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Abstract

A new 10-product parameter model for α-pinene secondary organic aerosol (SOA) is
presented, based on simulations with the detailed model BOREAM (Biogenic hydro-
carbon Oxidation and Related Aerosol formation Model). The parameterisation takes
into account the influence of temperature, type of oxidant, NOx-regime, photochemical5

ageing and water uptake, and is suitable for use in global chemistry transport models.
BOREAM is validated against recent photooxidation smog chamber experiments, for
which it reproduces SOA yields to within a factor of 2 in most cases. In the simple chem-
ical mechanism of the parameter model, oxidation of α-pinene generates peroxy radi-
cals, which, upon reaction with NO or HO2, yield products corresponding to high or low-10

NOx conditions, respectively. The model parameters – i.e. the temperature-dependent
stoichiometric coefficients and partitioning coefficients of the 10 semi-volatile products
– are obtained from simulations with BOREAM, including a prescribed diurnal cycle for
the radiation, oxidant and emission levels, as well as a deposition sink for the particu-
late and gaseous products. The effects of photooxidative ageing are implicitly included15

in the parameterisation, since it is based on near-equilibrium SOA concentrations, ob-
tained through simulations of a two-week period. Modelled SOA mass yields are about
ten times higher in low-NOx than in high-NOx conditions, with yields of about 50 % in
the low-NOx OH-initiated oxidation of α-pinene, considerably more than in previous
parameterisations based on smog chamber experiments. The parameterisation is only20

moderately sensitive to the assumed oxidant levels. However, photolysis of species
in the particulate phase is found to strongly reduce SOA yields. Water uptake is pa-
rameterised using fitted activity coefficients, resulting in a good agreement with the full
model.
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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).
Organic material often makes up more than 50 % of atmospheric aerosols, of which an
important fraction is secondary organic aerosol (SOA), containing semi-volatile gas5

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 monoterpenes (for examples, see references in Sect. 2.5), sesquiterpenes10

(Ng et al., 2007a), isoprene (Kroll et al., 2006) and dicarbonyls (Volkamer et al., 2009).
The monoterpene α-pinene is one of the volatile organic compounds whose SOA

formation mechanism has received most attention. Numerous smog chamber studies
have been conducted, aimed at monitoring SOA yields and elucidating the gas phase
and aerosol phase composition and chemical mechanisms, which were either “dark15

ozonolysis” (see for example the experiments cited in Table 1 in Ceulemans et al.
(2010)) or “photooxidation” 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 of α-pinene, which have been sup-20

plemented with a partitioning model (Kamens and Jaoui, 2001; Jenkin, 2004; Capouet
et al., 2008; Xia et al., 2008). Such detailed mechanisms are often too large for use
in global chemistry transport models, however. Moreover, these models still contain
many uncertainties (Hallquist et al., 2009), which can lead to discrepancies between
modelled and experimental SOA yields (Xia et al., 2008; Ceulemans et al., 2010).25

Another approach towards SOA modelling has been the direct fitting of parame-
terised two-product models for SOA formation against experimental SOA mass yields
(Odum et al., 1996), and for α-pinene a number of parameterisations has been derived
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(see Sect. 3.5). Most smog chamber experiments were hitherto conducted under con-
ditions 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. Parameteri-5

sations based on experimental studies 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 parameterisation.

A number of global modelling studies on SOA formation have made use of SOA pa-10

rameterisations for various precursors (see for example Henze et al., 2008; Tsigaridis
and Kanakidou, 2007; Farina et al., 2010; Pye and Seinfeld, 2010; Pye et al., 2010;
Carlton et al., 2010). Biogenic precursors, and in particular the monoterpenes, are
found to be major contributors to SOA, but a consensus on the contributions of the var-
ious types of organic aerosol, and on its total global production, has not been reached15

yet, with large differences between different models, and with measurements, remain-
ing. In such studies, parameterisations for α-pinene SOA are often used as a proxy for
SOA from some or all of the monoterpenes.

Various factors can impact SOA yields. Increasing temperature is expected to have
a decreasing effect, by increasing the saturated vapour pressure of semi-volatile com-20

pounds. SOA parameterisations (Odum et al., 1996; Presto et al., 2005a) based on
SOA experiments around the same temperature do not contain an explicit tempera-
ture dependence. In Pathak et al. (2007) dark α-pinene experiments at temperatures
between 15 and 40 ◦C were conducted, and a decrease in SOA yields was observed
with increasing temperature, which was smaller than the decrease predicted by the full25

BOREAM model (Ceulemans et al., 2010), however. Saathoff et al. (2009) conducted
a large number of dark ozonolysis experiments at different temperatures, and explic-
itly included the temperature dependence in their parameterisation. Several global
modelling studies have made use of an estimated enthalpy of vaporisation (∆Hvap),
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to account for the temperature dependence of SOA yields (Chung and Seinfeld, 2002;
Henze et al., 2008; Farina et al., 2010; Pye and Seinfeld, 2010). The estimated ∆Hvap is
still quite uncertain, but its impact on global SOA production is large, especially outside
the boundary layer (Henze and Seinfeld, 2006; Farina et al., 2010). The temperature
sensitivity in the parameterisation of Stanier et al. (2008) is based on an enthalpy of5

vaporisation 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 more10

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 al-
lows 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 uncer-
tain: they may require a number of arbitrary choices (for example the change in volatility15

upon reaction), as these models are still not fully constrained by adequate experimen-
tal 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.

