the struc-
ture of the alkoxy radical, in contrast with the reaction rates
for decomposition or H-shift isomerisation (seeVereecken
and Peeters, 2009, 2010). Three types of decomposition are
considered: decomposition into an alkyl radical and CH2O,
when the alkoxy radical is primary; formic acid elimination,
when the alkoxy radical contains an alcohol group; and ace-
tone elimination. Other types of decomposition, for example
breaking of a ring structure, are not considered. The branch-
ing ratio estimates are based on the reactions of the explicit
alkoxy radicals present in BOREAM (seeCapouet et al.,
2004, 2008). It is found that decomposition occurs in most
cases, followed by H-shift isomerisation. Decomposition of
alkoxy radicals is favoured by the presence of oxygenated

functional groups (Vereecken and Peeters, 2009). It is there-
fore assumed that lower volatility compounds, which gener-
ally have more functional groups, have a higher branching to-
wards decomposition. Among the decompositions, type (Re-
action 2a) (Table1) is most common. The implicit part of the
generic species changes upon decomposition or H-shift iso-
merisation. In particular, the product generally belongs to a
different volatility class than the reactant. This is illustrated
with two examples from Table1.

In Reaction (2c), the reactant loses three carbon atoms
and one alcohol functionality, leading to an expected in-
crease ofp0

L,parent of 3.5 orders of magnitude, according
to the vapour pressure method used in our model (Capouet
and Müller, 2006). Since one vapour pressure class spans a
log(p0

L,parent) range of 0.5, the product in our example moves
up 7 volatility classes, from class “i” to class “b”. On the
other hand, for H-shift isomerisation (Reaction (3) in Ta-
ble 1) the alkoxy radical abstracts an H-atom from another
carbon, leading to a hydroxy alkyl radical (Vereecken and
Peeters, 2010). This radical can react with oxygen, forming
a peroxy radical (“LX10kO2”), which becomes the explic-
itly represented group. The alcohol function is included in
the implicit part of the generic species, reducing its volatil-
ity, so that it moves from class “i” to the lowest vapour pres-
sure class “k”. In case the alkyl radical contains a primary
carbonyl functions, after reaction with oxygen it becomes
an acyl peroxy radical (“LX10kO3”). If instead it contains
an α-hydroperoxide, nitrate or alcohol function, it will de-
compose into an aldehyde. The implicit part of the generic
species then loses a functional group, so that product volatil-
ity is increased (“LX10gCHO”). For peroxy- and acyl peroxy
radicals, the same scheme as for their explicit counterparts is
used, where we assign to all alkyl peroxy radicals the reac-
tivity of secondary alkyl peroxy radicals (the “R2R” class
defined inCapouet et al., 2008).

The generic chemistry contains the implicit representation
of a very large number of chemical reactions which the fur-
ther generation products are expected to undergo. It is based
on choices for rate constants, made on the basis of anal-
ogy with other mechanisms, such as the explicit primary
chemistry ofα-pinene. The assumed reactivity of the im-
plicit part of the generic species remains, however, among the
largest sources of uncertainty in our model. This uncertainty
is explored through sensitivity tests presented in Sects.2.5
and3.4.5.
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2.3 Heterogeneous and aerosol phase chemistry

Studies have pointed towards the importance of heteroge-
neous and aerosol phase chemistry. Although the formation
of peroxy hemiacetals was investigated in a sensitivity test
using BOREAM (Capouet et al., 2008), the reaction rates re-
main quite uncertain, and this reaction is not part of the cur-
rent version of BOREAM. Other oligomer forming reactions,
such as hemiacetal formation and esterification have been
proposed, but the reaction rates of these processes, which of-
ten require acid catalysis in the aerosol phase, are still not
known (seeHallquist et al.(2009) for an overview). Other
studies have focused on OH-oxidation of the aerosol phase
(Smith et al., 2009). This process is neglected, as sensitiv-
ity tests indicate that it only has a minor impact on SOA
yields due to kinetic limitations under atmospheric condi-
tions (Hildebrandt et al., 2010).

In previous modelling studies, the photolysis of species
in the aerosol phase was generally ignored, due to a lack
of data, and because the further chemistry of radical prod-
ucts in the aerosol is poorly understood. Several recent stud-
ies have shown that photolysis of oxygenated organic com-
pounds in the particulate phase is far from negligible. In
Mang et al.(2008) the photolysis of carbonyls in limonene
SOA was investigated, and estimates of the quantum yield
and absorption spectra for the carbonyl compounds in the
SOA led to an estimated lifetime of about 6 h for a zenith an-
gle of 20◦. The present model version includes aerosol phase
photolysis, with identical J-values and product distributions
as in the gas phase, in view of the lack of more reliable ex-
perimental data.

2.4 Partitioning between gas phase and aerosol phase

The partitioning between aerosol and gas phase is treated as
in Ceulemans et al.(2010). It makes use of the absorption
theory ofPankow(1994), in which the equilibrium constant
Kp,i = Cp,i/Cg,i · M−1

O determines the ratio of the particle
and gas phase concentration of speciesi, which is also de-
pendent on the total absorbing organic aerosol mass concen-
trationMO (in µg m−3). This partitioning constant can be cal-
culated through the formula

Kp,i =
760· RT · fom

MWom× 106 · γi · p0
L,i

(1)

whereR is the gas constant (atm m3 K−1 mol−1); T is tem-
perature (K); MWom is the molecular weight of the absorb-
ing medium (g mol−1); fom is the weight fraction of organic
matter in the total aerosol;γi is the activity coefficient of
compoundi in the particulate phase;p0

L,i is its subcooled

saturated vapour pressure (here in Torr); 760 (Torr atm−1)
and 106 (µg g−1) are unit conversion factors. The method of
Capouet and M̈uller (2006) is used to estimate the vapour
pressurep0

L,i as a function of temperature for the semi-

volatile species present in the BOREAM gas phase mecha-
nism. The activity coefficientsγi are calculated online using
the method described inCompernolle et al.(2009), covering
most relevant atmospheric functional groups. It is an adapted
version of UNIFAC (Fredenslund et al., 1975), as formulated
by Hansen et al.(1991), and with some parameters deter-
mined byRaatikainen and Laaksonen(2005). Water uptake
is also considered by the model.

2.5 Model comparison against photooxidation smog
chamber experiments

Previous simulations ofα-pinene photooxidation (Capouet
et al., 2008) and dark ozonolysis (Ceulemans et al., 2010)
smog chamber experiments showed that the BOREAM SOA
mass yields generally fall within a factor two of the ex-
perimental data. For dark ozonolysis, larger discrepancies
were found at high temperatures (above 30◦C) and at low
VOC loadings and no seed. In this section, the current ver-
sion of the BOREAM model (updated for generic chemistry,
aerosol photolysis, water uptake and non-ideality effects) is
evaluated, with a focus on photooxidation experiments, and
on experiments in which secondary chemistry through OH-
oxidation or photolysis takes place.

An overview of the simulated experiments is given in Ta-
ble 2. All experiments made use of a light source. Most ex-
periments also included a considerable quantity of NOx, ex-
cept the first experiment ofNg et al. (2007a), which was
conducted under very low-NOx conditions, and three of the
Presto et al.(2005a) experiments considered. For experi-
ment 1 inNg et al. (2007a), unknown quantities of NOx,
H2O2 and O3 were present at the start of the experiment,
which were constrained using the measurements ofα-pinene
and O3 for this experiment, provided inValorso et al.(2011),
following the approach of this last study. For experiment 4 in
Ng et al.(2007a), the HONO concentration and an unknown
OH-source were constrained similarly, based onα-pinene
and NOx data (see againValorso et al., 2011). For the low-
NOx scenario, reasonable agreement is reached for ozone
production (see Fig. S2 in the Supplement). For the high-
NOx experiment, reproducing the observedα-pinene decay
is possible only when an additional OH-source is included,
possibly due to reactions on walls, as proposed byValorso
et al. (2011). Reasonable agreement is obtained with mea-
sured NO and NO2 concentrations (see Fig. S5 in the Supple-
ment). However, for one intermediate-NOx experiment, seri-
ous overestimations of ozone production were found, both
in Valorso et al.(2011) and in our study. It is doubtful that
SOA yields can be simulated reliably when the model shows
such discrepancies for ozone. Therefore we did not include
this experiment in the overview in Table2. SOA yields for
this experiment were actually strongly overestimated, as in
Valorso et al.(2011). In addition, we show simulations of
three experiments ofCarter (2000), in which the quantity
D(O3−NO) = ([O3]−[O3]initial)−([NO]−[NO]initial) was
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Table 2.Photooxidation smog chamber experiments simulated with the full BOREAM model.

