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Abstract. A new model of secondary organic aerosol (SOA)
formation is developed that explicitly takes into account
multi-generational oxidation as well as fragmentation of gas-
phase compounds, and assumes equilibrium gas-particle par-
titioning. The model framework requires specification of a
limited number of tunable parameters to describe the ki-
netic evolution of SOA mass, the average oxygen-to-carbon
atomic ratio and the mean particle volatility as oxidation
proceeds. These parameters describe (1) the relationship be-
tween oxygen content and volatility, (2) the probability of
fragmentation and (3) the amount of oxygen added per reac-
tion. The time-evolution and absolute value of the simulated
SOA mass depends sensitively on all tunable parameters. Of
the tunable parameters, the mean O : C is most sensitive to
the oxygen/volatility relationship, exhibiting only a weak de-
pendence on the other relationships. The model mean par-
ticle O : C produced from a given compound is primarily
controlled by the number of carbon atoms comprising the
SOA precursor, with some sensitivity to the specified oxy-
gen/volatility relationship. The model is tested against labo-
ratory measurements of time-dependent SOA formation from
the photooxidation ofα-pinene andn-pentadecane and per-
forms well (after tuning). The model can also accurately sim-
ulate the carbon-number dependence of aerosol yields previ-
ously observed for oxidation of straight-chain alkanes. This
model may provide a generalized framework for the inter-
pretation of laboratory SOA formation experiments in which
explicit consideration of multiple-generations of products is
required, which is true for all photo-oxidation experiments.

1 Introduction

Atmospheric aerosol particles play a key role in the Earth’s
climate system by absorbing and scattering solar radiation
and influencing properties of clouds (IPCC, 2007). The in-
fluence of aerosols on climate depends on their composition,
yet much remains unknown with respect to formation, chem-
ical evolution and removal pathways, especially when con-
sidering organic aerosols (OA) (Jacobson et al., 2000; Sein-
feld and Pankow, 2003; Kanakidou et al., 2005). A primary
challenge in developing comprehensive quantitative under-
standing of organic aerosols derives from their high chemi-
cal complexity, which results from there being a myriad of
sources. Individual particles can be composed of numerous
compounds, including organics, inorganics and soot; OA has
both primary (i.e. direct emission, POA) and secondary (i.e.
gas-to-particle conversion, SOA) sources and may be com-
prised of hundreds of different compounds (Kanakidou et al.,
2005).

In the context of traditional equilibrium partitioning the-
ory, the extent to which an organic compound partitions
to the particle phase depends on the temperature-dependent
volatility (Pankow, 1994) which varies over orders of mag-
nitude for compounds in aerosols (e.g. Cappa et al., 2007,
2008). Quantitative understanding of the partitioning of or-
ganics between the gas and particle phase has been thought
to be essential for accurately predicting the spatial and tem-
poral distribution of OA in the atmosphere. However, typical
models of OA formation in the atmosphere have tended to
predict significantly less OA than is commonly observed (de
Gouw et al., 2005; Heald et al., 2005; Johnson et al., 2006;
Volkamer et al., 2006; Matsui et al., 2009). Recent updates
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to models of OA to include e.g. semi-volatile primary OA
(Robinson et al., 2007) or new estimates of aerosol yields
for aromatics (Ng et al., 2007b) have led to somewhat bet-
ter model/measurement agreement in terms of the total OA
mass (Dzepina et al., 2009). However, the physical proper-
ties of the model OA are at times inconsistent with obser-
vations of OA volatility, with the model aerosol often being
too volatile (Dzepina et al., 2009, 2011) or with too low an
oxygen-to-carbon (O : C) ratio (Hodzic et al., 2010; Dzepina
et al., 2011). When models do appear to give reasonable ap-
parent volatilities they tend to use unrealistic input param-
eters (e.g. enthalpies of vaporization; Jathar et al., 2011).
Models that appear to give reasonable values for O : C typ-
ically assume very large increases in mass upon reaction of
a volatile organic compound (VOC) with OH, e.g. 40 % per
reaction, all of which is assumed to be oxygen (Grieshop et
al., 2009; Hodzic et al., 2010; Dzepina et al., 2011). This sug-
gests that, although there may be better agreement with ob-
servations of OA mass using updated models, the agreement
may be fortuitous. This is problematic since model aerosol
that is too volatile will respond to perturbations (such as di-
lution or temperature fluctuations) in unrealistic ways, which
could lead to incorrect estimates of air quality and climate
effects of particles.

In this study, the development of a kinetic model of gas-
phase hydrocarbon oxidation coupled to secondary OA for-
mation via gas-particle equilibrium partitioning is described.
The model simulates both SOA mass and the bulk aerosol
O : C atomic ratio. The model represents a new framework in
which laboratory observations of OA growth can be consid-
ered and parameterized, potentially for use within regional
and global models. In Sect. 2, a description of the modeling
framework is given. In Sect. 3.1, the model is run to explore
the influence of specific tunable parameters on the general
model results and to develop semi-quantitative understanding
of SOA formation from gas-phase processing. In Sect. 3.2,
the utility of the model framework is demonstrated by ex-
plicitly fitting the model to laboratory measurements of SOA
formation. In Sect. 3.3, further extensions of the model are
considered.

2 Model description

The statistical oxidation model (SOM) developed here
frames the oxidation chemistry of a hydrocarbon as a tra-
jectory through a multi-generational space defined by the
number of carbon and oxygen atoms comprising the SOA
precursor and all possible product molecules. Our model is,
in some ways, a hybrid of the conceptual carbon-oxidation
state framework of Kroll et al. (2011), the 2-D volatility ba-
sis set (VBS) model of Donahue and co-workers (Jimenez
et al., 2009; Donahue et al., 2011) and the carbon number-
polarity grid of Pankow and Barsanti (2009), all placed into
an explicit kinetic framework. It is, in essence, a simplified

and condensed version of the explicit gas-phase photochem-
istry models that have been developed (e.g. Aumont et al.,
2005). The SOM shares some similarities with kinetic (“age-
ing”) implementations of the carbon number-polarity grid
(Barsanti et al., 2011) and of the 1D VBS (e.g. Robinson et
al., 2007; Lane et al., 2008). For example, the kinetic VBS al-
lows for reaction of product species with OH and the contin-
ued formation of lower volatility (multi-generation) material
from these reactions. The SOM is, nonetheless, unique in the
specification of parameters that describe the oxidation pro-
cess and SOA formation through multiple generations of ox-
idation while accounting explicitly for functionalization and
fragmentation of all product species.

Within the SOM, functionalization reactions produce
molecules with the same number of carbon atoms (NC) as
the parent compound but a larger number of oxygenated
functional groups (Sect. 2.3). Fragmentation reactions lead
to C-C bond scission and the formation of two smaller
molecules (Sect. 2.4). In the current model framework, the
distribution of compounds between the gas and particle phase
is treated through equilibrium partitioning theory (Pankow,
1994) (Sect. 2.2). In the base case model only gas-phase re-
actions are allowed (Sect. 2.1), although heterogeneous re-
actions are also considered (Sect. 2.5). Within the model, all
compounds are allowed to react with OH radicals, with the
exception of CO2, which represents the end point of oxida-
tion. In other words, every compound represents a species
that is both formed and consumed by OH, with the exception
of the initial SOA precursor. (Although all products could
therefore be considered “SOA precursors”, we restrict this
term to mean the initial, unreacted hydrocarbon.)

Neither hydrogen atoms nor functional groups are explic-
itly considered in the SOM; insteadaveragemolecular prop-
erties are specified for the “species” that populate a matrix
of all possibleNC and NO combinations (up to a limit of
NO/NC = 2). Each cell in the matrix effectively represents
an average of some number of e.g. ketones, alcohols, perox-
ides. The relationship between “structure” (i.e. the number of
carbon and oxygen atoms) and a given property (e.g. volatil-
ity or oxygen addition) are tunable parameters in the model.
The specific tunable parameters in our model are as follows:

1. The distribution of oxygen atoms added per reaction.

2. The decrease in vapor pressure (volatility) per oxygen
added.

3. The probability of a given reaction producing frag-
ments.

These parameters govern the trajectory that the oxidation
takes through the carbon/oxygen space and can be envisioned
as unique to a given reaction (e.g. dodecane+ OH) or, per-
haps, a class of reactions (e.g. straight-chain alkanes+ OH).
Together these parameters will determine the absolute value
of and temporal variation in gas and particle phase oxidation
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products, ultimately determining the aerosol yield, the aver-
age O : C ratio and the average volatility of the OA. Values
for these parameters for a given reaction can be explicitly
determined by fitting the SOM to laboratory SOA formation
experiments, although general insights into SOA formation
can be obtained by varying the parameters within physically
realistic ranges. In a sense, these tunable parameters are re-
lated to the specification of product yields within the static
volatility basis-set (Donahue et al., 2006) or product yields
and volatilities within the “two-product model” (Odum et al.,
1996). However, the SOM parameters are explicitly formu-
lated to account for the kinetics of oxidation and the forma-
tion of multiple-generations of gas and particle-phase reac-
tion products throughout the aerosol formation process. The
SOM shares some similarities with multi-generational oxida-
tion schemes as implemented within the 1D VBS framework
(Robinson et al., 2007) in that the kinetic VBS similarly re-
quires specification of a variety of parameters (e.g. volatil-
ity decrease per reaction) that control the model evolution.
A unique aspect of the SOM is that the atomic composition
of individual “molecules” is determined (i.e.NC andNO),
and the properties of these species are specified based on
their “structure” to determine the evolution of the gas/particle
system throughout a reaction. Henceforth when we refer to
“structure” in the context of the SOM we specifically mean
a species that has a particularNC andNO and are not im-
plying any particular arrangement of atoms. Again, we em-
phasize that the SOM provides anaveragerepresentation of
the oxidation trajectory taken by a given parent hydrocarbon
through theNC/NO space. Actual structural differences be-
tween precursor species or their oxidation products are cap-
tured within the tunable parameters of the model; specific
values for these parameters can be determined by fitting to
chamber observations of time-dependent SOA formation.

In photo-oxidation experiments the oxidation products
themselves are reactive towards OH. As a result, products
with relatively large numbers of oxygen atoms always have
some probability of being formed, even early on in the re-
action. This is simply a consequence of statistical oxidation
in a well-mixed system. For example, for the case where
all molecules react with OH with the same rate coefficient
(kOH), the distribution of oxidation products at any point in
the reaction can be described as a simple Poisson distribu-
tion, as recently shown by Wilson et al. (2012). Note that
“generation” is equal to the number of times that a molecule
has reacted, starting from the initial SOA precursor. Further,
because more than 1 oxygen-containing functional group can
be added per reaction, the number of oxygens per molecule
is not necessarily equal to the number of “generations” of
oxidation. Understanding of the evolution of these later gen-
eration products is challenging, although chemically explicit
models such as the GECKO-A (Camredon et al., 2007; Lee-
Taylor et al., 2011; Valorso et al., 2011) have provided useful
insights.

For a single SOA precursor, it is useful to follow the evolu-
tion of the system with respect to loss of the SOA precursor,
which can be quantified by the number of “oxidation life-
times”, defined asNτ = t/τOH wheret is the elapsed reaction
time andτOH is the oxidation lifetime (= 1/kOH[OH], where
[OH] is the concentration of OH radicals). The distribution
of product species formed from any SOA precursor is con-
tinuously evolving throughout a reaction in both the gas and
particle phases. In the SOM, these time-dependent distribu-
tions are explicitly computed as the reaction proceeds. The
exact form and kinetic evolution of these distributions de-
pend on how the model is parameterized, as described above
and in detail in sections below.