Whereas Tsigaridis et al. (2006) only considered ozonolysis as a significant SOA20

source, photooxidation experiments, such as Ng et al. (2007a) indicated that high SOA
yields are also found in the OH-initiated oxidation of α-pinene, especially 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). Ex-
perimentally it is difficult to fully separate the SOA yields due to these oxidants. In dark25

ozonolysis experiments, an OH scavenger limits the oxidation of α-pinene to ozonol-
ysis, but this also limits ageing through OH-oxidation. In photooxidation experiments,
significant ozone levels might be present, which oxidise part of the VOC.
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SOA yields from α-pinene have been shown to decrease with increasing NOx con-
centrations (Presto et al., 2005a; Ng et al., 2007a; Capouet et al., 2008), although the
same is not necessarily true for other VOCs, such as sesquiterpenes (Ng et al., 2007a)
and isoprene (Hoyle et al., 2011). Presto et al. (2005a) and Pathak et al. (2007) pro-
vided separate high and low-NOx SOA yield parameterisations. Until recently, NOx5

dependence was not considered for biogenic species in most global models. Farina
et al. (2010) and Pye et al. (2010) have employed a parameterisation with a NOx de-
pendence for the monoterpenes, however, which follows the approach of Henze et al.
(2008) for aromatics.

Simulations indicate that water uptake by SOA can significantly increase SOA yields10

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), although Engelhart 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 and15

easily implementable parameterisations.
In this paper, we present a 10-product parameterisation for α-pinene SOA, taking

into account the impact of temperature, type of oxidant, NOx-regime and photochemi-
cal ageing on SOA yields. The effect of water uptake is also treated. Due to its small
size, this parameterisation is easily implementable in global chemistry transport mod-20

els. The parameterisation is based on simulations with the detailed model BOREAM
(Capouet et al., 2008; Ceulemans et al., 2010). The use of a box model makes it pos-
sible to easily cover a wide range of photochemical conditions. The parameterisation is
designed to reproduce the SOA yields at equilibrium, when SOA formation is balanced
by deposition losses, after typically two weeks. A similar approach was adopted re-25

cently in Xia et al. (2011), in which a reduced mechanism, containing a volatility basis
set with further ageing reactions, was designed, based on simulations with the detailed
MCM mechanism for α-pinene.
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Section 2 presents the BOREAM model, in particular its generic chemistry mecha-
nism (Sect. 2.2), which represents the further-generation chemistry. The model is vali-
dated 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 parameterised SOA to NOx, HOx5

and radiation levels is investigated. Section 3.5 presents a comparison with previous
parameterisations. 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 described in Capouet et al.10

(2008). The chemistry of the radical 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 struc-
ture activity relationships (SARs) for other primary gas phase reactions. The cross
reactions of peroxy radicals are represented through reactions with counter species15

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 activity re-
lationships (Capouet et al., 2008). The further generation products are lumped into
so-called semi-generic and generic species classes (Capouet et al., 2008; Ceulemans20

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 common secondary products are described through the semi-generic scheme, as
a complete description would require a prohibitively large number of categories.
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2.2 Generic chemistry

The generic chemistry system was introduced in Capouet et al. (2008), and further
extended in Ceulemans 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 number (from 10 down to 6) and by one explicit5

functional group. Other functional groups which might be present in the multi-functional
compounds which the generic species represents, are not explicitly rendered. These
“implicit” functional groups still have an impact on the volatility and reactivity of the
compound. Therefore the generic species are further subdivided into 11 volatility
classes. Each class represents lumped organic compounds, which have a “parent10

compound” (the molecule resulting from replacement of the explicit functional group
by one or more hydrogen atoms) with a saturated liquid vapour pressure p0

L,parent
falling within the volatility class range. For the highest volatility 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 class “k”, p0

L,parent <10−5.5 Torr.15

In the model, the non-radical generic species themselves are then assigned a vapour
pressure, determined by the contribution of its explicit group (based on Capouet and
Müller, 2006), and the representative volatility class vapour pressure p0

L,LX, taken to be

equal to the geometric mean of the volatility class range for classes “b”–“j”, 10−0.75 Torr
for class “a”, and 10−5.75 Torr for class “k”.20

In our notation a generic species name consists of the prefix “LX”, the carbon num-
ber, 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”).25

Each class includes 13 gas phase species: 3 radical species (alkoxy, peroxy and acyl
peroxy) and 10 molecular species, and their chemistry is described by 86 reactions for
each class (see Supplementary Material).
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Molecular generic compounds can react with the OH radical or undergo photolysis.
The rates of reactions involving 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 there-5

fore generally more reactive. On the basis of simple assumptions, described in the
Supplementary Material, the OH-reactivity and photolysis rates have been assigned.