Experiment Initial VOC NOx Temperature NO2 photolysis Exp. SOA Model SOA
(ppb) (ppb) (K) J-value (in s−1) mass yield mass yield

Ng et al.(2007a)

Exp. 1 13.8 (0.7) 298 5.5× 10−3 0.379 0.592
Exp. 4 12.6 938 299 7.0× 10−3 0.066 0.070

Ng et al.(2006)

Exp. 3/9/2005 108 95 293 1.1× 10−3 0.26 0.298

Presto et al.(2005a)

Exp. 12 20.6 11 295 3.0× 10−2 0.065 0.066
Exp. 15 205 6.5 295 3.0× 10−2 0.304 0.331
Exp. 19 156 6 295 3.0× 10−2 0.251 0.284
Exp. 25 10.8 20 295 3.0× 10−2 0.026 0.019
Exp. 26 152 9 295 3.0× 10−2 0.224 0.278
Exp. 27 15 14 295 3.0× 10−2 0.057 0.040

Takekawa et al.(2003)

Exp. 1 100 53 283 4.0× 10−3 0.312 0.390
Exp. 2 81 43 283 4.0× 10−3 0.317 0.360
Exp. 3 55 30 283 4.0× 10−3 0.275 0.307
Exp. 4 196 102 303 4.0× 10−3 0.133 0.249
Exp. 5 146 80 303 4.0× 10−3 0.119 0.224
Exp. 6 93 54 303 4.0× 10−3 0.066 0.187

Nozière et al.(1999)

Exp. 17 305 3500 298 3.5× 10−4 0.073 0.067
Exp. 18 1488 3300 298 3.5× 10−4 0.306 0.314
Exp. 19 980 4090 298 3.5× 10−4 0.219 0.178
Exp. 20 330 3755 298 3.5× 10−4 0.079 0.102

Hoffmann et al.(1997)

Exp. 3 72 203 315 8.3× 10−3(solar) 0.078 0.105
Exp. 4 19.5 113 315 8.3× 10−3(solar) 0.016 0.085
Exp. 5 53.0 206 324 8.3× 10−3(solar) 0.037 0.038
Exp. 6 94.5 135 321 8.3× 10−3(solar) 0.086 0.068
Exp. 7 87.4 125 321 8.3× 10−3(solar) 0.108 0.101
Exp. 8 95.5 124 316 8.3× 10−3(solar) 0.102 0.101
Exp. 9 94.6 122 316 8.3× 10−3(solar) 0.089 0.101

determined experimentally. The current BOREAM model
version shows good agreement or slight overestimation of
ozone production for these experiments (see Figs. S7 to S9
in the Supplement).

In Ng et al. (2007a) an aerosol density of 1.32 g cm−3

was measured, which was used to derive the experimental
mass yields, based on the experimentally determined aerosol
volume concentrations. A density of 1.25 g cm−3 was used
by Ng et al. (2006). In all other studies considered, mea-
sured SOA volume concentrations were transformed into
mass concentrations based on an assumed aerosol density of

1.0 g cm−3. Since this estimate is likely too low, in view of
the measurement ofNg et al.(2007a), we have multiplied the
reported SOA mass yields by a factor of 1.32.

In Fig. 1, SOA mass yields from smog chamber experi-
ments are compared with yields for simulations of these ex-
periments with the full BOREAM model. For most experi-
ments, the SOA yields are reproduced well within a factor of
2. In some experiments, such asTakekawa et al.(2003) and
Hoffmann et al.(1997), there is a considerable ozone pro-
duction, so that part of theα-pinene undergoes ozonolysis. A
small part of the large overestimations (more than a factor 2)
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Fig. 1. Measured versus modelled aerosol mass yields for theα-
pinene photooxidation smog chamber experiments reported in Ta-
ble2.

found for three experiments ofTakekawa et al.(2003) might
be related to uncertainties regarding the yield of carboxylic
acids, such as pinic and hydroxy pinonic acid, which are
formed in α-pinene ozonolysis, but for which the forma-
tion mechanism is not well understood (Ceulemans et al.,
2010). Their production yield is held fixed in the model, al-
though it is very probably dependent on photochemical con-
ditions, e.g. the NOx abundance. Pinic acid is found to rep-
resent about 8 % of the SOA in the experiments ofTakekawa
et al.(2003) at 303 K. Therefore errors in pinic acid produc-
tion alone cannot explain much of the model overestimates.
Most species in the SOA in these experiments bear a per-
oxy acetyl nitrate group. Uncertainties regarding the forma-
tion and decomposition of such species could therefore be
responsible for part of the model overestimates. The model
reproduces well the SOA decrease with increasing NOx con-
centrations, as seen from the comparison of experiments 1
and 4 ofNg et al.(2007a), for which the time evolution is
given in Figs. S3 and S6 in the Supplement. The SOA yield
in the low-NOx experiment 1 ofNg et al. (2007a) is over-
estimated by the model, a result which was also obtained in
Valorso et al.(2011). Overall the model results agree rea-
sonably well with the experimental values, considering the
theoretical and experimental uncertainties.

Figure 2 shows the sensitivity of calculated SOA to
changes in the values of key parameters in the generic chem-
istry scheme of the BOREAM model, such as the assumed
value for “kLX ”, the reactivity towards OH (see Table S1.2.1
in the Supplement), and the J-value “jLXALD ” of the generic
part of the generic species (see Table S1.2.2 in the Supple-

ment). The tests show that their impact on simulated SOA
mass yields is limited for both the low- and high-NOx ex-
periments 1 and 4 ofNg et al. (2007a). Tests in which the
branching ratios of alkoxy radicals towards decomposition
and H-shift isomerisation are varied, show that these have
a larger impact on predicted SOA in the high-NOx case. A
test in which 100 % of alkoxy radicals undergo H-shift iso-
merisation leads to a large increase of predicted SOA yields.
However this assumption is most likely not realistic, and
even an assumed branching ratio of 50 % of H-shift might
be on the high side. In that case there is still a significant
increasing effect on SOA yields. There are two main rea-
sons for the higher sensitivity of SOA yields to the branching
of alkoxy radicals under high-NOx conditions than for low-
NOx. Firstly, under high-NOx conditions peroxy radicals re-
act predominantly with NO, forming mostly alkoxy radicals,
whereas under low-NOx conditions they react mostly with
HO2, generally leading to other products. Secondly, in our
simulations the volatility of products is generally higher un-
der high-NOx conditions. Since a given shift in volatility gen-
erally has a larger impact on partitioning for semi-volatile
products, which are still present in significant quantities in
both phases, than for low-volatile products, which reside al-
ready for a large fraction in the particulate phase, it is ex-
pected that the change in volatility due to alkoxy radical
branching affects SOA yields more in high-NOx conditions.
Addressing the uncertainty of the generic chemistry scheme
would require characterising more explicitly the species cor-
responding to the different generic species classes, for exam-
ple with the help of a self-generating mechanism approach
such as used inValorso et al.(2011). Structure activity rela-
tionships for alkoxy radicals such as those inVereecken and
Peeters(2009) andVereecken and Peeters(2010) can then be
used to obtain a more thorough estimate of the alkoxy radical
branching for generic species.

3 Parameterised SOA formation model based on
BOREAM

3.1 Parameter model

In contrast to previous mechanism reduction studies (e.g.
Xia et al., 2009), which aimed at reproducing the impact of
the precursor VOC not only on SOA formation but also on
the concentrations of oxidants and several key gaseous com-
pounds, we limit the scope of our parameterisation to SOA
formation as modelled by BOREAM in typical atmospheric
conditions. For this purpose, we adopt the commonly used
two-product model first applied byOdum et al.(1996), ex-
cept that the parameters are obtained from box model sim-
ulations with BOREAM, and that the parameterisation ac-
counts for the dependence of SOA yields on the nature of
the oxidant (OH, O3 or NO3) and on the abundance of NO.
This leads us to consider 5 different scenarios: OH-oxidation
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Fig. 2: Time evolution for the Experiments 1 (low-NOx) and 4 (high-NOx) of Ng et al.(2007a), based on data presented in
Valorso et al.(2011). Shown are sensitivity tests for SOA yields to the assumed reaction constant with OH of the generic part
of generic species classes,kLX , the J-valuejLXALD of this generic part and the branching ratios of generic alkoxy radicals.
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Fig. 3: Full BOREAM model SOA mass loadingMO , for the low-NOx and high-NOx OH-oxidation scenario, at 273 K, as
a function of time (black).α-pinene concentrations undergo a diurnal variation between 0.002 ppb at night and 0.01 ppb as
the maximum during the day for low-NOx, and between 0.02 and 0.1 ppb for high-NOx. WhenMO has reached a stable
equilibrium level, a number of tests are conducted, starting after day 12, to estimate the impact of photo-chemical reactions on
the condensable products without furtherα-pinene oxidation and product deposition. Similar tests show the effect of photo-
chemical reactions at earlier points in the ageing scenario, starting after 1, 2, 3 or 4 days (magenta).