For example, the distribution of gas and particle phase
species formed in a generic photooxidation reaction is shown
in Fig. 1. For illustrative purposes, fragmentation is neglected
and it is assumed that only 1 oxygen functional group is
added per reaction. Thus the number of oxygens (NO) is
equal to the generation number,n. Before reaction, there is
only gas-phase material with the number of carbon atoms
(NC) equal to the SOA precursor andNO = 0. Upon reaction,
a small amount of 1st, 2nd, ...,n-th generation products are
produced almost instantaneously, even after little of the SOA
precursor hydrocarbon has been consumed (i.e. atNτ � 1).
Since higher-n generations have lower volatility (i.e. more
oxygen for the sameNC), the particle phase distribution at
this point is dominated by these compounds, which reside
at the tail-end of the product distribution, even though they
make up a negligible amount of the total mass. As the reac-
tion continues, the total abundance of these later-generation
products increases, producing a broader distribution of prod-
uct generations that evolve towards larger averagen with in-
creasing oxidation. As the total abundance of any givenn-th
generation product increases, the amount that partitions to
the particle phase will also increase, thus accelerating the to-
tal amount of OA that is formed because the extent to which
a given compound partitions to the particle phase increases
with the total amount of OA (Pankow, 1994).

Figure 1 reveals how the distribution of specific species
(generations) continuously evolve during photooxidation due
to reactions of both the SOA precursor and product species,
which indicates that the yield of a given species is not static.
This result is not surprising, since all products are assumed
to react with OH, but this aspect is often not accounted for
in the fitting of traditional aerosol yield experiments where it
is implicitly assumed (although not always stated) that prod-
uct distributions are static. Figure 1 illustrates the continuous
nature of photooxidation as well as the importance of con-
sidering the formation and evolution of product distributions
in both the gas and particle phases. We note that chemically
explicit kinetic models of SOA formation inherently account
for the continuous evolution of product distributions through-
out a reaction.
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Fig. 1. The time-evolution of gas(a), particle(b) and total(c) dis-
tributions upon reaction of a generic hydrocarbon with OH, nor-
malized to the maximum abundance at each point in the simulation.
For reference, the evolution of the total OA mass is shown in(d)
as a function of the number of oxidation lifetimes (note the split
y-axis and change in scale). Note the continuous evolution of the
compound distributions.

The model developed herein takes into account the time-
evolution of the product distributions, which would seem-
ingly suggest greater complexity of the SOM compared with
traditional 2-product or more recent static VBS parameter-
izations of aerosol yields. However, the number of tunable
parameters is limited (to two constants and 1 array, or 6 to-
tal parameters), and thus only slightly larger than these other
formulations (4 parameters for a 2-product model (Odum et
al., 1996) or, typically, 4 parameters for the static VBS model
(Donahue et al., 2006)). One of the strengths of the SOM
approach is that the derived parameters explicitly include
ageing as part of the fundamental formulation. The details
of how species move through the carbon-oxygen matrix for
a specific photooxidation reaction will depend explicitly on
how these tunable parameters are specified. A key feature of
the SOM is that it is possible to do this in a reasonably phys-
ically realistic manner (since the parameters have, in princi-
ple, physically interpretable meaning) and to test the valid-

ity of any parameterization against smog chamber measure-
ments of SOA yield and composition. Of course, any such
interpretations of the meaning of the derived SOM parame-
ters must recognize that they are constrained by the limita-
tions of the SOM framework. Below we outline how various
parameters are assigned to the individual species within the
NC/NO distribution.

2.1 Parameterization of compound reactivity

All molecules in the carbon/oxygen matrix are assumed to be
reactive with OH. Each species in the carbon/oxygen matrix
has a unique rate coefficient (kOH) that depends on the length
of the carbon backbone, the number of oxygen atoms and the
nature of the functional groups added. The rate coefficients
in the SOM are computed using a modified version of typ-
ical structure-reactivity relationships (Kwok and Atkinson,
1995), as detailed in the Supplement. The need for a mod-
ified structure-reactivity relationship arises in part because
the SOM does not explicitly keep track of the types of func-
tional groups formed, and thus cannot use parameters unique
to the addition of a ketone or alcohol, for example. Nor does
the SOM account for structural differences of a givenNC/NO
pair. Thus, the derived relationship is not truly a “structure”-
reactivity relationship, and therefore is referred to as the
SOM-reactivity relationship. A fundamental assumption un-
derlying the SOM-reactivity relationship is that equal num-
bers of ketones and alcohol groups are added, on average,
upon oxidation. Additionally, the base-case SOM-reactivity
relationship is based on the reactivity of straight-chain alka-
nes.

In principle, the SOM-reactivity relationship developed in
the Supplement can be altered to account for any specific
starting compound where, for example, the presence of dou-
ble bonds may make the reactivity of the SOA precursor to-
wards OH much larger than that of the products. Reactions of
OH with alkenes that have a single double bond can be repre-
sented by uniquely specifying the rate coefficient of the SOA
precursor and then using the SOM-reactivity relationship to
determine the reactivity of the later generation products. Al-
ternatively, reactions of alkenes with O3 can be represented
by setting the rate coefficients of the products to zero (assum-
ing only 1 double bond is present) because the products are
essentially unreactive towards O3. The reactivity of species
with multiple double bonds, such as sesquiterpenes or iso-
prene, is not currently well-captured by the SOM framework.
Although the SOM-reactivity relationship does not explicitly
account for the influence of molecular structure (e.g. straight-
chain vs. branched vs. cyclic compounds), structural differ-
ences can be accounted for, to first order, by multiplying the
entire rate coefficient matrix by an appropriate constant or
by allowing the parent species to have a reactivity that dif-
fers from the product species.
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2.2 Gas-particle partitioning and compound volatility

At each time step in the model, the system is assumed to
achieve gas-particle equilibrium, which can be described
through partitioning theory (Pankow, 1994). The extent of
partitioning for a given compound is governed by the satura-
tion concentration,C∗:

C∗

i =
MWipsat,iζi

RT
(1)

where MWi is the molecular weight (g mol−1), R is the ideal
gas constant (8.314 J mol−1 K−1), T is the temperature (K),
ζi is the activity coefficient in the OA phase andpsat,i is the
(sub-cooled liquid) saturation vapor pressure (Pa) of com-
poundi (which may also represent a class of compounds).
We assumeζi is unity, and thusC∗ can best be thought of as
an effective saturation concentration, although we note that
the model works independent of this assumption. In the gen-
eral model formulation, hydrogen atoms are accounted for
in the MWi by using saturated hydrocarbons whenNO = 0
and assuming the number of hydrogen atoms decreases by 1
for each oxygen added; because of the much larger MW of
carbon and oxygen atoms, this assumption has a negligible
influence on the model results. In addition toC∗, the spe-
cific distribution of compounds between the particle and gas-
phases depends on both the gas and particle phase abundance
of that compound (Ci,tot = Ci,gas+Ci,aer, gas+ aerosol) and
the total organic aerosol concentration (COA) according to
(Pankow, 1994):

COA =

∑
i

Ci,tot

(
1+

C∗

i

COA

)−1

(2)

It is well known thatpsat (and thusC∗) depends primarily on
the length of the carbon backbone and the number and type
of functional groups, and secondarily on specific molecular
structure (Pankow and Asher, 2008). The addition of a ketone
to a hydrocarbon backbone leads to a decrease in vapor pres-
sure by a factor of∼ 10–20, an alcohol by a factor of∼ 160,
and with the addition of a carboxylic acid group simply the
product of these two. Previous work shows that the addition
of all of these functional group types to SOA-forming hydro-
carbons is possible, with some indication that, on average,
equal numbers of ketones and alcohols are added (Heald et
al., 2010), or that alcohol and carboxylic acid moieties are
more prevalent than ketones (Ng et al., 2011; Russell et al.,
2011), although hydroperoxides (low-NOx conditions) or or-
ganic nitrates (high-NOx conditions) may also contribute.

In the SOM, only the number of carbon and oxygen atoms
is considered, rather than specific functional groups. This is
because the framework of our model is a carbon/oxygen grid,
so the change in vapor pressure is considered on a per oxygen
basis rather than on a per functional group basis. Since the
addition of a single oxygen-containing moiety decreases the
vapor pressure by orders of magnitude, we will use the loga-
rithmic change in vapor pressure, termed1LVP, throughout.

For example, it follows that1LVP ∼ 1 corresponds to the
addition of one oxygen atom as a ketone group (a factor of
10 decrease), while1LVP ∼ 2.23 corresponds to an alcohol
group (a factor of 160 decrease) (Pankow and Asher, 2008).

The oxygen/volatility relationship (i.e.1LVP) is a tun-
able parameter in the model that can, in principle, vary over
the range bounded by the addition of functional groups of
various types. In addition to the alcohols and ketones men-
tioned above, hydroperoxides would have a1LVP ∼ 1.24
while nitrate groups would have a1LVP ∼ 0.74, both on a
per-oxygen basis (Pankow and Asher, 2008). Further, alco-
hols exhibit a range of1LVP (up to∼ 2.75, typically∼ 2.2),
depending on whether they are primary, secondary or ter-
tiary. In the SOM, the base volatility of the carbon back-
bone is calculated as log10C

∗
= −0.0337MWHC+11.56 (de-

termined from data in Lide and Kehiaian, 1994), where
MWHC is the molecular weight of the SOA precursor car-
bon backbone, including hydrogen atoms. Thus the over-
all C∗ for a given “molecule” in the model is log10C

∗
=

−0.0337MWHC + 11.56− (NO × 1LVP).
It is assumed that1LVP is constant across theNC/NO ma-

trix and does not vary with time; this simplification must
be kept in mind when interpreting the1LVP parameter. In
principle,1LVP could be given a functional form that varies
with, for example, the O : C ratio for a givenNC compound or
could be treated as a distribution. Such additional complex-
ity may certainly be justified, especially for compounds that
contain rings or double bonds, but even for saturated hydro-
carbons. Some observations of ambient organic aerosol (cf.
Fig. 3c in Heald et al., 2010) and of organic aerosol in lab-
oratory experiments where heterogeneous oxidation is either
exclusively considered (Kroll et al., 2009) or competes effi-
ciently with gas-phase reactions (Lambe et al., 2012) indicate
curvature in the van Krevelen diagram, which is a graph of
H : C vs. O : C; curvature suggests that the nature of the aver-
age functional group being added is changing as the mean ex-
tent of oxidation changes. However, some other observations
of H : C vs. O : C for ambient SOA from individual field cam-
paigns show negligible curvature (cf. Fig. 3a and 3b in Heald
et al., 2010), as do some individual laboratory experiments,
albeit over a limited range of O : C values (Chhabra et al.,
2011). In the current SOM we have selected to use a constant
1LVP; later (in Sect. 3.2), we will show that the use of a
constant1LVP allows for accurate simulation of the evolu-
tion of SOA mass during laboratory formation experiments,
suggesting that this simplification is reasonable. Additional
comparisons between the SOM and laboratory chamber data
in the future will help to establish the extent to which the
assumption of constant1LVP is generally sufficient.

There is some evidence that SOA is not fully describable
through equilibrium partitioning theory on short timescales
(minutes to a few hours), likely as a result of condensed
phase reactions that alter the particle composition (e.g. Virta-
nen et al., 2010; Cappa and Wilson, 2011; Koop et al., 2011;
Vaden et al., 2011). The SOM does not account for such
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complications, as it is implicitly assumed that gas-particle
equilibrium is achieved at each model timestep (∼ 1 min).
Consideration of (non-heterogeneous) condensed-phase re-
actions within the SOM framework will be the subject of fu-
ture work. Additionally, in chamber experiments losses of
particles and gases to the chamber walls can influence the
gas-particle partitioning (e.g. Hildebrandt et al., 2009; Loza
et al., 2010; Matsunaga and Ziemann, 2010). Currently, the
SOM does not explicitly account for wall losses. As such,
when the SOM is fit to chamber data, the derived fit param-
eters inherently include the influence of walls on the gas-
particle partitioning as well as the influence of condensed
phase reactions. Finally, the assumption of gas-particle equi-
librium does not account for the dynamics of mass transfer,
which may be important when particle surface area is limited
(Parikh et al., 2011).