Whereas reactions such as photolysis or alkoxy-radical decomposition lead to a loss
of carbon atoms or functional groups from the molecule, other reactions might add
functional groups to the implicit part of the molecule. In each case, the product of the10

reaction is assigned to the appropriate carbon number/volatility class.
The generic alkoxy radicals can undergo three types of reactions (Table 1): reaction

with O2, leading to a carbonyl function (1), decomposition (2) or 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 structure of the alkoxy radical, in contrast with the reaction15

rates for decomposition or H-shift isomerisation (see Vereecken 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 acetone elimination. Other types of
decomposition, for example breaking of a ring structure, are not considered.20

The branching ratio estimates are based on the reactions of the explicit alkoxy radi-
cals present in BOREAM (see Capouet et al., 2004, 2008). It is found that decomposi-
tion 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 therefore assumed that lower volatility compounds, which gen-25

erally have more functional groups, have a higher branching towards decomposition.
Among the decompositions, type (2.a) (Table 1) 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
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the reactant. This is illustrated with two examples from Table 1.
In Reaction (2.c), the reactant loses three carbon atoms and one alcohol functional-

ity, leading to an expected increase of p0
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 example5

moves up 7 volatility classes, from class “i” to class “b”.
On the other hand, for H-shift isomerisation (Reaction (R3) in Table 1) the alkoxy

radical abstracts an H-atom from another carbon, leading to a hydoxy alkyl radical
(Vereecken and Peeters, 2010). This radical can react with oxygen, forming a peroxy
radical, which becomes the explicitly represented group. The alcohol function is in-10

cluded in the implicit part of the generic species, reducing its volatility, so that it moves
to the lowest vapour pressure class “k”. Besides reactions with O2, the intermediate hy-
droxy alkyl radical might contain a primary carbonyl function, in which case it becomes
an acyl peroxy radical (“LX10kO3”), or it might contain an α-hydroperoxide, nitrate or
alcohol function, in which cases it decomposes into an aldehyde. The implicit part of15

the generic species then loses a functional group, so that product volatility is increased
(“LX10gCHO”).

For peroxy- and acyl peroxy radicals, the same scheme as for explicit (acyl-)peroxy
radicals is used, where we assign to all alkyl peroxy radicals the reactivity of secondary
alkyl peroxy radicals (the “R2R” class defined in Capouet et al. (2008)).20

The generic chemistry contains the implicit representation of a very large number of
chemical reactions which the further generation products are expected to undergo. It
is based on choices for rate constants, made on the basis of analogy with other mech-
anisms, such as the explicit primary chemistry of α-pinene. The assumed reactivity of
the implicit part of the generic species remains, however, among the largest sources25

of uncertainty in our model.
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2.3 Heterogeneous and aerosol phase chemistry

Studies have pointed towards the importance of heterogeneous and aerosol phase
chemistry. Although the formation of peroxy hemiacetals was investigated in a sensi-
tivity test using BOREAM (Capouet et al., 2008), the reaction rates remain quite un-
certain, and this reaction is not part of the current version of BOREAM. Other oligomer5

forming reactions, such as hemiacetal formation and esterification have been pro-
posed, but the reaction rates of these processes, which often require acid catalysis
in the aerosol phase, are still not known (see Hallquist 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 sensitivity tests indicate that it only has a minor impact on10

SOA yields due to kinetic limitations under atmospheric conditions (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 radi-
cal products in the aerosol is poorly understood. Several recent studies have shown15

that photolysis of oxygenated organic compounds in the particulate phase is far from
negligible. In Mang et al. (2008) the photolysis of carbonyls in limonene SOA was in-
vestigated, and estimates of the quantum yield and absorption spectra for the carbonyl
compounds in the SOA led to an estimated lifetime of about 6 hours for a zenith angle
of 20◦. The present model version includes aerosol phase photolysis, with identical J-20

values and product distributions as in the gas phase, in view of the lack of more reliable
experimental 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 of Pankow (1994), in which the equilib-25

rium constant Kp,i =Cp,i/Cg,i ·M
−1
O determines the ratio of the particle and gas phase

concentration of species i , which is also dependent on the total absorbing organic
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aerosol mass concentration MO (in µg m−3). This partitioning constant can be calcu-
lated through the formula

Kp,i =
760 ·RT · fom

MWom ·106 ·γi ·p0
L,i

(1)

where R is the gas constant (atm m3 K−1 mol−1); T is temperature (K); MWom is the
molecular weight of the absorbing medium (g mol−1); fom is the weight fraction of or-5

ganic matter in the total aerosol; γi is the activity coefficient of compound i 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
Müller (2006) is used to estimate the vapour pressure p0

L,i as a function of temperature
for the semi-volatile species present in the BOREAM gas phase mechanism. The ac-10

tivity coefficients γi are calculated online using the method described in Compernolle
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 determined by Raatikainen and Laaksonen (2005). Water
uptake is also considered by the model.15

2.5 Model comparison against photooxidation smog chamber experiments

Previous simulations of α-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 experimental data.
For dark ozonolysis, larger discrepancies were found at high temperatures (above20

30 ◦C) and at low VOC loadings and no seed. In this section, the current version 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.25
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An overview of the simulated experiments is given in Table 2. All experiments made
use of a light source. Most experiments also included a considerable quantity of NOx,
except the first two experiments of Ng et al. (2007a), which were conducted under
very low-NOx conditions, and three of the Presto et al. (2005a) experiments consid-
ered. For experiment 1 in Ng et al. (2007a), unknown quantities of NOx, H2O2 and O35

were present at the start of the experiment, which were constrained using the mea-
surements of α-pinene and O3 for this experiment, provided in Valorso 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
on α-pinene and NOx data (see again Valorso et al., 2011). For the low-NOx sce-10

nario, reasonable agreement is reached for ozone production (see Fig. 2 in the Sup-
plement). For the high-NOx experiment, reproducing the observed α-pinene decay is
possible only when an additional OH-source is included, possibly due to reactions on
walls, as proposed by Valorso et al. (2011). Reasonable agreement is obtained with
measured NO and NO2 concentrations (see Fig. 5 in the Supplement). However, for15

one intermediate-NOx experiment, serious 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. There-
fore we did not include this experiment in the overview in Table 2. SOA yields for this
experiment were actually strongly overestimated, as in Valorso et al. (2011). In addi-20

tion, we show simulations of three experiments of Carter (2000), in which the quantity
D(O3−NO)= ([O3]− [O3]initial)− ([NO]− [NO]initial) was determined experimentally. The
current BOREAM model version shows good agreement or slight overestimation of
ozone production for these experiments (see Figs. 7 to 9 in the Supplement).