Atmos. Chem. Phys., 12, 1–28, 2012 www.atmos-chem-phys.net/12/1/2012/

Fig. 2. Time evolution for the Experiments 1 (low-NOx) and 4 (high-NOx) of Ng et al.(2007a), based on data presented inValorso et al.
(2011). Shown are sensitivity tests for SOA yields to the assumed reaction constant with OH of the generic part of generic species classes,
kLX , the J-valuejLXALD of this generic part and the branching ratios of generic alkoxy radicals.

and ozonolysis, both for low and high-NOx, and high-NOx
NO3-oxidation. It is found that in each case 2 condensable
products suffice to parameterise SOA-formation, thus lead-
ing to a model containing in total 10 condensable products.

In the original two-product model, oxidation of the SOA
precursor leads to the immediate formation of two surrogate
compounds, with mass-stoichiometric coefficients (αi) and
partitioning constants (Kp,i) adjusted in order to reproduce a
set of experimental SOA yields, through the equation

Y =

∑
Yi = MO

∑ αiKp,i

1+ Kp,i · MO
(2)

where Y is the SOA mass yield. Note that the mo-
lar stoichiometric coefficientsα′

i can be derived from the
mass-stoichiometric coefficients and the ratio of the mo-
lar mass of the precursor and the organic aerosol:α′

i =

MWα-pinene/MWOA · αi . In order to account for the large
influence of the NOx-regime on SOA yields (see for ex-
ample Presto et al., 2005b or Capouet et al., 2008), the
VOC oxidation product can be taken to be a peroxy rad-
ical (“PRAPOH1” and “PRAPO31”, see Table3), which
upon reaction with NO or HO2, leads to a set of condens-
able products with stoichiometric and partitioning coeffi-
cients adjusted against experiments conducted under high
or low NO conditions respectively. This system, adopted by
Henze et al.(2008) to parameterise NOx-dependence of SOA
yields for aromatic compounds, is also used here, although
modified with the introduction of an additional peroxy radi-

cal (“PRAPOH2” or “PRAPO32” in Table3), in order to bet-
ter reproduce the NOx-dependence of the yields at intermedi-
ate NO levels, as described in more detail in Sect.3.4.1. The
reduced mechanism of our parameterisation is presented in
Table3. We made the assumption that under low-NOx condi-
tions, NO3 concentrations will also be low, and that therefore
the oxidation ofα-pinene will be dominated by OH or ozone.
Only under high-NOx conditions would there be a more con-
siderable SOA production due to NO3. Therefore for NO3
it was sufficient to parameterise the high-NOx case only, re-
moving the need for intermediate peroxy radicals which reg-
ulate the branching between high- and low-NOx products in
that case. Although the cross-reactions of peroxy radicals are
ignored in the reduced mechanism, their role is taken into ac-
count in the full BOREAM model. This simplification is not
expected to cause large errors, except in the case of very high
VOC loadings. Additionally for each condensable product, a
pseudo-photolysis reaction is introduced, which accounts for
chemical processing of the condensable products, as will be
explained in more detail in the next section. The parameter-
isation includes a total of 21 equations and 10 condensable
products.

3.2 Scenarios for full model runs

The parameter model is fitted to full BOREAM model sim-
ulations conducted under five scenarios, each corresponding
to one pair of products. We limit the oxidation ofα-pinene to

Atmos. Chem. Phys., 12, 5343–5366, 2012 www.atmos-chem-phys.net/12/5343/2012/



K. Ceulemans et al.: Parameterising SOA fromα-pinene 5351

Table 3.Chemical mechanism of the parameter model.

APIN + OH → PRAPOH1
PRAPOH1 + HO2 → (1− βOH) · α′

1 APOHL1 + (1− βOH) · α′
2 APOHL2 +βOH PRAPOH2

PRAPOH1 + NO (or + NO3) → α′
3 APOHH1 +α′

4 APOHH2 + NO2
PRAPOH2 + HO2 → α′

1 APOHL1 +α′
2 APOHL2

PRAPOH2 + NO (or + NO3) → α′
3 APOHH1 +α′

4 APOHH2 + NO2

APIN + O3 → PRAPO31
PRAPO31 + HO2 → (1− βO3) · α′

5 APO3L1 +(1− βO3) · α′
6 APO3L2 +βO3 PRAPO32

PRAPO31 + NO (or + NO3) → α′
7 APO3H1 +α′

8 APO3H2 + NO2
PRAPO32 + HO2 → α′

5 APO3L1 +α′
6 APO3L2

PRAPO32 + NO (or + NO3) → α′
7 APO3H1 +α′

8 APO3H2 + NO2

APIN + NO3 → α′
9 APNO31 +α′

10 APNO32

APOHL1 +hν →

APOHL2 +hν →

...

one oxidant, by turning off the reactions with the other two
main oxidants. All oxidants, however, are allowed to react
with the oxidation products ofα-pinene. For the high-NOx
scenario we adopt a concentration of 100 ppb NO2, while for
the low-NOx scenario we take 1 ppt of NO2.

In order to mimic real atmospheric conditions, where SOA
is composed of a mix of fresh and aged material, subject
to wet and dry deposition, we conduct BOREAM simula-
tions including a sustained emission ofα-pinene, as well
as a sink of gaseous and particulate compounds due to di-
lution and deposition. Adopting a sink term corresponding
to a lifetime of 6 days, typical for organic aerosols (see for
exampleFarina et al., 2010), as well as prescribed diurnal
cycles for the photolysis rates and for the concentrations of
OH, HO2, O3, α-pinene and NO2, the system approaches a
quasi-steady-state in about 12 days (see the black curve in
Fig. 3a and b). The noontime photolysis rates are calculated
by assuming a 20◦ zenith angle. Their diurnal variation is as-
sumed to follow a sin2 function zeroing at 05:00 a.m. and
07:00 p.m. LT, corresponding to summertime conditions at
mid-latitudes. The concentrations of OH and HO2 are kept
constant during the night, at 2× 105 and 108 cm−3, respec-
tively, whereas their noontime (maximum) values are set to
107 and 2× 109 cm−3, respectively. These values are in the
range of concentrations reported from field measurements,
e.g.Hofzumahaus et al.(2009) in the Pearl River Delta,Mar-
tinez et al. (2003) around Nashville, andMartinez et al.
(2010) in the Surinam rainforest.

Ozone concentrations are also prescribed, and follow a
diurnal cycle. For high-NOx scenarios or when O3 is the
main oxidant, the night-time concentrations are assumed to
be 15 ppb, and during the day they follow the diurnal cy-
cle, reaching a maximum value of 60 ppb. In low-NOx con-
ditions, and when OH is the oxidant, ozone concentrations
typical of unpolluted areas are chosen with 5 ppb at night
and 15 ppb at the daytime maximum. A series of runs with

increasing VOC concentrations is then performed, in order to
cover a range of organic aerosol loadings between about 0.1
and 50–100 µg m−3, at seven temperatures between 273 K
and 303 K, with steps of 5 K. Water uptake to the aerosol
phase is suppressed in these runs. The additional SOA forma-
tion due to water uptake will be parameterised through activ-
ity coefficients, as documented in Sect.3.6. When SOA has
reached an equilibrium state in the full model OH-oxidation
scenarios, SOA typically keeps varying diurnally with a max-
imum value in the afternoon, a few hours after bothα-pinene
and OH concentrations have reached a peak value. Later on
SOA concentrations go down due to photochemical losses,
deposition and the weakening of photochemical production.