2.3 Functionalization

Functionalization reactions are considered through the addi-
tion of oxygen upon reaction with OH in the presence of O2.
The number of oxygen atoms added per reaction is a tun-
able parameter within the model. It is assumed that the OH
reaction leads to a distribution of functionalized products in
which 1, 2, 3 or 4 oxygens can be added as a result of the
single OH attack. The probability of adding any given num-
ber of oxygen atoms is specified, with the total probability
of oxygen addition summing to unity (i.e. reactions always
lead to oxygen addition). For example, if it is assumed that a
single OH reaction leads to a distribution of products where
50 % have added 1 oxygen, 50 % 2 oxygens and no contri-
butions from 3 or 4 oxygens, the functionalization probabil-
ity array (or operator) would have the formPfunc = [Pfunc,1,
Pfunc,2, Pfunc,3, Pfunc,4] = [0.5, 0.5, 0.0, 0.0], where the num-
bers in brackets correspond to the probability of addition of
1, 2, 3 or 4 oxygen atoms, respectively. It is straight-forward
to translate the distribution of generations shown in Fig. 1
to number of oxygens if it is assumed that onlyn-oxygens
are added per reaction (and no fragmentation), but if a dis-
tribution of oxygens is added per reaction, then generation
number and oxygen content cannot be shown in such a sim-
ple manner. As with the1LVP parameter, it is assumed that
the functionalization operator for a given SOA precursor is
constant across the entireNC/NO matrix and does not evolve
in time. Given the complexity of the chemical pathways as-
sociated with hydrocarbon oxidation,Pfunc very likely varies
with composition, especially if the parent hydrocarbon con-
tains a ring or a double bond, but also even for alkanes; we
find that use of a constantPfunc allows for accurate fitting and
simulation of the time-evolution of SOA growth in chamber
experiments (see Sect. 3.2). Interpretations of thePfunc array
in terms of physical properties must keep this assumption in
mind. In the future, it may be desirable to allow for aPfunc
array that varies with composition, for example by allowing
Pfunc for reaction of the parent compound to differ fromPfunc

for subsequent reactions of product species. This will be as-
sessed through further comparison of the SOM to laboratory
chamber data. (Note that although the discussion above fo-
cuses on reactions of hydrocarbons with OH, the SOM can
be formulated for use with O3 reactions with alkenes that
contain 1 double bond through modification of the rate coef-
ficient matrix, as discussed in Sect. 2.1.)

Again, the type of functional group added (e.g. ketone
vs. alcohol) is not explicitly tracked in the SOM. However,
once the oxygen/volatility relationship is specified, one can
in principle infer the average number of hydrogen atoms in
any grid cell in the carbon/oxygen matrix. Recently, there
has been interest in understanding how OA evolves in the
space defined by the H : C and O : C ratio, i.e. a van Krev-
elen plot (e.g. Heald et al., 2010); any given point in this
space can be characterized by the mean oxidation state, de-
fined as OSC = 2O : C-H : C (Kroll et al., 2011). OSC is im-
plicitly a part of the SOM because, by specifying a value
for 1LVP the evolution of the hydrogen content of the sys-
tem is, in principle, effectively constrained. The addition of
an alcohol functional group increases O : C but leaves H : C
unchanged, whereas the addition of a ketone decreases H : C
and increases O : C. If the1LVP is viewed simply as a lin-
ear combination of ketone and alcohol group addition, then
the evolution of the hydrogen content (and thus of OSC) can
be determined. This, of course, ignores contributions of hy-
droperoxides or other functional groups and of condensed
phase reactions that might alter the functional group distri-
bution but can provide a first order constraint on the mean
OA OSC. For example, if1LVP = 1.6, this corresponds ap-
proximately to equal addition of ketones and alcohols. So,
for the addition of 1 oxygen to an alkane SOA precursor,
the functionalized product will have lost, on average, 1 hy-
drogen atom. In this framework, by specifying1LVP, the
slope in a Van Krevelen plot is essentially being specified
a priori; if 1LVP = 1 then the Van Krevelen slope is−2,
whereas if1LVP = 2.2 the van Krevelen slope is 0. Alterna-
tively, if measurements of both H : C and O : C are available,
one can adjust the model parameters to try and match the
observed values. However, it must be noted that any inter-
pretation of the meaning of1LVP in terms of the type of
functional groups added is restricted, in part, by the lack of
condensed phase reactions in the SOM and by limitations im-
posed by our assumptions regarding the form of the reaction
rate coefficient matrix and the constant nature of1LVP and
the functionalization operator.

2.4 Fragmentation

There is a probability that reaction with OH will lead to C-
C bond scission, fragmenting the parent molecule into two,
smaller molecules. Because fragmentation is generally con-
sidered to be more probable when OH attack occurs near
an already existing oxygenated functional group, the prob-
ability of fragmentation of a given species upon reaction is
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parameterized in the SOM as:

Pfrag(per reaction)=cfragNO (3)

wherecfrag is a tunable parameter. The linear dependence on
NO (Eq. 3) prevents small molecules from excessively frag-
menting upon the addition of the first oxygen. Other func-
tional forms forPfrag are possible, such as a more general
form of that proposed by Jimenez et al. (2009):

Pfrag(per reaction)=

(
NO

NC

)mfrag

(4)

where mfrag is a tunable parameter. As will be shown in
Sect. 3.2, both functional forms can provide good agreement
with observations, after tuning. Determination of the pre-
ferred functional form forPfrag is the subject of future work.

Upon fragmentation, the distribution of product species
amongst all possible choices is computed assuming a ran-
dom probability for the location of the C-C bond scission
and thus the resulting size of the scission product. The cor-
responding species is then deduced from what atoms remain
so as to achieve mass balance (in terms of the number of car-
bon and oxygen atoms). This method rapidly distributes mass
amongst the entire carbon/oxygen matrix. In actuality, frag-
mentation is most likely to occur adjacent to an oxygenated
functional group or at a tertiary carbon, but since the SOM
keeps track only of numbers of oxygen and carbon atoms
and not structure, assuming random fragmentation is appro-
priate. Fragmentation necessarily requires the addition of at
least one oxygen atom to both fragments (Kroll and Sein-
feld, 2008). Therefore, we assume that the probability of ob-
taining a species with zero oxygen atoms upon fragmenta-
tion is zero. To account for the additional oxygen addition
that accompanies a fragmentation reaction (as opposed to a
non-fragmenting functionalization reaction), we assume that
one additional oxygen atom is added to one of the fragments.
This may underestimate oxygen addition to the fragmented
molecules if more than one oxygen is added from the frag-
mentation pathway. For example, if the C12O2 species reacts
to add 1 oxygen (via functionalization) but also fragments
with half the carbon going to each fragment, the following re-
sulting species pairs are possible: C6O3+ C6O1 and C6O2+

C6O2. As with the addition of distributions of oxygens per re-
action, fragmentation further complicates the relationship be-
tween generation number and oxygen content, and requires
specific consideration of the distribution of molecules in a
multi-dimensional space defined byNC, NO and abundance,
with properties of every species (i.e.NC/NO pair) explicitly
specified according to the relationships defined in the previ-
ous sections.

2.5 Heterogeneous chemistry

Condensed phase molecules can react with gas-phase
molecules (i.e. OH) via heterogeneous reactions. For OA,

various studies have shown that heterogeneous oxidation by
OH radicals leads to the addition of oxygen to the particle
(via functionalization) but can also lead to net loss of parti-
cle mass (via fragmentation) (George et al., 2007; Kroll et
al., 2009; Smith et al., 2009; Wong et al., 2011). The hetero-
geneous reaction rate of a given species in a single particle
depends on the collision rate of OH with the particles, the
relative abundance of that species and the reactive uptake co-
efficient, and can be written for species “R” as:

d[R]

dt
= γOH·Jcoll ·SA·f ·Np = γOH·c̄·[OH]·πD2

p ·f ·Np (5)

whereγOH is the OH reactive uptake coefficient,Jcoll is the
collision rate of OH molecules with the particle and is equal
to [OH]·c̄/4, c̄ is the mean speed of gas-phase OH, SA is the
(spherical) particle surface area,Dp is the particle surface-
weighted diameter,f is the fraction of the particle that is the
particular species of interest andNp is the particle number
concentration. There are some measurements ofγOH avail-
able, and these suggest thatγOH can vary from∼ 0.3 to 3
(Bertram et al., 2001; Hearn and Smith, 2006; George et al.,
2007; Hearn et al., 2007; Lambe et al., 2007, 2009; McNeill
et al., 2008; Che et al., 2009; Smith et al., 2009; Kessler et
al., 2010), with values> 1 indicating a role for secondary
(chain-propagating) chemistry in the condensed phase (Liu
et al., 2011). Smith et al. (2009) demonstrated that for het-
erogeneous OH oxidation of a long-chain saturated hydro-
carbon (C30), one oxygen atom is added on average per OH
reaction. We therefore assume that, in general, heterogeneous
reactions with OH radicals add only 1 oxygen per reaction
(i.e.Pfunc = [1, 0, 0, 0]) when functionalization occurs with-
out fragmentation; this condition can be relaxed as experi-
ments provide new insights. To account for fragmentation,
we assume that thePfrag parameterization described above
for gas-phase reactions equally applies to condensed phase
reactions. Fragmentation can lead to loss of particle mass be-
cause the increased volatility of the fragments, relative to the
parent species, can lead to evaporation. We do not account
for possible oligomerization reactions that result from het-
erogeneous processing. Particle size influences the heteroge-
neous oxidation rate. In the SOM, the particle number con-
centration can be specified as a model input, and from this
the evolution of the (spherical) particle size can be followed;
it is assumed that the particle size distribution is monodis-
perse. This model of heterogeneous OA+ OH chemistry al-
lows for assessment of the approximate influence/importance
of heterogeneous reactions relative to purely gas-phase pro-
cessing. In this study, heterogeneous chemistry will be con-
sidered as an additional model aspect and is not implemented
in the base case model formulation.
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3 Results and discussion

3.1 Oxidation trajectories through the carbon/oxygen
space

In this section general results from the SOM are discussed in
terms of how variations in the tunable parameters influence
the time-evolution of the model SOA mass concentration and
O : C atomic ratio.

3.1.1 No fragmentation

First, the case where no fragmentation (cfrag = 0) occurs is
considered. Without fragmenation, reactions of the gas-phase
SOA precursor with OH will lead only to the production of
products with the same carbon number (NC) but with in-
creasing oxygen content, as illustrated in Fig. 1. Starting
from a single compound (e.g. dodecane), the rate at which the
overall system (gas+ particle) adds oxygen is controlled by
the functionalization array,Pfunc. However, the rate at which
the aerosol becomes oxygenated will additionally be deter-
mined by the instantaneous aerosol mass loading, the specific
compound volatilities and the assumed1LVP. As oxidation
proceeds, increasing amounts of lower volatility (higherNO)

products in the distribution will be produced.
Products with lower volatility partition more strongly to

the particle-phase than higher volatility compounds. Aerosol
composition depends both on these volatility differences and
the absolute abundance of each compound. The evolution of
the particle composition depends on the interplay of these
two factors, along with the variation in the totalCOA. Without
fragmentation, the ability to add oxygen to the particle phase
is limited by the decreasing volatility of the products upon
oxygen addition. Assuming equilibrium partitioning theory
applies, there is an effective upper limit to the addition of
oxygen because, once a compound becomes of sufficiently
low volatility (i.e. > 99 % partitioned to the particle phase),
the rate of gas-phase oxidation becomes negligible and fur-
ther oxygen addition becomes slow. Within the SOM frame-
work, this limit is strongly determined by the combination of
the SOA gas-phase precursorNC and the assumed1LVP per
reaction when fragmentation is excluded.

The dependence of the particle-phase O : C and aerosol
yield onNC have been explored by performing calculations
where it was assumed that1LVP = 1.0, 1.6 or 2.2 and
with no fragmentation. The initial SOA gas-phase precursor
concentration (termed [HC]0) was set for each1LVP and
NC pair to yield COA = 10 µg m−3 at 1 oxidation lifetime
(Nτ = 1), assuming that only 1 oxygen is added per reac-
tion (i.e. Pfunc = [1, 0, 0, 0]). This last assumption will be
later relaxed to explore the influence of oxygen addition on
the SOA formation. It is assumed that the SOA precursor is
a saturated hydrocarbon; implications of having oxygenated
SOA precursors are explored in Sect. 3.3.3.