In Ng et al. (2007a) an aerosol density of 1.32 g cm−3 was measured, which was25

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, measured SOA volume concentrations were trans-
formed into mass concentrations based on an assumed aerosol density of 1.0 g cm−3.
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Since this estimate is likely too low, in view of the measurement of Ng et al. (2007a),
we have multiplied the reported SOA mass yields by a factor of 1.32.

In Fig. 1, modelled and experimental SOA mass yields are compared. For most ex-
periments, the SOA yields are reproduced well within a factor of 2. The overestimations
of more than a factor 2 found for three experiments of Takekawa et al. (2003) might be5

related to uncertainties regarding the yield of some carboxylic acids, such as pinic and
hydroxy pinonic acid, which are formed in α-pinene ozonolysis, but for which the for-
mation mechanism is not well understood (Ceulemans et al., 2010). Their production
yield is held fixed in the model, although it is very probably dependent on photochemi-
cal conditions, e.g. the NOx abundance. In some experiments, such as Takekawa et al.10

(2003) and Hoffmann et al. (1997), there is a considerable ozone production, so that
part of the α-pinene undergoes ozonolysis (besides reaction with OH). The model re-
produces well the SOA decrease with increasing NOx concentrations, as seen from the
comparison of experiments 1 and 4 of Ng et al. (2007a), for which the time evolution
is given in Figs. 3 and 6 in the Supplement. The SOA yield in the low-NOx experi-15

ment 1 of Ng et al. (2007a) is overestimated by the model, a result which was also
obtained in Valorso et al. (2011). Overall the model results agree reasonably well with
the experimental values, considering the theoretical and experimental uncertainties.

3 Parameterised SOA formation model based on BOREAM

3.1 Parameterised 10-product model20

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 compounds, 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-product25

model first applied by Odum et al. (1996), except that the parameters are obtained

23434

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/23421/2011/acpd-11-23421-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/23421/2011/acpd-11-23421-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 23421–23468, 2011

Parameterising SOA
from α-pinene

K. Ceulemans et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

from box model simulations with BOREAM, and that the parameterisation accounts 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
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, thus5

leading to a model containing in total 10 condensible products.
In the original two-product model, oxidation of the SOA precursor leads to the imme-

diate 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 equation10

Y =
∑

Yi =MO

∑ αiKp,i

1+Kp,i ·MO
(2)

where Y is the SOA mass yield. Note that the molar stoichiometric coefficients α′
i

can be derived from the mass-stoichiometric coefficients and the ratio of the molar
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 exam-15

ple Presto et al., 2005b or Capouet et al., 2008), the VOC oxidation product can be
taken to be a peroxy radical (“PRAPOH1” and “PRAPO31”, see Table 3), which upon
reaction with NO or HO2, leads to a set of condensable products with stoichiometric
and partitioning coefficients adjusted against experiments conducted under high or low
NO conditions respectively. This system, adopted by Henze et al. (2008) to param-20

eterise NOx-dependence of SOA yields for aromatic compounds, is also used here,
although modified with the introduction of an additional peroxy radical (“PRAPOH2” or
“PRAPO32” in Table 3), in order to better reproduce the NOx-dependence of the yields
at intermediate NO levels, as described in more detail in Sect. 3.4.1. The reduced
mechanism of our parameterisation is presented in Table 3. Note that the reaction of25

α-pinene with NO3 is assumed to be unimportant in low-NOx conditions, so that the
condensable products can be formed immediately from this reaction. The parame-
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terisation includes a total of 11 equations and 10 condensable products. Note that,
although the cross-reactions of peroxy radicals are ignored in the reduced mechanism,
their role is taken into account in the full BOREAM model. This simplification is not
expected to cause large errors, except in the case of very high VOC loadings.

3.2 Scenarios for full model runs5

The parameters of the 10-product model are obtained from full BOREAM model sim-
ulations conducted under five scenarios, each corresponding to one pair of products.
We limit the oxidation of α-pinene to one oxidant, by turning off the reactions with the
other two main oxidants. All oxidants, however, are allowed to react with the oxidation
products of α-pinene. For the high-NOx scenario we adopt a concentration of 100 ppb10

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
simulations including a sustained emission of α-pinene, as well as a sink of gaseous
and particulate compounds due to dilution and deposition. Adopting a sink term cor-15

responding to a lifetime of 6 days, typical for organic aerosols (see for example Fa-
rina 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. The noontime photolysis rates are calculated
by assuming a 20◦ zenith angle. Their diurnal variation is assumed to follow a sin2