For each simulation, the quasi-steady state SOA mass
yield is calculated from the model results on the 13th day
of the simulation, withY = 1[OA]prod./1[α-pinene], where
1[α-pinene] is the amount ofα-pinene oxidised during
one day, and1[OA]prod. represents the amount of condens-
able products produced from this amount of oxidisedα-
pinene which contributes to the SOA. Assuming equilibrium,
1[OA]prod. should equal1[OA]lost, the amount of organic
aerosol which is lost due to mainly two processes. A first sink
is the loss through deposition during one day, which equals
the daily averaged aerosol concentration divided by the de-
position lifetime in days.

A second important contribution is the degradation of the
condensable products due to photochemical reactions and
photolysis. This includes the oxidation and photolysis of
gaseous products at equilibrium with the SOA components,
as well as the photolysis of particulate compounds. Simula-
tions with the full BOREAM model in which, starting from
day 13, bothα-pinene oxidation and product deposition are
switched off, show that the combined effect of photolysis and
reactions with oxidants leads to a decrease of SOA concen-
trations, both under low and high-NOx conditions (see the
red curves in Fig.3a and b). This result might seem contrary
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Fig. 2: Time evolution for the Experiments 1 (low-NOx) and 4 (high-NOx) of Ng et al.(2007a), based on data presented in
Valorso et al.(2011). Shown are sensitivity tests for SOA yields to the assumed reaction constant with OH of the generic part
of generic species classes,kLX , the J-valuejLXALD of this generic part and the branching ratios of generic alkoxy radicals.
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Fig. 3: Full BOREAM model SOA mass loadingMO , for the low-NOx and high-NOx OH-oxidation scenario, at 273 K, as
a function of time (black).α-pinene concentrations undergo a diurnal variation between 0.002 ppb at night and 0.01 ppb as
the maximum during the day for low-NOx, and between 0.02 and 0.1 ppb for high-NOx. WhenMO has reached a stable
equilibrium level, a number of tests are conducted, starting after day 12, to estimate the impact of photo-chemical reactions on
the condensable products without furtherα-pinene oxidation and product deposition. Similar tests show the effect of photo-
chemical reactions at earlier points in the ageing scenario, starting after 1, 2, 3 or 4 days (magenta).
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Fig. 3.Full BOREAM model SOA mass loadingMO, for the low-NOx and high-NOx OH-oxidation scenario, at 273 K, as a function of time
(black).α-pinene concentrations undergo a diurnal variation between 0.002 ppb at night and 0.01 ppb as the maximum during the day for
low-NOx, and between 0.02 and 0.1 ppb for high-NOx. WhenMO has reached a stable equilibrium level, a number of tests are conducted,
starting after day 12, to estimate the impact of photo-chemical reactions on the condensable products without furtherα-pinene oxidation and
product deposition. Similar tests show the effect of photo-chemical reactions at earlier points in the ageing scenario, starting after 1, 2, 3 or
4 days (magenta).

to the finding from experimental studies (e.g.Jimenez et al.,
2009; Docherty and Ziemann, 2003) that photochemical age-
ing can have an increasing effect on SOA concentrations. In
Lambe et al.(2011) SOA yields forα-pinene photooxidation
were observed to be first increasing with increasing OH ex-
posure time, but after reaching a maximum value SOA yields
began decreasing when photochemical ageing was contin-
ued. It should be noted that inLambe et al.(2011) UV-light
was applied, therefore it remains to be verified whether a sim-
ilar behaviour would take place with solar radiation, as in our
photo-chemical ageing simulations.

However, in the present simulations SOA material is al-
ready photochemically aged at the onset of the test. Tests in
which only photolysis reactions or only OH reactions take
place after day 12 show that, taken separately, these pro-
cesses have a decreasing respectively increasing effect on the
SOA levels. When these reactions take place together, their
combined effect is to decrease the SOA concentration. It also
is apparent from the tests shown in Fig.3a and b that, es-
pecially at high-NOx, superimposing the separate effects of
photolysis and OH reactions on SOA concentrations does not
reproduce exactly the combined effect of photolysis and OH
reactions acting simultaneously on SOA products. We have
performed similar tests for the effect of photo-chemical re-
actions on SOA concentrations whenα-pinene oxidation and
deposition of products have been turned off after an earlier
time period than 12 days. We have added graphs for these
tests to Fig. 3a and b. For low-NOx, whenα-pinene oxida-
tion/deposition is turned off after 1 or 2 days of ageing, there

is first a slight increase in SOA concentration due to the re-
actions with OH and photolysis of the remaining oxidation
products. However, whenα-pinene oxidation/deposition is
turned off after 4 days ofα-pinene oxidation, the material is
more aged. In this case a slight decrease in SOA is obtained
due to the combined effect of photochemical reactions on the
oxidation products. For high-NOx, the combined photochem-
ical reactions and photolysis leads to a decrease in SOA even
whenα-pinene oxidation and deposition are shut down after
2 days.

We estimate the net amount of SOA lost during one day
due to photochemical processes, which we will call the pho-
tochemical OA loss,[OA]pl. The correct SOA yield is then
(1[OA]dep. + 1[OA]pl)/1[α-pinene]. Note that it would
have been possible to neglect the photochemical OA loss
and define a yield based solely on the estimated deposition
loss. In such case, the only sink of the (gaseous + particulate)
semi-volatile products in the parameterisation is deposition.
Although such model would be able to match the SOA con-
centration of the full model at equilibrium, it would underes-
timate the SOA concentrations before the onset of this equi-
librium, when the photochemical production of condensable
compounds greatly exceeds the losses. Using the above for-
mula for calculating the SOA yield, the additional production
must be balanced in the parameterisation by an additional
sink besides deposition. We therefore incorporate a pseudo-
photolysis reaction of the condensable products in the pa-
rameter model, with a photorateJpl which is adjusted based
on the amount of photochemically lost material estimated

Atmos. Chem. Phys., 12, 5343–5366, 2012 www.atmos-chem-phys.net/12/5343/2012/



K. Ceulemans et al.: Parameterising SOA fromα-pinene 5353

Table 4.Fitted parameters for the 10 condensable products in the temperature-dependent parameter model (5 scenarios considered).

Scenario Product α0
i

α1
i

Kp,i (298 K) 1Hi MWref
(m3µg−1) (kJ mol−1) (g mol−1)

α-pinene + OH, low-NOx APOHL1 0.621 −0.01229 5.4786 103.2 218.4
APOHL2 0.347 −0.01532 0.1284 20.25 218.4

α-pinene + OH, high-NOx APOHH1 0.134 −0.0284 0.6769 82.9 252.6
APOHH2 0.295 −0.0300 0.01300 35.8 252.6

α-pinene + O3, low-NOx APO3L1 0.566 −0.0143 6.18 87.6 214.7
APO3L2 0.326 −0.01637 0.0152 77.9 214.7

α-pinene + O3, high-NOx APO3H1 0.1195 −0.0342 0.557 81.9 237.6
APO3H2 0.505 −0.01312 0.00888 61.5 237.6

α-pinene + NO3, high-NOx APNO31 0.0336 −0.0657 1.043 157.7 246.9
APNO32 0.252 −0.01258 0.00580 116.2 246.9

from full BOREAM model runs. For each scenario, the same
photolysis rate is applied to both condensable compounds
of the two-product model, in the gaseous and in the partic-
ulate phases. The procedure for estimating[OA]pl and the
temperature-dependent fitting of the photorates for each ox-
idation scenario is described in more detail in the Supple-
ment, Sect. S3. Since our model scenarios used maximum
photolysis rates calculated assuming a 20◦ solar zenith an-
gle, extrapolation of the SOA photolysis rate to any radiative
condition is made by scaling the retrieved maximum pho-
torate with the photolysis rate of higher aldehydes:Jpl =

fpl,max·Jald with fpl,max = Jpl,max/Jald,max whereJpl,max and
Jald,max are the pseudo-photolysis rate for chemical loss of
SOA and photolysis rate of higher aldehydes, respectively, at
the maximum 20◦ solar zenith angle in our model scenarios.
For each of the 5 oxidation scenarios considered, we then de-
rive a temperature-dependent fit for the functionsfpl,max (see
Table S9 in the Supplement).

In order to take the temperature sensitivity of the yields
into account,Y (MO) curves are obtained at seven temper-
atures between 273 K and 303 K. We assume the following
temperature dependence for the partitioning constant:

Kp,i (T ) = Kp,i (Tr)
T

Tr
exp

(
1Hi

R

(
1

T
−

1

Tr

))
MW

MWref
(3)

in which the reference temperatureTr = 298 K, 1Hi repre-
sents the enthalpy of vapourisation and MWref is the refer-
ence average molar mass of the molecules in the SOA. This
approach (Eq.3) was followed bySaathoff et al.(2009) for
obtaining temperature-dependent coefficients forα-pinene
dark ozonolysis experiments over a wide range of temper-
atures.