There is a direct relationship betweenNC and the calcu-
lated mean O : C, with smallerNC values producing aerosol
with larger O : C (Fig. 2b). The variation in O : C withNC for
a given1LVP follows a power law relationship. The calcu-
lated O : C has some dependence on1LVP and is somewhat
larger for smaller1LVP, and the overall sensitivity of model
O : C to1LVP for a givenNC decreases with increasing car-
bon number of the SOA precursor. The1LVP dependence
is an expected result since a given SOA precursor must re-
act more times (add more oxygen) in order to achieve suffi-
ciently low volatility to partition to the aerosol when1LVP
is small.

There is also a relationship between the calculated aerosol
yield and bothNC and1LVP. (Aerosol yield is defined as
COA/1[HC], where1[HC] is the amount of hydrocarbon re-
acted.) LargerNC species tend to produce larger yields, al-
though without fragmentation the SOM indicates that even
small compounds (NC < 10) can produce SOA with rela-
tively large yields. The relatively large yields of the smaller
NC compounds result from the more rapid increase inkOH
with oxygen addition for the small compounds in the SOM-
reactivity relationship. Larger1LVP results in higher yields
for a givenNC (Fig. 2c). SinceCOA for all simulations was
the same, this variation in yield is driven entirely by the need
for larger [HC]0 values at smaller1LVP for a given precur-
sor (cf. Table 1); as1LVP decreases a greater amount of
initial (gas-phase) mass is needed to produce a fixed amount
of aerosol after one lifetime of oxidation.

The explicit time evolution of the mean particle O : C is
considered to understand how this intensive property is ex-
pected to vary throughout a typical laboratory photooxida-
tion experiment. Results are shown forNC = 12 assuming
1LVP = 1.6 and 1 oxygen added per reaction and using
[HC]0 = 7.9 ppb at [OH]= 2.1×106 molecules cm−3 (which
givesCOA = 10 µg m−3 over 10 h= 1 lifetime). Initially the
O : C is near zero and then increases rapidly, before plateau-
ing and slowly decreasing with time (Fig. 3a). However,
these rapid changes in the O : C occur primarily when the
COA <0.01 µg m−3. If the period whereCOA < 0.01 µg m−3

is excluded, which is below the detection of most modern in-
strumentation, the O : C is seen to continuously, albeit slowly
decrease as aerosol forms (Fig. 3b). This behavior is due to
a competition between the production rate of lower-volatility
species with high O : C and the increase inCOA, which, as
it increases, enhances the partitioning of somewhat higher
volatility species with lower O : C to the particle phase. How-
ever, it is not only the increasingCOA, but also the increas-
ing concentrations of the individual product molecules that
drives up the particle-phase abundance. For theNC = 12
species considered here, the overall variation in O : C with
COA over the range 0.1 µg m−3 < COA < 10 µg m−3 is rela-
tively small, with O : C decreasing from 0.36 to 0.30. How-
ever, if the simulation is allowed to run for longer times,
corresponding toNτ > 1, there is an eventual turn-over in
the O : C such that it begins to increase with time (discussed
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Table 1. Initial hydrocarbon concentrations for the calculations shown in Fig. 2.

NC [OH] [HC]0 (ppb) [HC]0 (ppb) [HC]0 (ppb) [HC]0 (ppb)
(molecules cm−3) 1LVP = 1.6 1LVP = 1.0 1LVP = 2.2 1LVP = 1.6

No fragmentation No fragmentation No fragmentation Fragmentation

5 5.0× 106 21.3 431.3 11.3 602.0
6 3.7× 106 19.9 182.2 8.7 343.2
7 2.9× 106 15.1 116.6 9.0 197.1
8 2.4× 106 14.6 76.5 9.1 130.9
9 2.1× 106 14.3 52.1 8.5 89.2
10 1.8× 106 13.6 44.4 7.7 60.7
11 1.6× 106 12.2 39.0 7.1 40.3
12 1.5× 106 10.2 32.3 6.1 26.1
13 1.3× 106 8.2 24.9 4.9 17.4
14 1.2× 106 6.6 18.0 4.0 11.5
15 1.1× 106 5.1 12.5 3.3 7.9
16 1.0× 106 3.9 8.4 2.9 5.3
17 9.6× 105 3.1 5.7 2.4 3.8
18 9.0× 105 2.4 3.9 1.9 2.8
19 8.5× 105 1.9 2.7 1.6 2.1
20 8.0× 105 1.5 1.9 1.4 1.6

further in Sect. 3.3).The magnitude of the decrease when
Nτ < 1 does depend somewhat onNC; larger decreases are
generally found for smallerNC compounds (not shown).
There is also some dependence of the O : C results on the
assumed [HC]0. For example, if smaller [HC]0 values are
specified to give smallerCOA after 10 h of reaction, the O : C
is generally slightly larger than that calculated at an equiva-
lent COA during theCOA = 10 µg m−3 (at 10 h) simulations
(Fig. 3b).

In broad terms, SOA precursors can be classified as
volatile organic compounds (VOC,C∗ > 106 µg m−3),
intermediate volatility organic compounds (IVOC, 106

µg m−3 > C∗ > 103 µg m−3) or as semi-volatile organic
compounds (SVOC,C∗ < 103 µg m−3) (Jathar et al., 2011).
Using these designations, saturated hydrocarbons with
NC < 12 are VOCs, 12≤ NC < 18 are IVOCs andNC ≥ 18
are SVOCs (Fig. 2a). (SOA precursors that contain oxygen
atoms will begin with a lower volatility for a givenNC and an
O : C> 0, thus altering these designations somewhat.) Figure
2b indicates that only those compounds with∼ 11 or fewer
carbon atoms produce OA with O : C> 0.4 after 1 lifetime of
oxidation, which corresponds to an atmospheric timescale of
approximately 1–2 days at∼ 2×106 molecules cm−3. To ob-
tain an O : C> 0.8, which has been observed for the most ox-
idized organic aerosol factor in ambient measurements (Ng
et al., 2011), requires the SOA precursor to have less than 8
or so carbon atoms. This suggests that gas-phase processing
coupled with equilibrium partitioning of saturated IVOC’s
and SVOC’s (withNC ≥ 12) will primarily lead to the for-
mation of SOA with relatively low O : C values (< ∼ 0.4) at
these levels of oxidation (although the exactNC ranges de-

rived are somewhat sensitive to the specific model parame-
ters used, cf. Fig. 2b). As will be discussed below, this con-
clusion is, to a reasonable extent, independent of considera-
tion of fragmentation (Sect. 3.1.2) or whether the SOA pre-
cursor has oxygen-containing functional groups (Sect. 3.3.3).
This conclusion does not account for the potential influence
of condensed or aqueous phase reactions not included in the
SOM that modify the SOA atomic composition.

3.1.2 Fragmentation included

In principle, C-C bond scission reactions can have a control-
ling influence on aerosol yields and the kinetics of aerosol
growth, with systems for which fragmentation is greater hav-
ing smaller yields (Ziemann, 2011). In the model, it is possi-
ble to explicitly consider to what extent this occurs. The role
of fragmentation is considered using theNC = 12 SOA pre-
cursor as a test case. The probability of fragmentation is var-
ied by adjusting the parametercfrag in Eq. (4) over the range
0.1 to 0.4. (In Sect. 3.2 it will be shown that this range of
cfrag is consistent with laboratory experiments.) The general
results are unchanged if thePfrag expression in Eq. (5) is in-
stead used. Two cases will be considered, one (case A) where
the [HC]0 is fixed and one (case B) where [HC]0 is allowed
to vary withcfrag to maintainCOA(Nτ = 1)= 10 µg m−3. For
case A, [HC]0 = 10.3 ppb is used, which givesCOA(Nτ = 1)
= 10 µg m−3 whencfrag = 0. In all cases,1LVP = 1.6 and
Pfunc = [1, 0, 0, 0]. (Note that otherPfunc arrays have also
been considered, where either a greater number of oxygens
or distributions of oxygens are added per reaction, and con-
sistent results to those discussed below are obtained.)
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Fig. 2. (a)The relationship between volatility (C∗, in µg m−3) and
number of carbon atoms (for a saturated hydrocarbon), showing
the distinction between VOCs (gray), IVOCs (yellow) and SVOCs
(blue). The calculated mean O : C(b) and aerosol mass yield(c) are
shown as a function of the number of carbon atoms in the SOA pre-
cursor. Results are shown for a variety of conditions with respect
to changes in volatility upon oxygen addition and to fragmentation
(see legend). All calculations are forCOA = 10 µg m−3 formed over
1 oxidation lifetime. Note that if the SOA precursors contained oxy-
gen atoms, the VOC/IVOC/SVOC dividing lines would be shifted
towards smallerNC.

For case A, the amount of aerosol produced atNτ = 1
drops precipitously ascfrag increases, withCOA = 5.6 and
1.9 µg m−3, for cfrag = 0.1 and 0.2, respectively. This corre-
sponds to a decrease in the aerosol yield from 0.22 to 0.12
or 0.04 for cfrag = 0.1 or 0.2, respectively. Forcfrag = 0.3
and 0.4, the predictedCOA is < 0.01 µg m−3. For case B, the
aerosol yield also decreases ascfrag increases, to 0.15, 0.09,

Fig. 3. (a)Temporal evolution of the mean aerosol O : C atomic ratio
(left axis, black line) and the organic aerosol mass (COA, right axis,
gray dashed line) over 1 oxidation lifetime.(b) The time-variation
in the calculated O : C withCOA shown over the instrumentally rel-
evant range (i.e.> 0.01 µg m−3, corresponding tot >200 min in
(a), black line). Shown for comparison is the O : C calculated af-
ter forming a specific amount of OA over 1 oxidation lifetime (gray
circles). Calculations are for the no fragmentation case forNC = 12
over 1 oxidation lifetime.

0.04 and 0.02 forcfrag = 0.1–0.4, respectively. Thus, as ex-
pected, the inclusion of fragmentation in the model leads to
decreases in the calculated aerosol yield, all other parameters
being equal.

In addition to influencing aerosol yields, fragmentation
should lead to OA with a higher O : C than without fragmen-
tation. This is because smaller molecules require more oxy-
gen in order to partition to the particle phase, and thus the
production of smaller molecules via fragmentation should
drive up the O : C. However, the corresponding change in
the calculated O : C for the above cases is relatively small.
For case A, the O : C increases from 0.29 with no fragmen-
tation to 0.31 or 0.32 forcfrag = 0.1 and 0.2, respectively.
For case B, the calculated O : C remains constant at 0.29 for
cfrag = 0.1 and 0.2 and then decreases slightly ascfrag in-
creases further, to 0.25 whencfrag = 0.4. Overall it is found
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that fragmentation has a much larger influence on the cal-
culated aerosol yield than it does on the O : C and that frag-
mentation in the gas-phase is an inefficient way to increase
the O : C of SOA (at least in the absence of aqueous phase
reactions that are not considered here, but that could lead to
enhanced uptake of small carbonyl compounds).