20

function zeroing at 05:00 LT and 19:00 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, respectively, whereas their noontime (maximum) values are
set to 107 and 2×109 cm−3, respectively. These values are in the range of concentra-
tions reported from field measurements, e.g. Hofzumahaus et al. (2009) in the Pearl25

River Delta, Martinez et al. (2003) around Nashville, and Martinez et al. (2010) in the
Surinam rainforest.
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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 cycle, reaching a maximum value
of 60 ppb. In low-NOx conditions, and when OH is the oxidant, ozone concentrations
typical of unpolluted areas are chosen with 5 ppb at night and 15 ppb at the daytime5

maximum.
For each simulation, the quasi-steady state SOA yield is calculated from the model

results on the last day of the simulation, with Y = [OA produced]/[α-pinene consumed].
Assuming equilibrium, [OA produced] is equal to the loss through deposition during one
day, which equals the daily averaged aerosol concentration divided by the lifetime in10

days. 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.
Water uptake to the aerosol phase is suppressed in these runs. The additional SOA
formation due to water uptake will be parameterised through activity coefficients, as
documented in Sect. 3.6.15

In order to take the temperature sensitivity of the yields into account, Y (MO) curves
are obtained at seven temperatures between 273 K and 303 K, with steps of 5 K. We
assume the following temperature dependence for the partitioning constant:

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

exp
(
∆Hi

R

(
1
T
− 1
Tr

))
MW

MWref
(3)

in which the reference temperature Tr = 298 K, ∆Hi represents the enthalpy of va-20

porisation and MWref is the reference average molar mass of the molecules in the
SOA. This approach was followed by Saathoff et al. (2009) for obtaining temperature-
dependent coefficients for α-pinene dark ozonolysis experiments over a wide range of
temperatures. Equation (3) can be rewritten as Kp,i (T )=Ai ·T ·exp(Bi

T ), where Ai and
Bi are the fitting parameters. For the mass stoichiometric coefficient, a temperature25

dependence of the form

αi (T )=α0
i exp(α1

i (T −Tr )) (4)
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is assumed.

3.3 Parameter adjustment results

The parameterisations are obtained by minimising the relative difference between the
box model yields and the yields calculated using Eq. (2). Comparison of the fitted
and full model (see Fig. 2 and the Supplementary Material file) shows a satisfactory5

agreement in most cases, to better than 10 % for nearly all data points in the range
0.5–50 µg m−3. Figure 3 shows the parameterised Y (MO) curves at 298 K between 0
and 20 µg m−3. For both low-NOx scenarios, yields 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 as Presto et al. (2005a). The yields for10

the OH-oxidation of α-pinene are found to be somewhat higher than for ozonolysis, in
both NOx regimes. The yields for NO3-oxidation are quite small at 298 K, but the yields
for this scenario increase significantly at lower temperatures. The yield curves for the
high-NOx scenarios lie quite close to each other, and their maximum in this range is
about 3–4 %. In Table 4, the fitted parameters for the ten products considered are15

given.

3.4 Sensitivity of the parameterised yields to model assumptions

Since photochemical conditions in the atmosphere might differ from the conditions as-
sumed for the parameterisation, in this subsection we investigate the sensitivity of the
parameterised yields to key parameters and assumptions.20

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 radicals (“PRAPOH1” and “PRAPOH2”) upon α-pinene oxidation by OH, and
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two peroxy radicals (“PRAPO31” and “PRAPO32”) upon α-pinene ozonolysis. A sim-
pler parameterisation similar to the scheme used in Henze et al. (2008), in which only
one peroxy radical was produced (i.e. when the branching ratio towards the second-
generation peroxy radicals “PRAPOH2” and “PRAPO32” is zero), has been tested, but
was found to lead to significant SOA overestimates at intermediate NOx levels. This5

can partly be explained by the fact that the peroxy radicals reacting with HO2 in the
parameter model immediately yield highly condensable low-NOx products, which in the
full model correspond to products formed after several subsequent reactions of peroxy
radicals with HO2, for example hydroxy dihydroperoxides. In the full model, however, a
reaction with HO2 can be followed by a reaction with NO, leading to the formation of a10

much more volatile product.
The introduction of the additional peroxy radicals “PRAPOH2” and “PRAPO32”, as

seen in Table 3, results in a redistribution between high and low-NOx products, and to
an improved agreement between full and parameter model at intermediate NOx levels
for both OH and ozone oxidation (see Fig. 4, and Fig. 14 in the Supplement). We have15

also checked the agreement of full and parameter model at intermediate-NOx levels at
different temperatures (see Figs. 15 to 18 in the Supplement), for which deviations from
the full model remain within 10–15 % at most atmospherically relevant SOA loadings.

Note that even at high NOx or low NOx, small discrepancies persist between param-
eter model and full model. For the high-NOx scenario, an overestimation is found, due20

to the fact that some peroxy radicals react with HO2 during the night, even at elevated
NO2 concentrations, yielding low volatility “low-NOx” products. The SOA underestima-
tion at low NOx (1 ppt NO2) is caused by the longer time needed to reach equilibrium
in the parameterisation (about 40 days). Parameter model yields shown here were
sampled after 24 days. This discrepancy is only a few percent at most, however.25

3.4.2 Importance of aerosol photolysis for SOA ageing

Aerosol photolysis has only little impact for the simulation of the experiments described
in Table 2, which lasted only a few hours. Aerosol photolysis has, however, a poten-
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tially 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 very strong increase of
the SOA yields, in particular for the oxidation of α-pinene by OH under low-NOx condi-
tions, with SOA mass yields reaching values of around 100 % (see Fig. 5, magenta full
curve).5

This strong sensitivity of SOA yields to aerosol photolysis after several days of age-
ing is caused by the fact that most condensable species, formed in the oxidation of
α-pinene, reside predominantly in the aerosol phase. 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 more10

volatile species, residing mostly in the gas phase, are oxidised in part to low-volatility
compounds, 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 condens-
able oxidation products in the SOA.

