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Abstract

A new mechanism to simulate the formation of secondary organic aerosols (SOA) from
reactive primary hydrocarbons is presented, together with comparisons with experi-
mental smog chamber results and ambient measurements found in the literature. The
SOA formation mechanism is based on an approach using calculated vapor pressures5

and a selection of species that can partition to the aerosol phase from a gas phase
photochemical mechanism. The mechanism has been validated against smog cham-
ber measurements using α-pinene, xylene and toluene as SOA precursors, and has
an average error of 17%. Qualitative comparisons with smog chamber measurements
using isoprene were also performed. A comparison against SOA production in the10

TORCH 2003 experiment (atmospheric measurements) had an average error of only
12%. This contrasts with previous efforts, in which it was necessary to increase par-
tition coefficients by a factor of 500 in order to match the observed values. Calcula-
tions for rural and urban-influenced regions in the eastern U.S. suggest that most of
the SOA is biogenic in origin, mainly originated from isoprene. A 0-dimensional cal-15

culation based on the New England Air Quality Study also showed good agreement
with measured SOA, with about 40% of the total SOA from anthropogenic precursors.
This mechanism can be implemented in a general circulation model (GCM) to estimate
global SOA formation under ambient NOx and HOx levels.

1 Introduction20

Particulate matter (PM) plays a highly important role in the atmosphere. It exerts a
strong influence on climate, modifying the amount of incoming radiation and changing
the properties of clouds, in addition to other indirect effects. Organic matter (OM)
can contribute up to 90% of the total mass of PM (Tsigaridis and Kanakidou, 2003),
and a significant fraction of the OM is secondary organic aerosols (SOA), as high as25

80% in polluted regions (Turpin and Huntzicker, 1995). SOA are not emitted directly
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to the atmosphere, but are formed from semi-volatile oxygenated compounds, that
are produced from the reaction of primary volatile hydrocarbons with oxidants such as
O3, OH and NO3. These semi-volatile compounds have a wide variety of chemical
and thermodynamic properties and usually have one or more functional groups, (i.e.
hydroxyl, carbonyl, carboxy, nitroxy and nitro groups). They may stick to the surface5

of primary carbonceous particles (POA) particles, which are mainly composed of black
carbon (BC) and other nonvolatile organic compounds (OC).

The SOA precursors can be of biogenic and anthropogenic origin; the proper deter-
mination of the relative importance of both kinds of precursors is critical to the further
implementation of SOA abatement policies and to the identification of climate effects10

associated with anthropogenic OM.
Formation of SOA is poorly represented in current global chemical models, and

this may be one of the main reasons why GCM models cannot properly reproduce
aerosol field measurements. Previous efforts to model SOA formation in global mod-
els used different SOA formation methods and chemical mechanisms (e.g. Tsigaridis15

and Kanakidou, 2003 and Chung and Seinfeld, 2002), but when updated emission in-
ventories for primary particle emissions are used, SOA formation is unable to explain
observations of OC (Heald et al., 2005). One of the main problems with the SOA con-
centration simulations is that there are many uncertainties in the SOA formation mech-
anism, including the sticking coefficients of the semi-volatile compounds on aerosols,20

the enthalpy of vaporization of several compounds, stabilization of the compounds in
the aerosol phase due to catalysis, formation of dimers and oligomers in the aerosol
phase, and removal processes. Different methods have been proposed to simulate
SOA formation, mainly based on coefficients derived from smog chamber measure-
ments, but often these experiments use SOA precursors in higher concentration than25

their usual values in the atmosphere (e.g. Hoffmann et al., 1997). These methods
often can reproduce SOA concentrations obtained from measurements in smog cham-
ber experiments or in atmospheric measurements (e.g. Griffin et al., 2002), but, as
explained below, the empirical coefficients so derived cannot provide information about
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the chemical species that form the SOA, and thus make it difficult to understand any
further processes that occur in the aerosol phase.