Since intuition might suggest that the O : C of OA should
increase when fragmentation is included, it is important to
consider in some detail why this is not always the case. First,
although fragmentation does lead to the production of species
that have a higher O : C before partitioning to the particle
phase (i.e. species withNC < SOA precursor), these species
ultimately contribute very little to the total OA mass. For
the specific cases considered above,> 80 % of the OA mass
is typically comprised of compounds withNC equal to the
SOA precursor compound (this percent varies with the par-
entNC). Much of the material withNC equal to the SOA pre-
cursor condenses efficiently to the particle phase before frag-
mentation, which by itself limits the gas-phase production
rate of smallerNC compounds. Additionally, the fragments
themselves have a greater probability of fragmenting prior
to condensation because they persist longer in the gas-phase
and must undergo additional reactions to obtain a sufficiently
high oxygen content to facilitate efficient condensation. In
other words, the more times that a molecule reacts, the more
chances it has to fragment (i.e. the total fragmentation proba-
bility for a given molecule is the product of thePfrag terms for
prior reactions). Finally, because we assume that the proba-
bility of fragmentation scales with oxygen content, fragmen-
tation will serve to depress somewhat the formation of the
highest O : C species. In Fig. 4 the probability distribution
of having n-oxygens per molecule in the particle-phase is
shown for the no-fragmentation case and forcfrag = 0.2 for
case B. Overall, fragmentation moves the oxygen distribu-
tion towards molecules with fewer oxygen atoms, at least on
theNτ = 1 timescale considered here (the behavior at larger
Nτ is considered in Sect. 3.3.1).

If the same calculations are performed for otherNC com-
pounds (from 5–20 carbon atoms), it is found that, in gen-
eral, fragmentation leads to small changes in O : C compared
to the equivalent non-fragmentation case. Calculations of
O : C and the aerosol yield as a function ofNC are shown
in Fig. 2b for 1LVP = 1.6, cfrag = 0.2, Pfunc = [1, 0, 0,
0] andCOA(Nτ =1) = 10 µg m−3. Although fragmentation
does not typically lead to a substantial change in the mean
particle O : C, compared to the equivalent non-fragmentation
case, it does strongly influence the calculated aerosol yield,
with the influence of fragmentation becoming greater asNC
decreases (Fig. 5). As already discussed, fragmentation sup-
presses OA formation and thus a greater amount of initial hy-
drocarbon is necessary to produce the sameCOA at a given
OH exposure. This serves to decrease the aerosol yield. The
effect is much more pronounced for small compounds be-
cause these compounds must undergo many more gas-phase
reactions compared to larger ones before sufficient oxygen is

Fig. 4.Calculated distribution of oxygen atoms in the particle-phase
after 1 lifetime of reaction for aNC = 12 SOA precursor for cases
without fragmentation and with fragmentation (see legend).

added to facilitate efficient condensation. Fragmentation will
have a more pronounced influence on yields if smaller val-
ues of1LVP are assumed because, again, molecules must go
through more reactions to add sufficient oxygen. Thus, the
overall influence of fragmentation is largest for small com-
pounds and when1LVP is small. Additionally, if the frag-
mentation probability (i.e.cfrag) is assumed to be larger, the
ratio between yields with and without fragmentation grows.
If thePfrag becomes large enough, OA formation can be com-
pletely suppressed in the SOM. Future work will be focused
on constraining the fragmentation operator (both the mag-
nitude and the functional form) based on comparisons with
laboratory smog chamber aerosol growth experiments.

To relate the output of the SOM to other model formula-
tions, such as the VBS, the distributions of individual com-
pounds can be binned by mass into logarithmically spaced
C∗ bins, and the evolution of this distribution throughout a
reaction can be calculated. An example is shown in Fig. 6 for
theNC = 12 case B simulation withcfrag = 0.2 from above,
although now the simulation has been run for many more
lifetimes of oxidation (up toNτ = 5 is shown). The distribu-
tion of products comprising both the total and the particle-
phase only are continuously evolving, as expected given the
continued reactivity of the products, and gas-phase products
with volatility greater than the parent hydrocarbon are pro-
duced as a result of fragmentation. The evolution of the total
(gas+ particle) provides a visual example of the statistical
nature of the oxidation process in the SOM (similar to that
in Fig. 1), while the particle-phase shows the combined ef-
fects of volatility, reactivity, the abundance of compounds
in a given logC∗ bin and the totalCOA. That the product
yields are not static as a reaction proceeds, particularly at
short lifetimes (Nτ < 1), has implications for the interpreta-
tion of laboratory aerosol yield curves from photooxidation
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Fig. 5. The ratio between the aerosol yield calculated without
and with fragmentation (assumingcfrag = 0.2, 1LVP = 1.6 and

COA(Nτ = 1) = 10 µg m−3). The line is a power law fit.

experiments when such interpretations are formulated in
terms of static yields, as with the 2-product model (Odum
et al., 1996) or static VBS (Donahue et al., 2006).

3.1.3 Oxygen addition

In the previous sections, it was assumed that each reaction
with OH led to the addition of only 1 oxygen atom. In this
case, for a molecule to obtain e.g. 5 oxygen atoms it would
undergo at least 5 reactions. It is possible for some reactions
to add more than 1 oxygen, most notably for the oxidation
of aromatic compounds or of compounds containing dou-
ble bonds, but also potentially for saturated compounds. In
the SOM, up to 4 oxygen atoms can be added per reaction,
where we assume, given the molecular complexity of oxida-
tion mechanisms, that some distribution of oxygen atoms are
added per reaction (e.g. 50 % add 1 oxygen and 50 % add 2
oxygens). Below, the general influence of the assumed num-
ber of oxygens per reaction on the O : C and aerosol yield is
explored.

Consider a SOA precursor compound that adds 1, 2, 3 or
4 oxygens per reaction. The more oxygens that are assumed
to be added per reaction, the faster that the system will form
“low” volatility compounds that can condense efficiently to
the particle phase (assuming a constant1LVP). Further, if
fragmentation is included, because compounds that add more
oxygen atoms per reaction ultimately go through fewer reac-
tions prior to condensation, the influence of fragmentation
can be suppressed. This is true even thoughPfrag for an in-
dividual species is assumed to depend on the oxygen con-
tent, since it is the net fragmentation probability that most
matters to the system (which is determined by the combi-

Fig. 6. Histograms showing the variation in the particle phase and
total mass distributions when binned into logarithmically-spaced
volatility bins, as a function of the number of oxidation lifetimes.
Calculations are for aNC = 12 SOA precursor, including fragmen-
tation. For reference, the variation in theCOA with lifetimes is
shown.

nation of the number of reactions and the specificPfrag val-
ues). As a specific example, again aNC = 12 SOA precur-
sor is used. The time-evolution inCOA, aerosol yield and
O : C have been calculated for addition of 1, 2, 3 or 4 oxy-
gens per reaction (Fig. 7). The [HC]0 were selected to pro-
duceCOA = 10 µg m−3 after 3 oxidation lifetimes, assuming
1LVP = 1.6 and no fragmentation. For comparison, calcu-
lations were performed assuming thatPfunc = [0.25, 0.25,
0.25, 0.25] with1LVP = 1.0, 1.6 or 2.2.

The assumed number of oxygens per reaction has a strong
influence on the temporal evolution of the aerosol mass and
the shape of yield and growth curves (Fig. 7). For example,
there is a long time-lag before significant OA forms for the
1-oxygen case, whereas for the 4-oxygen case OA is formed
nearly instantaneously. This difference should not be surpris-
ing, since the addition of more oxygen atoms per reaction
leads to more rapid production of sufficiently low volatility
material, and thus OA will form at a faster rate. However,
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Fig. 7.The(a) temporal evolution of the aerosol mass,(b) variation
of COA with the amount of SOA precursor reacted,(c) variation of
aerosol yield withCOA, and(d) variation of O : C withCOA shown
for the addition of 1, 2, 3 or 4 oxygen atoms per reaction for a
NC = 12 SOA precursor over 3 lifetimes of oxidation, assuming
1LVP = 1.6. Results are also shown assumingPfunc = [0.25, 0.25,
0.25, 0.25] with1LVP = 1.0, 1.6 or 2.2.

it does suggest an important result, namely that the shape
of a growth curve and the temporal evolution of OA forma-
tion can together be used to deduce the approximate num-
ber of oxygens added per reaction for a given system. Con-
sider the low-NOx oxidation of toluene, as an example (Ng
et al., 2007b). For this system, the growth curve (i.e.COA
vs. 1[HC]) is nearly linear, suggesting that 3 or 4 oxygens
are added per reaction, which is consistent with the low-NOx
oxidation mechanism (Ng et al., 2007b). It should be noted,
however, that in the SOM it is currently assumed that the gas-
particle system reaches equilibrium instantaneously. If there
are kinetic limitations to SOA formation then the yield curves
will be altered accordingly.

Traditionally, growth curves are presented asCOA vs.
1[HC], the amount of SOA precursor reacted. To facili-
tate comparison with results from the SOM as well as be-
tween different experiments, we suggest it is useful to present
growth curves with the x-axis as a fraction of the total initial
hydrocarbon reacted (fHC), in addition toCOA vs. the abso-
lute change in the hydrocarbon concentration. By usingfHC,
one can more easily identify the point at which all (or nearly
all) of the hydrocarbon has reacted.

For a fixed1LVP, there is a relatively weak dependence
of O : C on the assumed oxygens per reaction, although the
specific dependence shown in Fig. 7d is non-intuitive. Con-
sider that, for theNC = 12 case here, the 3-oxygens per re-
action case gives the highest O : C. This specific result can
be understood as follows: under the specified conditions,
the NC = 12, NO = 3 compound has a volatility ofC∗

=

10.7 µg m−3. At COA = 10 µg m−3, a significant amount of
material remains in the gas-phase available to undergo fur-
ther reactions that add 3 additional oxygens. In contrast, for
the 4-oxygens per reaction case, the very low volatility of the
first-generation products makes subsequent gas-phase reac-
tions and oxygen addition very slow. As with the 4-oxygens
per reaction case, for 1 or 2 oxygens per reaction the oxy-
gen addition is slow once the precursor gas has added 4 oxy-
gens. However, the molecular complexity of oxidation reac-
tions suggests that a distribution of oxygens per reaction will
likely be added, and thus, although illustrative, the cases con-
sidered above may not be general. To address this, calcula-
tions have been performed where it is assumed that 1, 2, 3
and 4 oxygens are added per reaction with equal probability.
In this case, the O : C andCOA evolve approximately as an
average of the individual cases (Fig. 7d).

The number of oxygen atoms added per reaction is not the
only factor that controls the shape of yield or growth curves.
The specific value of1LVP also influences the temporal evo-
lution of the system by altering the rate at which sufficiently
low volatility material is produced. The influence of1LVP
can be assessed by recalling that the likely range over which
1LVP varies is from 1 to 2.2 (a1 of 1.2), which can then be
compared to the influence of adding an additional oxygen.
For a fixed1LVP, every additional oxygen will decrease the
volatility by 1LVP, which will usually be greater than the
difference between the ketone-only (1LVP = 1) and alcohol-
only (1LVP = 2.2) cases. Therefore, variations in the as-
sumed number of oxygens added per reaction are expected to
have a greater influence on the shape of the yield or growth
curves than differences in the assumed1LVP, as is evident
from Fig. 7b. However,1LVP has a particularly strong influ-
ence on the predicted O : C for the multiple-oxygen-per reac-
tion case (Fig. 7d), as was indicated earlier for the 1-oxygen-
per-reaction case shown in Fig. 2b. This suggests that exper-
imental observations of the time evolution of bothCOA and
O : C can serve to provide constraints on the SOM parameters
for a given reaction.

3.1.4 Oxidation of multi-component mixtures

Only single component SOA precursor reactions have been
considered thus far. In the atmosphere, simultaneous oxida-
tion of many different precursors occurs. To assess the po-
tential generalizability of the single component results, ox-
idation simulations have been carried out for a mixture of
precursor compounds, usingNC = 15 to NC = 5. The ini-
tial gas-phase concentrations were adjusted such that af-
ter 10 h of simulation at [OH]= 2× 106 the total abun-
dance of products from each of the individual precursors
were approximately equal (around 0.9 µg m−3 each to give
COA,total = 10 µg m−3). So that products from individual pre-
cursors could be identifiedcfrag was set to zero and for
simplicity 1 oxygen was assumed added per reaction. The
mean O : C for each group of compounds originating from
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a specific precursor (i.e.NC = 15 only) was calculated and
can be compared with the O : C values obtained from the
single-compound simulations. For these specific conditions,
the O : C for compounds withNC>13 were negligibly in-
creased (e.g. 0.17 to 0.176 forNC = 15) while the O : C for
smaller compounds decreased slightly (e.g. 1.14 to 1.04 for
NC = 5). The differences were slight in all cases, indicating
that the single-component results are general.