The values for MWref are chosen per oxidation scenario,
at a temperature of 298 K and for anα-pinene concentra-
tion leading to an equilibrium SOA concentration around
2.5 µg m−3. In simulations with the full model at other tem-
peratures andα-pinene concentrations, MW varies by not
more than roughly 5 % from this reference value. In the full
model the average MW of SOA is calculated based on the

molecular masses of the explicit species and on estimates for
the generic species classes. Equation (3) can be rewritten as
Kp,i(T ) = Ai · T · exp(Bi

T
), whereAi andBi are the fitting

parameters. For the mass stoichiometric coefficient, a tem-
perature dependence of the form

αi(T ) = α0
i exp(α1

i (T − Tr)) (4)

is assumed. The parameterisations are obtained by minimis-
ing the relative difference between the full model yields and
the yields calculated using Eq. (2). In Table4, the fitted pa-
rameters for the ten products considered are given.

3.3 Parameter adjustment results

We compare the evolution ofMO over time between the full
model and the parameter model both during the build-up of
SOA and when an equilibrium for SOA is approximately
reached in all the previously described scenario simulations.
The parameter adjustment focussed on achieving a reason-
able agreement over the range of 0.5–20 µg m−3 for MO. We
show the time evolution of SOA in simulations for OH oxi-
dation under low-NOx and high-NOx conditions, and an ex-
ample for NO3 oxidation at high-NOx in Fig.4. In these three
cases, the parameter model approaches the full model SOA
levels near the end of the simulations, when an equilibrium
state is reached. Over the whole range of the time evolution,
the parameter model’s skill at reproducing SOA concentra-
tions is more variable. For the low-NOx OH oxidation shown
here, the time evolution can be considered satisfactory. How-
ever, for the oxidation by NO3, it was often not possible to
achieve a more accurate time evolution over the whole time
scale than the one shown in the example in Fig.4, featuring
significant underestimations during the first days.

In order to provide a measure of how well both mod-
els agree in these simulations, we define a deviation factor
equal to exp(| log(MO,p/MO,f)|), whereMO,p andMO,f are
the daily averagedMO concentrations in the parameterisation
and in the full model, respectively. The values of this devia-
tion factor are summarised in Table S10 in the Supplement.
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Fig. 4: Time evolution ofMO for three examples of the simulations ofα-pinene oxidation. The full model results are given in
black and the parameter model results in green.
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Fig. 5: Fitted (red) and full model (black) net equilibrium SOA mass yields as functions of the organic aerosol mass loading
MO , for the low-NOx OH-oxidation scenario. The seven curves are obtained at temperatures ranging from 0 to 30◦C, by steps
of 5◦C, the highest temperature corresponding to the lowest curve.
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Fig. 4. Time evolution ofMO for three examples of the simulations ofα-pinene oxidation. The full model results are given in black and the
parameter model results in green.

To compare SOA yields between full and reduced model at
SOA equilibrium, we also calculate a net SOA yield at equi-
librium, using the formulaYnet = 1[OA]dep./1[α-pinene].
In this way only the net amount of OA produced is consid-
ered, equal to the amount lost to deposition over one day
near equilibrium. We show plots ofYnet versusMO near SOA
equilibrium for the five scenarios and the seven temperatures
considered (see Fig.5).

As can be seen from the SOA deviation factors, agreement
is good in the large majority of cases, both during SOA build-
up and at SOA equilibrium. For the highest temperatures, and
especially in the NO3-oxidation case, it is found more diffi-
cult to obtain a good agreement over the whole time period of
the SOA build-up in the scenarios. In a few cases at lowMO
concentrations (below 0.5 µg m−3) and at high temperatures,

SOA concentrations are strongly underestimated during the
build-up of the SOA (explaining the number of deviations
larger than a factor 2 in Table S10 of the Supplement), al-
though by the time the SOA reaches an equilibrium concen-
tration both models agree better (see Fig.5).

Figure6 shows the parameterised (dashed lines) and full
model (full lines)Y (MO) curves at 298 K between 0 and
20 µg m−3. The yields in both low-NOx scenarios are about
a factor 10 higher than the high-NOx yields. The reduction
of SOA yields at high-NOx has been observed in several
previous experimental studies, such asPresto et al.(2005a).
The yields for the OH-oxidation ofα-pinene are found to be
somewhat higher than for ozonolysis at low NOx. The yield
curves for the high-NOx scenarios lie close to each other, and
their maximum in this range is about 3–4 %.

Atmos. Chem. Phys., 12, 5343–5366, 2012 www.atmos-chem-phys.net/12/5343/2012/
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Fig. 5: Fitted (red) and full model (black) net equilibrium SOA mass yields as functions of the organic aerosol mass loading
MO , for the low-NOx OH-oxidation scenario. The seven curves are obtained at temperatures ranging from 0 to 30◦C, by steps
of 5◦C, the highest temperature corresponding to the lowest curve.
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Fig. 5. Fitted (red) and full model (black) net equilibrium SOA mass yields as functions of the organic aerosol mass loadingMO, for the
low-NOx OH-oxidation scenario. The seven curves are obtained at temperatures ranging from 0 to 30◦C, by steps of 5◦C, the highest
temperature corresponding to the lowest curve.

3.4 Sensitivity of the parameterised yields to model
assumptions

Since photochemical conditions in the atmosphere might dif-
fer from the conditions assumed for the parameterisation, in
this subsection we investigate the sensitivity of the parame-
terised yields to key parameters and assumptions.

3.4.1 NOx dependence

The NOx dependence of the parameterised model is based on
full model runs at very high and very low NOx levels. As seen
in Table 3, the parameterisation involves two peroxy radi-
cals (PRAPOH1 and PRAPOH2) uponα-pinene oxidation
by OH, and two peroxy radicals (PRAPO31 and PRAPO32)
uponα-pinene ozonolysis. A simpler parameterisation simi-
lar to the scheme used inHenze et al.(2008), in which only
one peroxy radical was produced (i.e. when the branching ra-
tiosβOH andβO3 towards the second-generation peroxy radi-
cals PRAPOH2 and PRAPO32 are zero), has been tested, but
was found to lead to significant SOA overestimates at inter-
mediate NOx levels. This can partly be explained by the fact
that the peroxy radicals reacting with HO2 in the parameter
model would in that case immediately yield highly condens-

able low-NOx products, which in the full model correspond
to products formed only after several subsequent reactions of
peroxy radicals with HO2, for example hydroxy dihydroper-
oxides. In the full model, however, a reaction with HO2 can
be followed by a reaction with NO at intermediate NOx, lead-
ing to the formation of a much more volatile product in the
full BOREAM model.

The introduction of the second generation peroxy radicals
PRAPOH2 and PRAPO32, produced with a fitted branching
ratioβi(T ) from the reactions of the first peroxy radicals with
HO2, as seen in Table3, results in a redistribution between
high and low-NOx products, and to an improved agreement
between full and parameter model at intermediate NOx lev-
els for both OH and ozone oxidation. It was not found nec-
essary to introduce such a branching to a second peroxy rad-
ical for the reaction of the first generation peroxy radicals
with NO. The temperature dependent fitted function for both
βOH andβO3 is 4.286×10−4

·T 2
−0.2181·T +27.53 for the

range 278 to 303 K, while outside this range the function re-
mains constant at the values it has at the edge of the fitting
range. We have checked the agreement of full and parameter
model at intermediate-NOx levels at different temperatures.
The curves of the net mass yieldsYnet near SOA equilibrium,

www.atmos-chem-phys.net/12/5343/2012/ Atmos. Chem. Phys., 12, 5343–5366, 2012
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α-pinene oxidation scenarios, as functions of organic aerosol mass
loading.

as defined in the previous Sect.3.3, versusMO can be seen
in Fig. 7 and Figs. S12 to S16 in the Supplement.

3.4.2 Importance of aerosol photolysis for SOA ageing

Aerosol photolysis has only little impact for the simulation
of the experiments described in Table2, which lasted only
a few hours. Aerosol photolysis has, however, a potentially
major impact on SOA yields after prolonged ageing. In the
full model simulations, described in Sect.3.2, turning off
aerosol photolysis leads to a near doubling of the SOA yields,
in particular for the oxidation ofα-pinene by OH under low-
NOx conditions, with SOA mass yields reaching values of
around 100 % (see Fig.8, blue curve).