Aerosol photolysis can partly revolatilise these condensable species, except those15

which do not contain any photolabile chromophore. Ignoring aerosol photolysis will
therefore likely lead to unrealistically high SOA yields in models, although large un-
certainties exist, regarding the rates of aerosol phase photolysis reactions. Further
experimental work is clearly desirable.

In a second sensitivity test, the solar zenith angle used in the calculation of pho-20

torates, is increased from 20◦ to 45◦ (but the prescribed oxidant levels are kept identical,
however). This leads to an increase of SOA yields (dashed magenta curve), e.g. from
0.48 to 0.58 at MO =10 µg m−3.

3.4.3 Influence of assumed OH and HO2 concentrations

OH and HO2 play an important role in SOA formation, especially at low NOx, since25

their concentrations determine the formation of hydroperoxides and other oxygenetated
species. As seen in Fig. 5, the SOA yields increase by up to about 0.03, when the OH
and HO2 concentrations are doubled.
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Halving the OH and/or HO2 levels leads to comparatively larger changes. E.g. at
MO =10 µg m−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 conclusion, the use of a fixed diurnal profile
for OH and HO2 in the model calculations introduces small but significant uncertainty
in the parameterised SOA formation rate, typically of the order of 10–15 %.5

3.5 Comparison with parameterised models based on experimental yields

A non-exhaustive overview of parameterisations for SOA formation from α-pinene
based on smog chamber studies is given in Table 5.

Figure 6 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 for10

proper comparison. For those experimental parameterisations which do not contain an
explicit temperature dependence, we adjusted the partitioning equilibrium constants by
use of Eq. (3), assuming a value for ∆Hvap/R of 5000 K, although it should be noted that
a large uncertainty exists for the enthalpy of vaporisation of SOA (Stanier et al., 2008).
For the parameterisation of Hoffmann et al. (1997) this adjustment nearly doubles the15

SOA yield, but for most other parameterisations the difference is less important.
Figure 6 shows a very large variation between the different 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.20

Low-NOx model scenario yields are considerably higher than those for the experi-
mental studies, partly due to the fact that in the model scenarios ageing has a larger
impact. These model scenarios assume an average lifetime of 6 days for the gas and
aerosol species, much longer than the duration of the smog chamber experiments,
which typically last several hours. Moreover, in most ozonolysis studies, OH scav-25

engers were used, which limits the extent of further ageing which the primary products
can undergo. In the low-NOx model scenario, the continuous exposure of products
to OH and HO2 is responsible for much of the increase in functionalisation (with for
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example additional hydroperoxide groups as a result) and decrease in volatility of the
oxidation products. In shorter experiments, or in experiments without OH, this process
will be limited, and SOA yields remain low.

The high-NOx curve for Presto et al. (2005a) agrees well with the high-NOx BOREAM
scenarios. In the BOREAM simulations with high-NOx photooxidation the reaction with5

NO yields mostly alkoxy radicals, and some nitrates or peroxy acyl nitrates (PANs)
as side products. The alkoxy radicals can in some cases decompose, which leads to
smaller carbon chains or to a loss of oxygenated functional groups, increasing volatility.
This explains the large difference found between high and low-NOx yields, and also why
long-term ageing under high-NOx conditions might lead to lower SOA yields than seen10

in high-NOx SOA experiments of shorter duration. As an illustration, the high-NOx
experimental yields of Ng et al. (2007a) are shown in Fig. 6. These yields are higher
than in the BOREAM scenario for photooxidation at high-NOx. It should be noted that
in the simulation of these experiments, the full BOREAM model calculated SOA yields
comparable to the experimental SOA yields (see Fig. 1).15

Experimental SOA parameterisations for α-pinene have been used in several global
modelling studies, where they are generally used to represent SOA from the monoter-
pene family. Pye et al. (2010) used a NOx-dependent parameterisation, for which the
low-NOx yield is based on the study of Shilling et al. (2008), which consisted of dark
ozonolysis experiments with addition of an OH scavenger. The absence of OH can20

partly explain their lower yield compared to BOREAM.
In Farina et al. (2010), a NOx-dependent parameterisation using a 4-product volatility

basis set was used, based on the studies of Hoffmann et al. (1997), Ng et al. (2006)
and Ng et al. (2007a). Their high-NOx yields lie somewhat higher than the high-NOx
experimental yields of Ng et al. (2007a) and the temperature-adjusted parameterisation25

of Hoffmann et al. (1997). Their low-NOx curve is considerably lower than the low-NOx
experimental yield of Ng 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 activity coefficient calculation, as
implemented by Hansen et al. (1991), was extended to include missing atmospherically
relevant functional groups, such as the hydroperoxide, peroxy-acid, nitrate and peroxy
acyl nitrate groups. This method was applied in all BOREAM simulations presented in5

this study. However, water uptake was not considered in these simulations, 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 com-
pounds.