The method used, with minor variations, by several authors (e.g. Chung and Seinfeld,
2002), is a two-product modeling framework for SOA formation. A parent hydrocarbon
HCi reacts in the gas phase with an oxidant OXj (OH, O3 or NO3) to form a set of5

products Gi ,j,k , each with a mass based stoichiometric coefficient αi ,j,k :

HCi + OXj
ki ,j−→ αi ,j,1Gi ,j,1 + αi ,j,2Gi ,j,2 (R1)

Where ki ,j is the reaction rate coefficient. Typically, ki ,j and the stoichiometric coef-
ficients αi ,j,k are determined by fits to smog chamber experiments, and the chemical
structure of the products Gi ,j,k remains unknown. This is one of the main drawbacks10

to this kind of SOA formation mechanism, but has been necessitated by the fact that
the experimental data for the product constituents are not always available. In addition,
this procedure limits the inclusion of new compounds in the SOA formation mechanism,
since reactions inside the aerosol phase cannot be included.

Here, we describe a mechanism for SOA formation based on an explicit represen-15

tation of chemical reactions of gas-phase species. Vapor pressures of the secondary
compounds formed from the oxidation of primary species and its partitioning constants
from gas to aerosol phase are calculated from thermodynamic considerations. Similar
methods have been used previously by Griffin et al. (2002), Zhang et al. (2004) and
Pun et al. (2006). Our methods, based on a different chemical mechanism, differ in the20

method used to estimate the partition coefficients, in the SOA precursor selection, and
in the treatment of hydrophilic and hydrophobic aerosols.

The resulting mechanism has been evaluated in comparison with smog chamber ex-
periments. The mechanism is also used in 0-dimensional calculations that represent
conditions associated with two recent field campaigns: the TORCH 2003 experiment25

(Utembe et al., 2005; Johnson et al., 2006a and Johnson et al., 2006b) and the 2002
New England Air Quality Study, (De Gouw et al., 2005). Previous attempts to explain
these measurements through calculations have been unsatisfactory. As described be-
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low, calculations using the mechanism described here show improved agreement in
comparison with measurements.

The ultimate goal of this work is to develop a method for use in a global 3-D chem-
ical and transport model (IMPACT) to simulate global SOA production, including up-
dated emission inventories and a large number of primary compounds that can produce5

aerosols together with a detailed model of the chemical reactions inside the particles.

2 Model description

SOA are produced through the partitioning of selected organic carbon compounds be-
tween the gas and a preexisting aerosol phase, composed of an absorptive medium
like primary organic aerosols and black carbon. The newly formed SOA can also serve10

as an absorptive medium for other low volatility organic compounds.
The widely accepted (Pankow, 1994a) representation of the partitioning process of

a given species between the gas phase and the aerosol phase depends on several
chemical and physical variables, including the vapor pressure of the species, the av-
erage molecular weight of the compounds in the aerosol phase, the temperature, as15

well as the concentrations of the species in both phases and the chemical compo-
sition of the aerosol phase. The numerical value of most of these variables can be
measured, usually with small errors, or can be estimated using different methods for
approximation. In this work, a detailed gas-phase chemical mechanism is used to sim-
ulate the production of semi-volatile oxygenated compounds and their condensation to20

the aerosol-phase to produce SOA. Thus, we aim to establish a mechanistic represen-
tation of the physical and chemical processes of SOA formation.

The chemical mechanism used is based on that published by Ito et al. (2007). It
includes 194 chemical species and 611 chemical reactions and includes a change
that forms glycoaldehyde from the oxidation of isoprene rather than hydroxyacetic25

acid. A distinctive characteristic of the solution method is that it is based on an
analysis of odd hydrogen production and loss, leading to a fast calculation of the
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species concentration in each time step (Sillman, 1991). We also ran some of the
tests described in the following sections using the Master Chemical Mechanism (MCM)
v3.1 (http://mcm.leeds.ac.uk/MCM/, 2006), and we found that, by choosing the same
species for partitioning (or an equivalent one, if the species is not present in both mech-
anisms), the amount of SOA formed in the simulations using the Ito et al. mechanism5

and the MCM mechanism, was almost the same. This is a good indication of the ro-
bustness of the chosen chemical mechanism, whose computational requirements are
much smaller than those of the MCM.

In our proposed approach, every secondary organic compound that meets at least
one of the following requirements, established by Griffin et al. (2002), has the potential10

to partition to the aerosol phase. A compound must have at least one of the following
structural characteristics:

– Be partially soluble.

– Be an aromatic acid.

– Be an aromatic compound with two functional groups that are not aldehydes.15

– Have 12 or more carbon atoms.

– Have at least 10 carbon atoms and two functional groups.