This strong sensitivity of SOA yields to aerosol photoly-
sis is caused by the fact that most condensable species reside
predominantly in the aerosol phase after several days of age-
ing. When photolysis of the aerosol phase species is ignored,
only the small fraction of these condensable species left in
the gas phase can undergo further reactions (photolysis or
oxidation by OH). The more volatile species, residing mostly
in the gas phase, are oxidised in part to low-volatility com-
pounds, which can move towards the aerosol phase, where
they are shielded from further oxidation. This process will
over time lead to an accumulation of very condensable ox-
idation products in the SOA. Aerosol photolysis can partly
revolatilise these condensable species, except those which do
not contain any photolabile chromophore. Ignoring aerosol
photolysis will therefore likely lead to unrealistically high
SOA yields in models, although large uncertainties exist, re-
garding the rates of aerosol phase photolysis reactions, and
the further chemistry of the photolysis products. Further ex-
perimental work is clearly desirable. The curve for the SOA
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tween 1 ppt and 100 ppb, for OH-oxidation ofα-pinene (at 298 K).

loadings in a parameter model simulation in which partic-
ulate phase photolysis is ignored has been included (cyan
curve). In this case there is also an increase in SOA con-
centration. However this increase in SOA is smaller than the
one observed in the full model. The parameter model has not
been designed in order to reproduce the case without aerosol
photolysis, and it is therefore not expected to reproduce full
model results in absence of aerosol photolysis. The results in
Fig. 8 are referring to equilibrium net SOA yields, obtained
after 12 days of the ageing scenario.

In a second sensitivity test, the solar zenith angle used in
the calculation of photorates is increased from 20 to 45◦ (but
the prescribed oxidant levels are kept identical). This leads
to an increase of SOA yields in the full model (solid green
curve), e.g. from 0.48 to 0.59 atMO = 10 µg m−3. This in-
crease is overestimated by the parameter model (at about
0.68, solid magenta curve). This discrepancy is due to the
fact that, as was mentioned in Sect.3.2, the parameter model
has not been explicitly fitted to match the full model for var-
ious radiation spectra.

The impact of other possible particulate phase chemistry
reactions such as oligomerisation is difficult to estimate. We
acknowledge that such reactions could be important for long-
term ageing and this topic clearly requires further investiga-
tion.

3.4.3 Influence of assumed OH and HO2 concentrations

OH and HO2 play an important role in SOA formation, es-
pecially at low NOx, since their concentrations determine the
formation of hydroperoxides and other oxygenated species.
As seen in Fig.8, the SOA yields increase only slightly from
0.48 to 0.51 forMO = 10 µg m−3 in the full model (dotted
black line), when the OH and HO2 concentrations are dou-
bled.
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equilibrium SOA yields are obtained after 12 days into the photo-chemical ageing scenario.

Halving the OH and/or HO2 levels leads to a compara-
tively larger change. E.g. atMO = 10 µgm−3, the SOA yield
at low-NOx is reduced from 0.48 to 0.41 when both the OH
and HO2 concentrations are halved in the full model (dashed
black line). In contrast, the net SOA mass yields of the pa-
rameter model (in red) are not sensitive to these variations,
as expected, since there is no direct impact of OH and HO2
concentrations on the properties of condensable products in
the parameter model. In conclusion, the use of a fixed diurnal
profile for OH and HO2 in the model calculations introduces
an uncertainty in the parameterised SOA formation rate, es-
timated to be typically of the order of 10–15 %.

3.4.4 Sensitivity to generic chemistry parameters in
BOREAM

Sensitivity tests were conducted to evaluate the impact of
several key parameters related to OH reactions and photoly-
sis of the generic species, similar to the ones shown in Fig.2,
but here applied to the long-term SOA ageing scenarios, as
shown in Fig.9. For the low-NOx OH-oxidation scenario a
significant decrease in SOA is observed whenkLX , the reac-
tion rate for OH with the generic part of the generic species,
is set to zero (see the blue curve). If by contrastkLX would
be twice or four times higher than the assumed standard
value in BOREAM then only a moderate increase in SOA
is found (green solid and dash-dotted curves). A test where
the j-value for the generic partjLXALD is reduced to zero
shows that this could lead to a significant increase in SOA
(red), although a more realistic reduction ofjLXALD by 50
percent leads to a more moderate increase (red dash-dotted

line). Sensitivity to the assumed alkoxy radical branching
between H-shift isomerisation and decomposition is found
to be moderate for the OH low-NOx scenario (magenta and
cyan). By contrast, for the OH high-NOx scenario sensitivity
to the alkoxy radical branching parameters for the generic
species is found to be strong. In the unrealistic case where
all generic alkoxy radicals would undergo H-shift isomeri-
sation, a very strong increase in simulated SOA concentra-
tion is found (cyan solid line). Setting the branching ratio to
50 percent H-shift isomerisation still leads to more than a
doubling of SOA yields. Therefore we can conclude that for
high-NOx long term ageing scenarios, uncertainty on SOA
concentrations simulated by the BOREAM model is consid-
erable due to the uncertainty on parameters related to alkoxy
radicals in the generic chemistry. Note that even in a fully
explicit mechanism the uncertainty on the structure activity
relationships for alkoxy radical reactions is often consider-
able (Vereecken and Peeters, 2010). Sensitivity of simulated
SOA to thekLX andjLXALD is also significant for high-NOx,
although less pronounced than sensitivity to the alkoxy rad-
ical branching. Further attempts to constrain the generic pa-
rameters by experimental or theoretical means could improve
the accuracy of simulated SOA concentrations for long-term
ageing by BOREAM.

3.4.5 Comparison of full and parameter model for
simulations based on ambient conditions

In order to test the ability of the parameter model to repro-
duce the full BOREAM modelα-pinene SOA loadings un-
der ambient conditions, simulations are performed in which

www.atmos-chem-phys.net/12/5343/2012/ Atmos. Chem. Phys., 12, 5343–5366, 2012
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the J-valuejLXALD of this generic part and to the branching ratios of generic alkoxy radicals, similar to the tests shown in Fig.2, for OH
oxidation under(a) low (left panel) and(b) high-NOx conditions (right).

the previously investigated sensitivities (to mass loading,
temperature, NOx-regime, oxidant levels and applied radi-
ation) are probed using more realistic atmospheric scenar-
ios. The global chemistry transport model IMAGESv2 (e.g.
Stavrakou et al., 2012) was used to obtain time series of
temperature,α-pinene emission rates and the concentrations
of important atmospheric species over 5 months (from May
until September) at 17 selected locations around the globe
(see Table S11 in the Supplement for an overview). The IM-
AGESv2 output is averaged over the troposphere (weighted
by the gas phaseα-pinene product concentrations) and ap-
plied in the box models. OA from other sources than the
monoterpenes (primary organic aerosol and SOA from iso-
prene, aromatics, sesquiterpenes and small dicarbonyls) was
also modelled in these IMAGESv2 simulations using param-
eterisations from the literature (Stavrakou et al., 2009, 2012).
This additional OA also contributes to the total absorbing or-
ganic mass in our box model simulations. In the box model,
monoterpene SOA concentrations are taken to be zero at the
start of the month. Water uptake is ignored.

The level of agreement between full and parameter model
differs for the different locations, depending on atmospheric
conditions. An overall view of the parameter model skill
is provided by Fig.10, where the daily averaged values
MO due toα-pinene in the parameter model (MO,p,i) are
represented against the corresponding values in the full
model (MO,f,i). We calculate an averaged relative difference
factor per location using

∑
|MO,p,i − MO,f,i |/

∑
MO,f,i .

Similarly we calculate an averaged bias factor using

Fig. 10.Daily averagedα-pineneMO parameter model values ver-
sus full BOREAM model values for 17 locations during 5 months,
using ambient data simulated with the global CTM IMAGESv2.
The blue lines indicate the region of agreement to within a factor
two.

∑(
MO,p,i − MO,f,i

)
/
∑

MO,f,i . For most locations agree-
ment is quite good, as can be seen in Figs.10 and11 and
Table S11 and Fig. S17 in the Supplement. The largest devi-
ations are found for Queensland, where there is on average an
overestimation of about 25 %, and for Finland and the Pearl
River Delta, where the parameter model SOA concentrations
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Fig. 11: Example of time evolution of α-pinene SOA in the full BOREAM model (black) versus the parameter model (red) for
simulations based on atmospheric conditions simulated with the CTM IMAGESv2, shown here for the month of July.