These effects are included in our parameterisation through the introduction of an10

activity coefficient for water, γH2O, and a pseudo-activity coefficient for the organics in
SOA, γOrg. Both parameters are estimated from BOREAM simulations including water
uptake, conducted at a temperature of 298 K and at relative humidity values ranging
between 0.5 and 99.5 % with a step of 1 %.

As a simplification, the SOA is treated as a binary mixture of water and one or-15

ganic pseudo-compound, which represents the entire organic fraction of the SOA. The
overall pseudo-activity coefficient γOrg 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 parameterisation without water
uptake.20

Figure 7 shows the resulting dependence of the water activity coefficient on relative
humidity. At relatively low relative humidity (typically below 60 %), the water activity co-
efficient is lower than 1, leading to an increased water concentration 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 scenario25

at 92% RH. At 100 % RH, γH2O is equal to 1, which is expected, as the organic frac-
tion becomes very small, causing non-ideality effects of the organic fraction to become
negligible.
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Two methods are used to derive the pseudo-activity coefficient γOrg f or the organic
fraction. In the first method, γOrg is obtained from the modelled activity coefficient and
molecular fraction of water in SOA. Indeed, for a binary mixture, when the molar fraction
and activity coefficient for one component are known, the Gibbs-Duhem relationship at
constant temperature and pressure (Poling et al., 2001)5

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. At x1 =0, the activity coefficient of the second component is 1, and lnγ2 =0.
We can then integrate Eq. (5) from x1 =0 to any x1 (Olander, 2007):∫ lnγ2(x1)

lnγ2(x1=0)
d lnγ2 = lnγ2 =−

∫ lnγ1(x1)

lnγ1(x1=0)

x1

1−x1
d lnγ1 (6)10

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 and x1 provided by BOREAM model simulations.

Figure 8 shows the resulting γOrg decreases from a value of 1 at 0 % RH to a mini-
mum of 0.4-0.6 at about 92–95 % RH (depending on the scenario), above which γOrg15

increases rapidly. The two low-NOx scenarios have comparable γH2O and γOrg curves,
as well as the three high-NOx scenarios.

Comparing the SOA yields of the parameter model (with the above obtained activity
coefficients) and the full model (Fig. 9), a good agreement is found for the low-NOx
OH-oxidation. For the high-NOx scenario, however, the use of the Gibbs-Duhem γOrg20

leads to larger deviations above 50% RH. Therefore, for high-NOx conditions a direct
optimisation of γOrg was performed instead, at 160 RH values between 0 and 100%,
which minimises the difference in MO between full and parameterised model (shown in
black in Fig. 8). As can be seen in Fig. 9, these values lead to an excellent agreement
of the SOA yields for the high-NOx scenario. Tabulated values for γH2O and γOrg for25
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OH-oxidation can be found in Table 8 (for low-NOx) and Table 9 (for high-NOx) of the
Supplementary Material.

Sensitivity tests in which the activity coefficients are given constant values (1 or 1.1
for γH2O, and 1 for the organic species) show that at high RH the use of these constant
values for the γ can lead to important discrepancies (Fig. 9).5

Extrapolation to intermediate NOx levels of the above parameterisation for water
uptake and water activity can be performed as follows. γOrg is extrapolated by assigning
the values of γOrg,low−NOx

and γOrg,high−NOx
to respectively low- and high-NOx products

in the SOA. γH2O is extrapolated based on the mass fraction of low-NOx products in the

SOA, rlow−NOx
, using γH2O =

(
γH2O,low−NOx

)rlow−NOx ×
(
γH2O,high−NOx

)(1−rhigh−NOx
)
. We have10

performed simulations at intermediate NOx (100 ppt and 1 ppb NO2), showing that the
agreement between full and parameter model deteriorates slightly, but discrepancies
still remain limited to 10–15 % (see Fig. 19 in the Supplement). This agreement is
reasonable, given that the typical model uncertainty on SOA yields and loadings is
usually higher.15

4 Conclusions

The detailed model BOREAM is used to simulate the formation of SOA accompany-
ing α-pinene oxidation under near-atmospheric conditions, including continued photo-
chemical ageing.

The chemistry of further generation oxidation products is represented by a generic20

chemistry scheme, which is described in detail. Photolysis of species in the aerosol
phase is included, in analogy with gas phase photolysis. 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.

BOREAM is used to design an SOA parameterisation for use in large-scale atmo-25

spheric models. The oxidation of α-pinene by OH, ozone and NO3 are modelled sep-
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arately. Simulations are performed with BOREAM for high- and low-NOx conditions,
using a prescribed diurnal cycle for radiation, oxidants and α-pinene, while deposi-
tion of gas phase and particulate compounds is considered. The equilibrium SOA
mass concentrations, reached typically after about 12 days, are used to constrain the
parameters (temperature-dependent mass stoichiometric coefficients and partitioning5

constants) of the 10-product model. It is shown to reproduce the SOA formation of the
full BOREAM model reasonably well at all NOx levels. A strong decrease of SOA mass
yields is found for increasing NOx concentrations.