3.2 Fitting of laboratory data

3.2.1 Time evolution of aerosol growth

The SOM can be used to compute the time evolution of
aerosol mass (or yields) and the mean O : C. The SOM can
be fit to laboratory aerosol growth experiments by minimiz-
ing the chi-square difference between model and measure-
ment; from this, best-fit SOM parameters can be determined.
Here, we demonstrate the general process and utility of fitting
the SOM to laboratoryCOA data using two examples: (1)α-
pinene photooxidation under low-NOx conditions (Ng et al.,
2007a) and (2) pentadecane photooxidation under high-NOx
conditions (Presto et al., 2010). Future work will focus on
fitting a variety of laboratory SOA formation data using the
SOM in order to determine best-fit parameters for different
experiments and establish how the parameters vary with re-
action conditions (e.g. precursor identity, high vs. low NOx).

Becauseα-pinene contains a single double bond, the reac-
tion rate ofα-pinene with OH is likely to be faster than that
of its oxidation products. To account for this, thekOH matrix
has been modified to explicitly assign a value for the reaction
of OH with α-pinene (kOH = 5.3× 10−11 molecules cm−3,
Gill and Hites, 2002), with the rate coefficients of all other
products computed using the SOM-reactivity relationship.
Ng et al. (2007a) measured time-dependent aerosol forma-
tion for α-pinene photooxidation under low-NOx conditions
that can be computed by the SOM. The experimentally-
constrained model inputs are [HC]0 = 13.8 ppb and [OH]
∼ 3×106 molecules cm−3 (the exact [OH]t was deduced by
matching to the observed decay ofα-pinene), and the ex-
periment ran forNτ∼ 6. The best-fit to the observations is
obtained for:1LVP = 1.83,cfrag = 0.18, andPfunc = [0.0,
0.46, 0.42, 0.12], (Fig. 8). (Note that because the distribution
of products resulting from fragmentation are randomly gen-
erated each time the model is run one obtains a slightly differ-
ent solution. However, the run-to-run variability is relatively
small.) Use of Eq. (5) forPfrag allows for a similarly good fit
to theCOA observations, with1LVP = 1.74,mfrag = 0.50,
and Pfunc = [0.0, 0.28, 0.56, 0.16]. Of note is the similar-
ity between the1LVP and Pfunc arrays for the two frag-
mentation parameterizations. The distribution of particulate-
phase compounds inNC/NO space with fractional popula-
tions> 0.01 % is also shown for select points along the simu-
lated reaction (Fig. 8). The distribution of oxidation products
evolves throughout the simulation, with compounds of lower

Fig. 8. (main graph) Time-dependent aerosol formation forα-
pinene photooxidation under low-NOx conditions comparing the
calculated curve (line) to observations (points) (Ng et al., 2007a).
The calculated curve is colored by the mean O : C of the OA. (in-
set) The aerosol growth curve (yield vs.1[HC]) for this system.
(above) The small graphs show the distribution of products, colored
by mole fraction in the condensed phase, at various points through-
out the reaction (indicated by arrows) in oxygen/carbon space. The
points in the upper-right graph indicate structures for compounds
that have been observed to exist in the condensed phase with mea-
surable yields.

NC, higherNO contributing more significantly at later times,
although at all times contributions ofNC = SOA precursor
species dominate.

The validity of these model results can be evaluated in
light of what is known about theα-pinene photooxidation
mechanism. Forα-pinene oxidation, the OH addition path-
way dominates (90 %), and condensed-phase products with
2, 3 and 4 oxygens have been observed (Larsen et al., 2001;
Jaoui and Kamens, 2003). Some of these products have
fewer carbon atoms thanα-pinene, indicating that fragmen-
tation does occur. The model distribution of products in car-
bon/oxygen space can be compared with experimentally de-
tected compounds. Figure 8 shows that there is generally
good, although not perfect, agreement between the predicted
and observed distribution of highly abundant compounds in
terms of theNC and NO (Larsen et al., 2001; Jaoui and
Kamens, 2003). The model O : C for the OA ranges from
∼ 0.38 to 0.45, which compares extremely well with obser-
vations (O : C= 0.40, Chhabra et al., 2011). This comparison
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Fig. 9. The temporal evolution ofCOA (left axis) and [HC] (right
axis) for photoxidation of pentadecane under high-NOx conditions
for the model (lines) and measurements (symbols:COA = • and
[HC] = *). Measured values are from Presto et al. (2010). The cal-
culated curve is colored by the mean O : C of the OA. The small
graphs show the distribution of products in the particle phase, col-
ored by mole fraction, at various points throughout the reaction (in-
dicated by arrows).

between model and experiment suggests that the SOM repre-
sentation of oxidation in this system is a reasonable approx-
imation of the chemistry, even though the1LVP andPfunc
arrays are assumed to be constant.

The model was also fit to the temporal evolution of the
COA for the pentadecane+ OH system from Presto et
al. (2010) (cf. their Fig. 1). For this experiment, OH was
not constant, and thus OH in the model is allowed to change
so that the temporal behavior of the measured pentadecane
concentrations can be replicated, with [HC]0 = 9.3 ppb and
the overallNτ = 0.64. Excellent model/measurement agree-
ment is obtained (Fig. 9), with the two fragmentation pa-
rameterizations giving (Eq. 4)cfrag = 0.23, 1LVP = 1.63,
andPfunc = [0.26, 0.67, 0.00, 0.07] or (Eq. 5)mfrag = 0.38,
1LVP = 1.59, andPfunc = [0.10, 0.86, 0.0, 0.04] as best
fits. The evolution of the particle-phaseNC/NO molecule dis-
tributions are also shown at selected points during the reac-
tion, and indicate that the particle composition is continu-
ously evolving, as expected.

The model predicts an O : C of∼ 0.19. Presto et al. (2010)
do not directly report O : C, but they do report the fraction of
the aerosol mass spectrum atm/z 44 (f44), which has been
previously shown to have a relationship to O : C (Aiken et al.,
2008; Sun et al., 2009). Using thef44 vs. O : C relationship,
the O : C for the high-NOx pentadecane OA is estimated to be
∼ 0.20, although it should be noted that thef44 for pentade-
cane OA is lower than the measurement range in both these
papers and, from the data shown in Aiken et al. (2008), there

Fig. 10. Extrapolation to longer oxidation lifetimes of best-fit re-
sults for the twoPfrag parameterizations forα-pinene+ OH (black)
and pentadecane+ OH (red), shown forCOA and O : C. The solid
lines are forPfrag = cfragNO and the dashed lines forPfrag =

(O : C)mfrag. The vertical lines indicate the point to which the model
curves were constrained by observations.

is reason to suspect that this relationship may over-estimate
O : C at lowerf44 (cf. the “AMBground” and “HOAground”
points in their Fig. 4). Given this uncertainty, the level of
agreement between model and experiment is satisfactory.

Both these and theα-pinene results above indicate that the
selected functional form forPfrag does not influence whether
the SOM can be fit to the observations, so long as the tun-
able parameters (cfrag or mfrag) are set appropriately. How-
ever, when the SOM is extrapolated far beyond the fit range
(with respect to the number of oxidation lifetimes), some dif-
ferences in the continued evolution of the SOA mass and, to
a lesser extent, the O : C are found between the two fragmen-
tation parameterizations (Fig. 10). This suggests that fitting
of the SOM to experiments that are run over many oxida-
tion lifetimes can provide stronger constraints on the best-fit
parameters for a given reaction. Nonetheless, it is clear that
the multi-generational model developed here provides a ro-
bust framework for modeling the formation and evolution of
SOA.

The SOM has six adjustable parameters – the1LVP, Pfrag
andPfunc array (recall that thePfunc is an array with 4 ele-
ments). Given the number of adjustable parameters, it is per-
haps not surprising that the SOM can be fit with good fi-
delity to the above observations of SOA formation in cham-
ber experiments. This also raises some questions regarding
the uniqueness of the solution(s) obtained, and thus the in-
terpretability of the derived parameters in terms of physi-
cal properties. One way in which stronger constraints can
be placed on the best-fit parameters in the future is the si-
multaneous fitting to time-series of O : C andCOA, instead of
to COA only. This is because the model O : C is particularly
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sensitive to the1LVP parameter. Additionally, for chemical
systems (e.g.α-pinene+ OH) for which data from multi-
ple experiments run under the same conditions are available,
the SOM can be fit to each of the experiments independently
(or simultaneously) and the best-fit results compared. Finally,
the generalizability of the SOM approach can be tested by fit-
ting the model simultaneously to multiple experiments that
were run under the same conditions but using different com-
pounds within a given class, as is done in the next section.

3.2.2 NC dependence of aerosol yield

Lim and Ziemann (2005) measured aerosol yields for photo-
oxidation of a series of straight-chain alkanes at high-NOx
([NOx]/[HC] ∼ 20 ppb ppb−1) and at highCOA (∼ 200–
5000 µg m−3), from NC = 8 to 17. (The aerosol yields re-
ported in Lim and Ziemann (2005) were corrected in Jor-
dan et al. (2008), and we use the corrected values here.)
The aerosol yields for the conditions of these experiments
have been simulated, where the [HC]0 are from Jordan et
al. (2008) and the [OH] are specified to provide for the
observed decay in each [HC] over 1 h of reaction (with
[OH] typically ∼ 2× 107 molecules cm−3). Note that time-
dependent growth curves are not available, and thus we fit
only to the final yield reported for each experiment. In fitting
the SOM to the observations, we have fit the yields for each
of the alkanes simultaneously, i.e. a single set of values for
the1LVP, Pfrag andPfunc parameters have been determined
that correspond to the best-fit to all of the observed yields.
We have fit the SOM to the reported yields only for the sub-
set whereNC ≤ 15. The reason for excluding the yields for
the NC = 16 and 17 alkanes is that the volatilities of these
molecules are sufficiently low and the concentrations suffi-
ciently high at the start of the experiment that a significant
amount of the [HC]0 ends up in the particle phase without
undergoing any reaction; this complicates the definition of
“yield” somewhat, as the yield now includes condensation of
un-reacted parent compound.

The best-fit yield vs.NC dependence agrees well with
the observations (Fig. 11), with best-fit SOM parameters of
(Eq. 4)cfrag = 0.45, 1LVP = 1.94 andPfunc = [0.38, 0.34,
0.28, 0.0] or (Eq. 5)mfrag = 0.16,1LVP = 1.83 andPfunc =

[0.38, 0.62, 0.0, 0.0]. These best-fit parameters can be com-
pared with the best-fit parameters determined from fitting the
time-dependent pentadecane SOA growth from Sect. 3.2.1;
the1LVP values here are larger and the fragmentation more
extensive, compared to the time-dependent pentadecane fit.
The differences between the best-fit parameters here and
from the pentadecane fit from above likely results from the
much higher [NOx]/[HC] (∼ 150 ppb ppb−1) and much lower
COA in the Presto et al. (2010) experiments. Nonetheless, that
a single set of parameters can capture the yield vs.NC de-
pendence is notable. Our results suggest that the SOM may
be able to provide a general modeling framework for a given
type of precursor (here, straight-chain alkanes) and reaction

Fig. 11. CalculatedNC-dependent yields for straight-chain alka-
nes of varyingNC compared with observed yields from Jordan et
al. (2008).

conditions, although this will need to be carefully assessed
through further comparison with observations. It should be
noted that Presto et al. (2010) similarly found that a single
set of yield parameters could be used within the static 1D-
VBS framework to match the observed SOA yields for a suite
high-NOx n-alkane+ OH experiments (withNτ < ∼ 1.3) in
which theNC of the alkanes was varied, once the differing
volatilities of the parent compounds were accounted for.