Fig. 11.Example of time evolution ofα-pinene SOA in the full BOREAM model (black) versus the parameter model (red) for simulations
based on atmospheric conditions simulated with the CTM IMAGESv2, shown here for the month of July.

are on average about 20 percent too low. These deviations
are probably partly caused by the fact that the fitting pro-
cedure was not always entirely successful in matching SOA
formation at all times and for all photo-chemical condititions
(see Sect.3.3). A second cause of error is that the parame-
ter fitting did not consider possible impacts of variations in
atmospheric conditions, such as variable radiation or concen-
trations of oxidants (see Sects.3.4.2and3.4.3). In most other
locations, such as for example The United States, Belgium
and Peru, agreement is better; on average over all locations
the deviation is about 11 %, with only little bias. Given the
large uncertainties associated to SOA model estimates, this
level of agreement between parameter and full model seems
satisfactory.

3.5 Comparison with parameterised models based on
experimental yields

A non-exhaustive overview of parameterisations for SOA
formation fromα-pinene based on smog chamber studies is
given in Table5. Figure12 compares the SOA yield curves
for these studies with the parameterisation obtained with

BOREAM. The reference temperature is taken to be 298 K,
to allow for proper comparison. For those experimental pa-
rameterisations which do not contain an explicit temperature
dependence, we adjusted the partitioning equilibrium con-
stants by use of Eq. (3), assuming a value for1Hvap/R of
5000 K, although it should be noted that a large uncertainty
exists for the enthalpy of vapourisation of SOA (Stanier et al.,
2008). For the parameterisation ofHoffmann et al.(1997)
this adjustment nearly doubles the SOA yield, but for most
other parameterisations the difference is less important.

Figure 12 shows a very large variation between the dif-
ferent parameterisations based on experiments, stressing the
large impact of experimental conditions on the SOA yields.
Most experimental SOA yield curves fall between the high
yields of the low-NOx BOREAM results and the low yields
for the high-NOx scenario. Low-NOx BOREAM-based pa-
rameter model scenario yields are considerably higher than
those for the experimental studies, partly due to the fact that
in the BOREAM-based parameter model scenarios ageing
has a larger impact. These model scenarios assume an aver-
age lifetime of 6 days for the gas and aerosol species, much

www.atmos-chem-phys.net/12/5343/2012/ Atmos. Chem. Phys., 12, 5343–5366, 2012



5360 K. Ceulemans et al.: Parameterising SOA fromα-pinene

Table 5.Parameterisations forα-pinene SOA based on smog chamber experiments. VBS= Volatility Basis Set.

Study Type Oxidant NOx depend. T depend. Radiation

Odum et al.(1996)a 2-product OH and O3 no (intermediate NOx) no (±321 K) solar
Griffin et al. (1999) 2-product O3

d no (low NOx) no (308 K) dark
Cocker III et al.(2001) 2-product O3

d no (low NOx) no (301 K) dark
Presto et al.(2005a) 2-product O3

d yes (low and high NOx) no (295 K) with/without UV
Saathoff et al.(2009) 2-product O3

d no (low NOx) yes dark
Pye et al.(2010)b VBS O3

d yes (low and high NOx) no (298 K) dark
YhighNOx

=
1
2 · YlowNOx

Farina et al.(2010)c VBS OH and O3 yes (low and high NOx) no blacklight

a based onHoffmann et al.(1997), b based onShilling et al.(2008), c based onHoffmann et al.(1997), Ng et al.(2006), Ng et al.(2007a),
d including an OH-scavenger.

longer than the duration of the smog chamber experiments,
which typically last several hours. Moreover, in most ozonol-
ysis studies, OH scavengers were used, which limits the ex-
tent of further ageing which the primary products can un-
dergo. In the low-NOx model scenario utilised for fitting the
BOREAM-based parameter model, the continuous exposure
of products to OH and HO2 is responsible for much of the in-
crease in functionalisation (with for example additional hy-
droperoxide groups as a result) and decrease in volatility of
the oxidation products. In shorter experiments, or in exper-
iments without OH, this process will be limited, and SOA
yields remain lower.

By contrast, for the high-NOx parameterisation based on
BOREAM, SOA yields are lower than in most parameterisa-
tions from other studies based on high-NOx photooxidation
experiments. In the BOREAM simulations of photooxidation
at high-NOx, the reaction with NO yields mostly alkoxy rad-
icals, and some nitrates or peroxy acyl nitrates (PANs) as
side products. The alkoxy radicals can in some cases decom-
pose, which leads to smaller carbon chains or to a loss of
oxygenated functional groups, increasing volatility. This ex-
plains the large difference found between high and low-NOx
yields, and also why ageing over a long time period of two
weeks under high-NOx conditions might lead to lower SOA
yields than seen in high-NOx photooxidation experiments of
shorter duration (several hours). As an illustration, the high-
NOx experimental yield ofNg et al.(2007a) experiment 4 is
shown in Fig.12. This yield is higher than in the BOREAM
scenario for photooxidation at high-NOx. It should be noted
that in the simulation of this experiment, the full BOREAM
model calculated SOA yields comparable to the experimen-
tal SOA yields (see Figs.1, 2b and S6 in the Supplement).
One exception is the high-NOx case ofPresto et al.(2005a)
in which even lower yields were found. This last experiment
was a dark ozonolysis experiment with an OH scavenger, re-
sulting in only first generation products, which are generally
less condensable than more aged products.

Experimental SOA parameterisations forα-pinene have
been used in several global modelling studies, where they
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Fig. 12.Comparison of previously derived SOA mass yield curves
from other studies, based on smog chamber experiments, with pa-
rameterisations based on the BOREAM model (four scenarios,
dashed lines). Also shown are the measured experimental yields of
experiments 1 and 4 inNg et al.(2007a).

are generally used to represent SOA from the monoterpene
family. Pye et al.(2010) used a NOx-dependent parameter-
isation, for which the low-NOx yield is based on the study
of Shilling et al. (2008), which consisted of dark ozonoly-
sis experiments with addition of an OH scavenger. The ab-
sence of OH can partly explain their lower yield compared
to BOREAM.Farina et al.(2010) used a NOx-dependent pa-
rameterisation of a 4-product volatility basis set, based on
the studies ofHoffmann et al.(1997), Ng et al.(2006) and
Ng et al.(2007a). Their high-NOx yields lie somewhat lower
than the high-NOx experimental yields ofNg et al.(2007a)
and the temperature-adjusted parameterisation ofHoffmann
et al.(1997). Their low-NOx curve is considerably lower than
the low-NOx experimental yield ofNg et al.(2007a), and the
low-NOx BOREAM yield curve.
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3.6 Treatment of water uptake and water activity

In Compernolle et al.(2009) the UNIFAC method for activ-
ity coefficient calculation, as implemented byHansen et al.
(1991), was extended to include missing atmospherically rel-
evant functional groups, such as the hydroperoxide, peroxy-
acid, nitrate and peroxy acyl nitrate groups. This method was
applied in all BOREAM simulations presented in this study.
However, water uptake was not considered in these simula-
tions, although it is expected to increase the total number
of molecules in the absorbing phase, and therefore also the
partitioning to the particulate phase of organic semi-volatile
compounds.

These effects are included in our parameterisation through
the introduction of an activity coefficient for water,γH2O,
and a pseudo-activity coefficient for the organics in SOA,
γOrg. Both parameters are estimated from BOREAM simu-
lations including water uptake, conducted at a temperature
of 288 K and at relative humidity values ranging between 0
and 99.9 %.

As a simplification, the SOA is treated as a binary mix-
ture of water and one organic pseudo-compound, which rep-
resents the entire organic fraction of the SOA. The over-
all pseudo-activity coefficientγOrg accounts for the non-
ideality effects which the added water exerts on the organic
compounds, whereas the non-ideality effects among organic
compounds are implicitly accounted for in the parameterisa-
tion without water uptake.