The SOA mass yields are shown to be relatively insensitive to variations of the con-
centrations of OH and HO2 adopted in the simulations. Increasing radiation intensity10

reduces SOA mass yields considerably, however (at similar oxidant levels). The pho-
tolysis of aerosol phase species has a large impact on the SOA mass yields in at-
mospheric conditions, since it is found to reduce SOA yields by a factor of about 2
after several days of ageing in the low-NOx OH-initiated oxidation scenario. Particu-
late phase photolysis is therefore a large factor of uncertainty which warrants further15

experimental studies.
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 param-
eterisations 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 concen-20

trations (1 ppt) used in our model, and generally did not allow for much photochemical
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 parameteri-
sations.

The parameterisation of water uptake involves an RH-dependent activity coefficient25

for water, γH2O, and an overall pseudo-activity coefficient γOrg, 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 agree-
ment with the full model for all relative humidities, for both low and high-NOx simula-
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tions.
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
photochemical ageing and water uptake, which was generally not the case for parame-
ter models based on experiments, usually due to lack of sufficient data. It can therefore5

be used to estimate the impact of these factors in regional or global models, although
large uncertainties remain, e.g. with respect to the photolysis of SOA and the further
generation chemistry. Further model validation against long-term ageing experiments
under various NOx conditions is desirable. For wider application in SOA modelling it
would also be necessary to extend this approach to other SOA precursors, and ad-10

dress the interaction with other types of aerosol components which might be present,
such as primary organic aerosol or inorganic components.

Supplement related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/11/23421/2011/
acpd-11-23421-2011-supplement.pdf.15
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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 (2.a)
LX10iO → LX9dO2 + R2R + HCOOH (2.b)
LX10iO → LX7bO2 + R2R + acetone (2.c)
LX10iO → 0.60 LX10kO2 + 0.60 R2R + 0.20 LX10kO3 + 0.20 RO3 + 0.20 LX10gCHO
+ 0.20 OH (3)
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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
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Table 3. Chemical mechanism of the parameterised 10-product model.

APIN + OH → PRAPOH1
PRAPOH1 + HO2 → 0.5 α′

1 APOHL1 + 0.5 α′
2 APOHL2 + 0.5 PRAPOH2

PRAPOH2 + HO2 → α′
1 APOHL1 + α′

2 APOHL2
PRAPOH2 + NO ( or + NO3) → α′

3 APOHH1 + α′
4 APOHH2

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

4 APOHH2
APIN + O3 → PRAPO31
PRAPO31 + HO2 → 0.5 α′

5 APO3L1 + 0.5 α′
6 APO3L2 + 0.5 PRAPO32

PRAPO32 + HO2 → α′
5 APO3L1 + α′

6 APO3L2
PRAPO32 + NO ( or + NO3) → α′

7 APO3H1 + α′
8 APO3H2

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

8 APO3H2
APIN + NO3 → α′

9 APNO31 + α′
10 APNO32
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Table 4. Fitted parameters for the temperature-dependent 10-product model (5 scenarios con-
sidered).

Scenario Product α0
i α1

i Kp,i (298) ∆Hi MWref

(m3µg−1) (kJ mol−1) (g mol−1)

α-pinene + OH, low-NOx APOHL1 0.341 −0.0217 9.23 77.2 216
APOHL2 0.241 −0.0107 0.118 26.8 216

α-pinene + OH, high-NOx APOHH1 0.0277 −0.0521 1.30 119.9 253
APOHH2 0.120 −0.0292 0.00812 74.1 253

α-pinene + O3, low-NOx APO3L1 0.298 −0.0119 9.42 88.5 211
APO3L2 0.160 −0.0223 0.0306 79.5 211

α-pinene + O3, high-NOx APO3H1 0.0255 −0.0521 0.827 146.3 233
APO3H2 0.215 −0.0104 0.00461 104.6 233

α-pinene + NO3, high-NOx APNO31 0.0290 −0.0479 0.592 59.2 248
APNO32 0.225 0.00038 0.00189 123.8 248
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Table 5. Parameterisations for α-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 on Hoffmann et al. (1997)
b based on Shilling et al. (2008)
c based on Hoffmann et al. (1997); Ng et al. (2006 , 2007a)
d including an OH-scavenger.
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Fig. 1. Measured versus modelled aerosol mass yields for the α-pinene photooxidation smog
chamber experiments reported in Table 2.
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Fig. 2. Fitted and full model 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. 3. Fitted SOA mass yields at 298 K for the five α-pinene oxidation scenarios, as functions
of organic aerosol mass loading.
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Fig. 4. SOA yields calculated by the full (black) and parameterised (red) model at NO2 lev-
els between 1 ppt and 100 ppb, for OH-oxidation of α-pinene (at 298 K). The parameterised
functions Y (MO) for high and low-NOx are shown in blue.
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Fig. 7. The activity coefficient of water in function of RH, for the five oxidation scenarios (at
298 K).
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Fig. 8. The pseudo-activity coefficient γOrg, which accounts for the non-ideality effects of water
on the organic fraction. It is derived based on the Gibbs-Duhem equation for the 5 scenarios
of the 10-product parameter model (coloured curves). Since at high-NOx, the use of this γOrg
based on Gibbs-Duhem leads to a poor agreement between full BOREAM SOA yields and the
parameterisation, γOrg values derived from full BOREAM calculations are also derived for that
case (black curve).
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Fig. 9. The impact of relative humidity (RH) on total absorbing mass MO (including water),
for the full model in the case of OH-oxidation at low-NOx (black) and high-NOx (blue). The
parameter model results are given in red for low NOx and magenta for high NOx. Two sensitivity
tests illustrate the effect of using constant values for the activity coefficients.
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