3.3 Additional considerations

3.3.1 Ageing and heterogeneous oxidation

The above general discussion of the SOM primarily focused
on oxidation over relatively short timescales (i.e. only over
a few lifetimes of oxidation). Given sufficient time or suf-
ficiently high OH concentrations, all of the SOA precursor
will react away. At this point it is reactions of the product
molecules that lead to continued SOA growth. As fragmen-
tation continues to occur, lower volatility long-chain species
are continuously converted into higher volatility short-chain
species, which can lead to evaporation of condensed-phase
species and a decrease in the particle mass. Additionally, as
SOA growth slows heterogeneous reactions will become in-
creasingly important.

Once again, theNC = 12 system is used as a test case,
with [HC]0 = 10 ppb and [OH]= 2× 106 molecules cm−3

and with SOM parameters of1LVP = 1.6, Pfunc = [0.33,
0.33, 0.33, 0.01]. The model is run for 20 oxidation life-
times. Three cases are considered: (1) no fragmentation,
(2) cfrag = 0.2 and (3)cfrag = 0.2 including heterogeneous
chemistry. Case 3, with heterogeneous chemistry, requires
specification of the particle number concentration and the
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OH uptake coefficient; we assume 104 particles cm−3 and
γOH = 1. The particle size is calculated at each time step
from the instantaneousCOA and particle number concen-
tration, and where monodisperse spherical particles are as-
sumed; the peak particle diameter ranges from∼ 120 nm to
200 nm, depending on which case is considered. Results are
shown in Fig. 12.

For Case 1 (no fragmentation), the SOA produced rapidly
reaches the maximum yield (by around 3 lifetimes) and re-
mains high. The mean O : C reaches a minimum of 0.34 at
∼ 1 lifetime, after which point it very slowly increases to
∼ 0.41 at 20 lifetimes. For Case 2 (cfrag = 0.2), somewhat
different results are obtained. TheCOA peaks and then de-
creases as gas-phase reactions convert the molecules to in-
creasingly high-volatility species, thus inducing evaporation
of the condensed-phase molecules. However, some of this
evaporated mass reacts and is recycled back to the particle
phase as higher O : C material, leading to an increase in the
O : C over time, with the O : C of Case 2 eventually ending
up higher than that of Case 1. However, this only occurs af-
ter a few lifetimes of oxidation, which may correspond to
a few days of ageing in the atmosphere (depending on the
[OH] and compound reactivity). Overall, it appears that frag-
mentation in the gas-phase is, by itself, a relatively inefficient
pathway for increasing the O : C of OA.

When heterogeneous reactions are included (Case 3) there
is only a small difference compared to Case 2 whenNτ < 3.
However, at longer oxidation lifetimes heterogeneous reac-
tions lead to (i) increased loss of aerosol mass and (ii) a
strong increase in the mean particle O : C. The additional
mass loss is the result of fragmentation reactions in the con-
densed phase that lead to production of and evaporation of
higher volatility products. The increase in O : C results from
functionalization reactions that add oxygen directly to the
particle-phase species. If a smaller value forγOH is assumed,
the timescale at which heterogeneous chemistry becomes im-
portant shifts towards longer times, and vice versa. Similarly,
if a smaller particle number concentration were assumed,
leading to larger particles overall, the influence of heteroge-
neous reactions is diminished. (Note that if the SOM were fit
to chamber or flow-tube experiment data, the measured par-
ticle number would be used.) The heterogeneous mechanism
in the SOM assumes only 1 oxygen is added per reaction. If
a distribution of oxygens were instead assumed added (as in
the gas-phase), the O : C would increase more rapidly.

These model results compare well with the general behav-
ior observed by Lambe et al. (2012) from experiments where
SOA was formed in a flow-tube with a constant [HC]0 but
with varying oxidation lifetimes (i.e. OH exposures). Specif-
ically, Lambe et al. (2012) observed that the aerosol yield
initially increased with OH exposure, but eventually peaked
and then decreased; the shape of their observed yield vs.
OH exposure curves is similar to that calculated for Case 3.
Additionally, the shape of the calculated variation of O : C
with OH exposure is in general agreement with the Lambe et

Fig. 12.The variation in the calculated(a) COA and(b) O : C with
the number of SOA precursor oxidation lifetimes for aNC = 12
precursor for different reaction conditions (see legend), including
heterogeneous reactions with OH.

al. (2012) observations. The SOM results suggest that con-
sideration of heterogeneous reactions at short oxidation life-
times is not crucial. However, at longer oxidation lifetimes
models should include heterogeneous reactions, as some al-
ready do (e.g. Jimenez et al., 2009).

3.3.2 Formation of oxidized organic aerosol:
O : C vs. SOA volatility

Ambient SOA is a complex mixture of compounds. Factor
analysis of ambient OA time-series measurements (Ulbrich
et al., 2009; Zhang et al., 2011), coupled with estimates of
OA volatility (Huffman et al., 2009a; Cappa and Jimenez,
2010) provide some constraints on the likely range of val-
ues for O : C and volatility of ambient SOA. Factor analysis
results suggest that SOA can be equated with a general “ox-
idized” organic aerosol (OOA) factor, which can be further
subdivided into “low volatility” and “semi volatile” compo-
nents (LV-OOA and SV-OOA, respectively), each with dis-
tinct properties (Jimenez et al., 2009). Jimenez et al. (2009)
suggest a range of likely values for the O : C and logC∗ for
LV-OOA and SV-OOA (shown in Fig. 13).
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Fig. 13. The evolution of SOA formed from SOA precursor com-
pounds with 5≤ NC ≤ 20 over 1 lifetime of oxidation where
10 µg m−3 SOA has been formed. Points are colored by the num-
ber of atoms comprising the SOA precursor and the symbol size
corresponds to the amount of OA formed. The precursor species
properties are indicated asx’s. Regions designating LV-OOA and
SV-OOA are from Jimenez et al. (2009).

To relate the SOM results to the LV-OOA and SV-OOA
categorization of OA, trajectories of the mean logC∗ value
of the condensed phase products, weighted by mass, have
been computed along with the mean O : C for precurors of
varying NC. Calculations have been carried out for the fol-
lowing reaction conditions: [OH]= 2×106 molecules cm−3,
t = 8 h, 1LVP = 1.6, cfrag = 0.2 andPfunc = [0.33, 0.33,
0.33, 0.01]. The [HC]0 for eachNC was selected to give
COA = 10 µg m−3 at the end of the reaction. Note that the
specific values chosen are reasonable mid-range values based
on the above determined best-fits to then-alkanes andα-
pinene and thus, although the specific results depend on the
exact parameters, the conclusions should be reasonably gen-
eral to these types of systems. In general, as OA forms, the
mean volatility reaches a minimum where the O : C reaches a
maximum (Fig. 13). However, both occur when only very lit-
tle OA has formed. The “fishhook” behavior occurs around
the point when OA formation begins in earnest (e.g.COA
> 0.01 µg m−3), which is when more than just the very low-
est volatility components begin to contribute in a substantial
way (in a similar manner to what was shown in Fig. 3a).

Although smallNC compounds (NC < ∼ 9) can lead to
OA with large O : C, the SOM indicates that gas-phase reac-
tions, coupled with equilibrium gas-particle partitioning the-
ory, does not generally lead to the production of material with
sufficiently low volatility so-as to be readily classified as LV-
OOA; the mean volatility for the SOA that has high O : C
tends to lie on the high side of the LV-OOA category. This
suggests that condensed-phase reactions not considered in
the SOM (such as oligomerization or aqueous phase process-
ing) could be required to produce aerosol with sufficiently
low volatility to be considered LV-OOA. In the case of SV-
OOA formation, compounds with around 9≤ NC ≤ 12 can

produce SOA with both the appropriate O : C and volatility.
It is possible to shift these ranges ofNC somewhat by alter-
ing the assumed1LVP, with lower values leading to higher
O : C for a givenNC species, although as1LVP is decreased,
the model SOA volatility increases.

Two caveats to the above conclusions should be consid-
ered. First, the SOM utilizes a reasonable, albeit simplified
scheme to represent the detailed chemistry that actually oc-
curs in the gas-phase and assumes that there are specific re-
lationships between oxygen addition and volatility. If reac-
tions occur that can add oxygen more rapidly than considered
in the SOM (for example,> 5 oxygens per reaction) or for
which the assumed range of the volatility/oxygen relation-
ship does not hold (e.g.1LVP < 0.7) it is possible to obtain
SOA with higher O : C values than the SOM predicts. Addi-
tionally, if the SOM parameters, assumed here to be constant
for a given reaction, actually vary dramatically with com-
position then different results may be obtained. Second, if
there is a substantial kinetic limitation to condensation (i.e. a
failure of the instantaneous equilibrium partitioning assump-
tion), then it may be possible for a molecule to undergo a
greater number of gas-phase reactions prior to condensation,
which would allow for an increase in the O : C and a decrease
in the volatility beyond those predicted by the SOM. Such
considerations may be particularly important when simulat-
ing SOA formation for compounds that are more structurally
complex than those considered here, such as sesquiterpenes
(NC = 15 with 2 double bonds) for which higher O : C values
than expected have been observed (Chen et al., 2011).

3.3.3 Oxygenated SOA precursors

Some SOA precursors emitted to the atmosphere are likely
to contain oxygen atoms. Above, only precursors with zero
oxygen atoms have been considered. Here, the influence of
oxygen atoms on a SOA precursor on the SOM results is
considered. SOA formation has been simulated over 10 life-
times of oxidation for aNC = 12 hydrocarbon that initially
contains 0, 1 or 2 oxygen atoms. (Note that lifetimes have
been calculated based on the reactivity of the specific parent
hydrocarbon.) The model parameters used are:1LVP = 1.6,
cfrag = 0.2 andPfunc = [0.33, 0.33, 0.33, 0.01], with hetero-
geneous chemistry excluded for simplicity (the general con-
clusions do not depend on this). A fixed [HC]0 = 70 µg m−3

has been used (equal to 10 ppb of a saturatedNC = 12 hydro-
carbon). We have additionally run the SOM for aNC = 9 pre-
cursor that has 1 oxygen atom, which has a predicted volatil-
ity (log C∗

= 5.6) very similar to theNC = 12 precursor with
zero oxygens (logC∗

= 5.8) when1LVP = 1.6.
The addition of oxygen atoms to the parent hydrocarbon

leads to more rapid production of SOA (Fig. 14). The oxy-
genated precursors have a slightly greater peakCOA, com-
pared to the non-oxygen containing parent species, while the
calculated O : C differs only slightly between the threeNC =

12 cases. These results indicate that the addition of oxygen
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Fig. 14. The evolution of the calculatedCOA (bottom) and O : C
(top) with oxidation lifetime for aNC = 12 precursor species that
contains 0, 1 or 2 oxygen atoms, or for aNC = 9 precursor that
contains 1 oxygen atom.

atoms to precursor species (for a constantNC) does not have
a large effect on the SOA formed, either in terms of mass or
O : C, although does influence the formation timescale some-
what.

Reaction of theNC = 9 precursor with 1 oxygen yields
∼ 60 % less OA than the non-oxygenatedNC = 12 precur-
sor that is of comparable volatility. Additionally, the O : C
of the OA formed by the smallerNC precursor is substan-
tially higher than that of the largerNC precursor, consistent
with our earlier results that O : C is determined in large part
by NC. An interesting difference is found if the same cal-
culations are performed without fragmentation (cfrag = 0).
Now, the amount of OA produced byNτ ∼ 3 is very simi-
lar for the oxygenatedNC = 9 and non-oxygenatedNC = 12
precursors (although the O : C remain quite different). This
suggests that differences between the SOA mass (or yield)
formed from precursors with different numbers of initial car-
bon and oxygen atoms but similar volatilities results pri-
marily from differences in fragmentation. Chacon-Madrid
and Donahue (2011) reported aerosol growth curves (yield
vs. COA) for oxygenated and non-oxygenated precursor hy-
drocarbons with similar volatilities but differentNC. The
SOM results are generally consistent with their observations,
where a decreased yield was observed for the smaller oxy-
genated precursors. They similarly concluded that fragmen-
tation plays a key role in determining the aerosol yields.