Figure13shows the resulting dependence of the water ac-
tivity coefficient on relative humidity. At relatively low rel-
ative humidity (typically below 60 %), the water activity co-
efficient is lower than 1, leading to an increased water con-
centration in SOA, compared to the ideal case, in which the
relative molecular water concentration would be equal to the
relative humidity.γH2O reaches a maximum of 1.08 for the
low-NOx scenario at 92 % RH. At higher RH values,γH2O
decreases towards a value of 1 at 100 % RH. This is expected,
as the organic fraction becomes very small, causing non-
ideality effects of the organic fraction to become negligible.

Two methods are used to derive the pseudo-activity coef-
ficient γOrg for the organic fraction. In the first method,γOrg
is obtained from the modelled activity coefficient and molec-
ular fraction of water in SOA. Indeed, for a binary mixture,
when the molar fraction and activity coefficient for one com-
ponent are known, the Gibbs-Duhem relationship at constant
temperature and pressure (Poling et al., 2001)

x1

(
∂ lnγ1

∂x1

)
T ,P

= x2

(
∂ lnγ2

∂x2

)
T ,P

(5)

might be used to derive the activity coefficient of the other
component through an integration. Atx1 = 0, the activity co-
efficient of the second component is 1, and lnγ2 = 0. We can
then integrate Eq. (5) from x1 = 0 to anyx1 (Olander, 2007):
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Fig. 13.The activity coefficient of water in function of RH, for the
five oxidation scenarios (at 288 K).

lnγ2(x1)∫
lnγ2(x1=0)

dlnγ2 = lnγ2 = −

lnγ1(x1)∫
lnγ1(x1=0)

x1

1− x1
dlnγ1 (6)

Taking water and the organic fraction to be component 1 and
2, γ2 = γOrg can be obtained by the numerical evaluation of
the integral on the right-hand side of Eq. (6), with γ1 andx1
provided by BOREAM model simulations.

Comparing simulatedMO values including water for the
parameter model and the full model (Fig.15), a good agree-
ment is found for the low-NOx OH-oxidation. For the other
oxidation scenarios, however, the use of the Gibbs-Duhem
γOrg leads to larger deviations above 80 % RH. Therefore,
for high-NOx conditions a direct optimisation ofγOrg was
performed instead, at 160 RH values between 0 and 100 %,
which minimises the difference inMO between full and pa-
rameterised model (shown in Fig.14). As can be seen in
Fig. 15, these values lead to an excellent agreement of the
SOA yields for the high-NOx scenario. Tabulated values for
γH2O andγOrg for the oxidation scenarios can be found in
Tables S12 and S13 of the Supplement. Sensitivity tests in
which the activity coefficients are given constant values (1
or 1.1 forγH2O, and 1 for the organic species) show that at
high RH the use of these constant values for theγ can lead
to important discrepancies (Fig.15).

Extrapolation to intermediate NOx levels of the above pa-
rameterisation for water uptake and water activity can be
performed as follows. The values ofγOrg,i for each oxida-
tion scenario are assigned to the corresponding condensable
products.γH2O is extrapolated based on the mass fraction of
products corresponding to oxidation scenarioi in the SOA,
ri , usingγH2O =

∏(
γH2O,i

)ri . We have performed simula-
tions at intermediate NOx (100 ppt and 1 ppb NO2), showing
that the agreement between full and parameter model is good.
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miseMO agreement between full BOREAM and parameter model
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4 Conclusions

The detailed model BOREAM is used to simulate the forma-
tion of SOA accompanyingα-pinene oxidation under near-
atmospheric conditions, including continued photochemical
ageing.

The chemistry of further generation oxidation products is
represented by a generic chemistry scheme in the full model,
which is described in detail. Photolysis of species in the
aerosol phase is included, in analogy with gas phase pho-
tolysis. Evaluation against a large number of photooxidation
smog chamber experiments shows that most experimental
SOA mass yields can be reproduced to within a factor 2. Un-
certainties in the generic chemistry were found not to have
a large impact on SOA for low-NOx experiments. At high
NOx, the branching ratios towards decomposition or H-shift
isomerisation adopted for alkoxy radicals are found to have
a possibly large influence on SOA.

BOREAM is used to design and adjust an SOA parameter-
isation for use in large-scale atmospheric models. The oxida-
tion of α-pinene by OH, ozone and NO3 are modelled sep-
arately. Simulations are performed with BOREAM for low-
and high-NOx conditions, using a prescribed diurnal cycle
for radiation, oxidants andα-pinene, while deposition of gas
phase and particulate compounds is considered. The equilib-
rium SOA mass concentrations, reached typically after about
12 days, are used to constrain the parameters (temperature-
dependent mass stoichiometric coefficients and partitioning
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Fig. 15. The impact of relative humidity (RH) on total absorbing
massMO (including water), for the full model in the case of OH-
oxidation at low-NOx (black) and high-NOx (blue), at 288 K. Note
that the appliedα-pinene concentration was higher in the case of
the high-NOx simulation shown here. The parameter model results
are given in green for low NOx and cyan for high NOx. Two sensi-
tivity tests illustrate the model discrepancy resulting from the use of
constant values for the activity coefficients in the parameter model.

constants) of 2 condensable products separately per oxida-
tion scenario. In order to take into account the revolatili-
sation of condensable products due to photochemical pro-
cesses, and to ensure sufficient agreement with the full model
both during SOA build-up and when SOA has reached an
equilibrium concentration, a pseudo-photolysis reaction is
applied to the condensable products in the parameter model.
The SOA parameterisation is shown to reproduce the SOA
formation of the full BOREAM model reasonably well in
the majority of cases at all NOx levels. At the highest tem-
peratures and low SOA concentrations, the parameterisation
is not always successful at reproducing the full model yields
over the whole time range, but agreement is found to be suffi-
cient near SOA equilibrium. A decrease of SOA mass yields
is found for increasing NOx concentrations in the full model,
which is generally well reproduced by the parameter model.

The SOA mass yields are shown to be relatively insensitive
to variations of the concentrations of OH and HO2 adopted in
the simulations. Increasing radiation intensity reduces SOA
mass yields considerably, however (at similar oxidant levels).
The photolysis of aerosol phase species has a large impact
on the SOA mass yields in atmospheric conditions, since it is
found to reduce SOA yields by a factor of about 2 after sev-
eral days of ageing in the low-NOx OH-initiated oxidation
scenario. Particulate phase photolysis is therefore a large fac-
tor of uncertainty which warrants further experimental stud-
ies.
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The low-NOx SOA mass yields in our model are found to
be considerably higher (up to 50 % mass yield for low-NOx
OH-oxidation) than in previously published SOA parameter-
isations based on smog chamber experiments. This is largely
due to the fact that these smog chamber experiments were not
conducted at the very low NOx concentrations (1 ppt) used in
our model, and generally did not allow for much photochem-
ical ageing, in contrast with the simulations performed here.
The simulated high-NOx SOA yields, on the other hand, are
found to be lower than in most experimental parameterisa-
tions.

Box model simulations under ambient conditions, as gen-
erated by a global chemistry-transport model, were con-
ducted with the full and parameter model. Agreement over-
all between parameter and full model is found to be about
around 10 %, with only a small minority of cases where devi-
ations exceed 20 %, which is a satisfactory result given other
larger uncertainties in connection with SOA models.

The parameterisation of water uptake involves an RH-
dependent activity coefficient for water,γH2O, and an overall
pseudo-activity coefficientγOrg, which accounts for the non-
ideality effects which the added water exerts on the organic
compounds. Use of these adjusted activity coefficients in the
parameterised model leads to a good agreement with the full
model for all relative humidities, for both low, intermediate
and high-NOx simulations.

The parameterisation for secondary organic aerosol from
α-pinene obtained in this work accounts for the influence
of temperature, NOx-regime, the impact of long-term photo-
chemical ageing and water uptake, which was generally not
the case for parameter models based on experiments, usually
due to lack of sufficient data. It can therefore be used to es-
timate the impact of these factors in regional or global mod-
els, although it should be acknowledged that large uncertain-
ties remain in the full BOREAM model, e.g. with respect to
the photolysis of SOA and the further generation chemistry.
Further model validation against long-term ageing experi-
ments under various NOx conditions is desirable, as would
be model intercomparison with other new SOA models (for
exampleValorso et al., 2011; Utembe et al., 2009; Xia et al.,
2011, or other studies making use of the VBS approach). For
wider application in SOA modelling it would also be neces-
sary to extend this approach to other SOA precursors, and ad-
dress the interaction with other types of aerosol components
which might be present, such as primary organic aerosol or
inorganic components.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/12/
5343/2012/acp-12-5343-2012-supplement.pdf.
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