4 Implications and conclusions

The development of a parameterized kinetic model of SOA
formation that accounts for the multi-generational addition

of oxygen, fragmentation and volatility within the general
framework of gas-particle equilibrium partitioning theory,
termed the statistical oxidation model, has been presented.
The SOM provides an explicitly kinetic framework and can
be used to fit data from laboratory SOA formation experi-
ments. Additionally, some general insights into the formation
of SOA can be obtained from the SOM, within the constraints
of the model formulation. Results from the SOM indicate that
the particle-phase O : C is strongly dependent on the number
of carbons comprising the gas-phase SOA precursor, with the
nature of the functional groups added (i.e. the1LVP parame-
ter) playing a secondary role. The inclusion of fragmentation
does not have a strong influence on the predicted O : C, at
least when only gas-phase processing is considered. This is
a consequence of the strong relationship between the num-
ber of oxygen-containing functional groups,NC and volatil-
ity. Although fragmentation does not have a strong influence
on O : C, fragmentation is nonetheless an important aspect
of the SOA formation process given its strong influence on
aerosol yields. Gas-phase mechanisms have been shown to
have difficulty forming OA that has very low volatility (i.e.
log C∗ < −1), which is thought to be a key characteristic of
“OOA”, particularly “LV-OOA”. Consideration of heteroge-
neous OH reactions are found to be most important when the
number of oxidation lifetimes is> 3.

The recent push towards model development that incorpo-
rates tracking of average particle properties, such as O : C and
volatility, in addition to the extensive propertyCOA is use-
ful, as it helps to constrain models in terms of whether the
fundamental processes governing SOA formation are being
represented in a sufficiently realistic manner. However, care
must be taken because it is possible to construct models with
composition/volatility relationships that deviate substantially
from physical understanding but that can yield results that ap-
pear to match observations (e.g. Hodzic et al., 2010; Dzepina
et al., 2011; Murphy et al., 2011). (For example, an assump-
tion of an increase in mass by 40 % per reaction due to oxy-
gen addition, as in these studies, corresponds to an addition
of ∼ 5 oxygens per reaction for a C15 hydrocarbon but only
3 oxygens per reaction for a C9 hydrocarbon. If this is as-
sumed to correspond to the same change inC∗ per reaction
for both species (e.g. 2 orders of magnitude), this suggests
that the reaction pathways for these two molecules provide
fundamentally different1LVP per oxygen relationships, cor-
responding to1LVP = 0.4 or1LVP = 0.7 for C15 and C9,
respectively, both of which are much lower than what is phys-
ically likely. Assuming instead a mass increase of 7.5 % per
reaction with a decrease inC∗ of 1 order of magnitude cor-
responds to the addition of 1 and 0.6 oxygens per reaction
and1LVP = 1 and1LVP = 1.7 for C15 and C9, respec-
tively.) Additionally, multi-generational oxidation of “tradi-
tional” SOA precursor species should be incorporated into
models (Tsimpidi et al., 2010; Dzepina et al., 2011), as op-
posed to static yield approaches that assume that products
do not react. In particular, it is not appropriate to exclude
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such species (e.g. toluene,α-pinene) from multi-generational
oxidation schemes while allowing for multi-generational ox-
idation of “non-traditional” IVOC and SVOC species (e.g.
Shrivastava et al., 2011). To do so can unfairly increase the
aerosol yields from IVOC and SVOC species over traditional
species, especially on long timescales (e.g. multiple days of
ageing). For example, Dzepina et al. (2011) found that if both
IVOC/SVOC and traditional VOC species are allowed to age
for 3 days (i.e. undergo multi-generation oxidation) the ratio
between the SOA mass formed from IVOC/SVOC and tradi-
tional VOCs is∼ 1.2, whereas if only IVOC/SVOC species
are allowed to age while traditional VOCs are assumed to
have static yields the ratio is∼ 7.

Not considered in the current implementation of the SOM
are condensed-phase reactions. That the volatility of model
SOA tends to be substantially higher than that of ambient
OA, especially LV-OOA (Cappa and Jimenez, 2010) suggests
that condensed phase reactions may play a key role. Such re-
actions may or may not involve the aerosol aqueous phase.
Condensed-phase oligomerization reactions are a likely ex-
planation for the apparently low volatility of chamber SOA,
independent ofNC and O : C considerations (although cham-
ber SOA is often still more volatile than ambient OA; Huff-
man et al., 2009b). Condensed phase oligomerization reac-
tions can have varying influence on the particle O : C depend-
ing on the specific chemical pathway (e.g. aldol condensation
vs. ester formation). Most oligomerization reactions will tend
to either maintain or decrease the O : C, although hydration
reactions can lead to oxygen addition. Aqueous phase ox-
idation reactions can lead to substantial increases in O : C,
as has been observed for reactions involving phenolic com-
pounds (Sun et al., 2010). The SOM indicates that the inclu-
sion of fragmentation does not lead to substantial increases
in the O : C of SOA from gas-phase processing alone. How-
ever, if aqueous phase reactions increase the uptake and con-
version into SOA of the small, highly volatile fragmentation
products then fragmentation may yet be a pathway towards
higher O : C SOA. Most laboratory SOA growth experiments
are typically conducted under low RH conditions, which sug-
gests that for such experiments this potential pathway will
likely be small.

The SOM is inherently a kinetic, multi-generational for-
mulation of OA formation that intrinsically accounts for the
evolution of the system with time. The SOM can be fit to in-
dividual chamber experiments by tuning of the individual pa-
rameters. The tunable parameters derived here can be consid-
ered as analogs of traditional aerosol yield/volatility param-
eters (Odum et al., 1996; Donahue et al., 2006), but contain
within them important information about the kinetics, in par-
ticular the role of fragmentation. Because the distribution of
“molecules” in the SOM is framed as a matrix of oxygen and
carbon atoms, it provides a natural framework for the sim-
ulation of multi-generational oxidation when the intensive
parameter O : C is a desired model output. The simultane-
ous oxidation of multiple compounds can be easily incorpo-

rated within the modeling framework simply by adding pre-
cursors to the appropriateNC/NO cell. Furthermore, one can
envision future developments that, for example, include an
“oligomerization” operator to account for condensed phase
accretion reactions or the conversion of OA to a highly vis-
cous “glassy” phase (Virtanen et al., 2010; Cappa and Wil-
son, 2011; Koop et al., 2011; Vaden et al., 2011).

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/12/
9505/2012/acp-12-9505-2012-supplement.pdf.
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Vaden, T. D., Imre, D., Beránek, J., Shrivastava, M., and Zelenyuk,
A.: Evaporation kinetics and phase of laboratory and ambient
secondary organic aerosol, P. Natl. Acad. Sci., 108, 2190–2195,
doi:10.1073/pnas.1013391108, 2011.

Valorso, R., Aumont, B., Camredon, M., Raventos-Duran, T.,
Mouchel-Vallon, C., Ng, N. L., Seinfeld, J. H., Lee-Taylor, J.,
and Madronich, S.: Explicit modelling of SOA formation from a-

www.atmos-chem-phys.net/12/9505/2012/ Atmos. Chem. Phys., 12, 9505–9528, 2012

http://dx.doi.org/10.1039/c1cp20236g
http://dx.doi.org/10.1021/es100727v
http://dx.doi.org/10.1029/2008jd010164
http://dx.doi.org/10.1080/02786826.2010.501044
http://dx.doi.org/10.5194/acp-8-5465-2008
http://dx.doi.org/10.5194/acp-11-7859-2011
http://dx.doi.org/10.5194/acp-7-5159-2007
http://dx.doi.org/10.5194/acp-7-3909-2007
http://dx.doi.org/10.5194/acp-11-6465-2011
http://dx.doi.org/10.5194/acp-11-6465-2011
http://dx.doi.org/10.1021/es950943+
http://dx.doi.org/10.1016/1352-2310(94)90094-9
http://dx.doi.org/10.1016/1352-2310(94)90094-9
http://dx.doi.org/10.5194/acp-8-2773-2008
http://dx.doi.org/10.5194/acp-8-2773-2008
http://dx.doi.org/10.1016/j.atmosenv.2008.12.050
http://dx.doi.org/10.1016/j.atmosenv.2010.11.027
http://dx.doi.org/10.1021/es903712r
http://dx.doi.org/10.1126/science.1133061
http://dx.doi.org/10.1073/pnas.1006461108
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103756
http://dx.doi.org/10.5194/acp-11-6639-2011
http://dx.doi.org/10.5194/acp-9-3209-2009
http://dx.doi.org/10.5194/acp-9-3095-2009
http://dx.doi.org/10.5194/acp-9-3095-2009
http://dx.doi.org/10.5194/acp-10-4809-2010
http://dx.doi.org/10.5194/acp-10-4809-2010
http://dx.doi.org/10.5194/acp-10-525-2010
http://dx.doi.org/10.5194/acp-9-2891-2009
http://dx.doi.org/10.1073/pnas.1013391108


9528 C. D. Cappa and K. R. Wilson: Multi-generation SOA formation

pinene photooxidation: sensitivity to vapour pressure estimation,
Atmos. Chem. Phys., 11, 6895–6910,doi:10.5194/acp-11-6895-
2011, 2011.

Virtanen, A., Joutsensaari, J., Koop, T., Kannosto, J., Yli-Pirila, P.,
Leskinen, J., Makela, J. M., Holopainen, J. K., Poschl, U., Kul-
mala, M., Worsnop, D. R., and Laaksonen, A.: An amorphous
solid state of biogenic secondary organic aerosol particles, Na-
ture, 467, 824–827, 2010.

Volkamer, R., Jimenez, J. L., San Martini, F., Dzepina, K., Zhang,
Q., Salcedo, D., Molina, L. T., Worsnop, D. R., and Molina, M.
J.: Secondary organic aerosol formation from anthropogenic air
pollution: Rapid and higher than expected, Geophys. Res. Lett.,
33, L17811,doi:10.1029/2006gl026899, 2006.

Wilson, K. R., Smith, J. D., Kessler, S. H., and Kroll, J. H.:
The statistical evolution of multiple generations of oxidation
products in the photochemical aging of chemically reduced
organic aerosol, Phys. Chem. Chem. Phys., 14, 1468–1479,
doi:10.1039/c1cp22716e, 2012.

Wong, J. P. S., Lee, A. K. Y., Slowik, J. G., Cziczo, D. J., Leaitch,
W. R., Macdonald, A., and Abbatt, J. P. D.: Oxidation of ambient
biogenic secondary organic aerosol by hydroxyl radicals: Effects
on cloud condensation nuclei activity, Geophys. Res. Lett., 38,
L22805,doi:10.1029/2011gl049351, 2011.

Zhang, Q., Jimenez, J. L., Canagaratna, M. R., Ulbrich, I. M.,
Ng, N. L., Worsnop, D. R., and Sun, Y. L.: Understanding at-
mospheric organic aerosols via factor analysis of aerosol mass
spectrometry: a review, Anal. Bioanal. Chem., 401, 3045–3067,
doi:10.1007/s00216-011-5355-y, 2011.

Ziemann, P. J.: Effects of molecular structure on the chemistry
of aerosol formation from the OH-radical-initiated oxidation
of alkanes and alkenes, Int. Rev. Phys. Chem., 30, 161–195,
doi:10.1080/0144235x.2010.550728, 2011.

Atmos. Chem. Phys., 12, 9505–9528, 2012 www.atmos-chem-phys.net/12/9505/2012/

http://dx.doi.org/10.5194/acp-11-6895-2011
http://dx.doi.org/10.5194/acp-11-6895-2011
http://dx.doi.org/10.1029/2006gl026899
http://dx.doi.org/10.1039/c1cp22716e
http://dx.doi.org/10.1029/2011gl049351
http://dx.doi.org/10.1007/s00216-011-5355-y
http://dx.doi.org/10.1080/0144235x.2010.550728