– Have at least six carbon atoms and two functional groups, one of which is an acid.

– Be trifunctional.

From these criteria, 23 species, taken from the Ito et al. chemical mechanism, with the20

potential to produce SOA were selected (Table 1). All the species were oxygenated
derivatives from aromatics, isoprene, α-pinene, limonene and carbonyls.

The formation of SOA from the products of isoprene oxidation is not clear, as some
studies show that isoprene produces only minor amounts of SOA, and then only under
acidic conditions (Kroll et al., 2005, Pandis et al., 1991, Edney et al., 2005), but other25
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studies estimate higher levels of SOA formed from the secondary oxygenated products
of isoprene (Henze and Seinfeld, 2006; Matsunaga et al., 2005; van Donkelaar, 2007;
Surrat et al., 2006). Henze and Seinfeld (2006) reported that the SOA formed from
isoprene can be very important in the free troposphere and in remote marine regions.
Smog chamber experiments using isoprene as an SOA precursor are very scarce, and5

have mostly been performed under acidic conditions. We included isoprene derived
species as SOA because they meet the required structural characteristics and because
the ambient simulations shown below that used these compounds gave results closer
to the experimental values.

Smog chamber experiments have also shown that the semi-volatile photooxidation10

products of organic compounds tend to polymerize in the aerosol phase in reactions
catalyzed by the semi-volatile acidic reaction products (Kalberer et al., 2004). Another
smog-chamber study on the effect of acidic seed particles on α-pinene ozonolysis
suggested that acidity promotes SOA formation and increases aerosol yield by up to
40% (Iinuma et al., 2004). The acid catalysis and the polymerization reactions have15

not yet been incorporated into our model, but their inclusion is feasible.
Preliminary simulations under different atmospheric conditions and with different

mixes of precursors showed that only 7 of the 23 secondary semi-volatile oxygenated
species that have been selected as capable of partitioning to the aerosol phase do,
in fact, partition in significant quantities under typical rural and urban atmospheric20

conditions and patterns of emissions. In the following, since the computational
requirements to process the SOA partitioning are very low, all species have been
included, but similar results are obtained when including only these species for
the particular emission or meteorological conditions, assumed here. Table 1 also
shows the partitioning coefficient Ki and the species that partition in significant25

quantities. The species of most importance for partitioning to the aerosol phase are:
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A-DI Product of decomposition of carbonyl [C6H5OH(OH)CHO]
ACHO Benzaldehyde [C6H5CHO]
IALD Hydroxy carbonyl alkene from isoprene [HOCH2C(CH3)=CHCHO]
INPN Peroxide from isoprene [ONO2CH2C(OOH)(CH3)CH=CH2]
ISNP Peroxide from isoprene [HOCH2C(OOH)(CH3)CH(ONO2)CH2OH]
NITP Benzyl nitrate [C6H5ONO2]
PINT Acid from terpenes [ONO2C10H16OOH]

The concentration of each specie Ai in the aerosol phase is given by (Pankow, 1994a
and Pankow, 1994b):

[Ai ]gas =
[Ai ]aerosol

Ki M0
(1)5

M0 = [POA] +
∑
i=1,n

[Ai ]aerosol (2)

Where n is the number of species that can partition to the aerosol phase, [Ai ]aerosol

(µg m−3) and [Ai ]gas (µg m−3) are the concentrations of the specie Ai in the aerosol

and gas phase, respectively, and Ki (m3µg−1) is its partitioning coefficient between the
aerosol and gas phases. M0 (µg m−3) is the concentration of total organic aerosols and10

[POA] (µg m−3) is the concentration of primary organic aerosols. Both equations are
solved iteratively (Typically, about five iterations in each time step).

The partitioning coefficient Ki for each compound is calculated according to:

Ki =
RT

106MWζip
o
L,i

(3)

Where R (8.206×10−5 atm m3 mol−1 K−1) is the ideal gas constant, T (K) is the temper-15

ature, MW (g mol−1) is the average molecular weight of the absorbing aerosol phase,
ζ i (dimensionless) is the activity coefficient of the compound in the organic aerosol
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phase, po
L,i (atm) is the compound vapor pressure (sub-cooled if necessary) and 106

is a unit conversion factor (g µg−1).
As vapor pressure experimental data for several secondary species is not avail-

able, the Myrdal and Yalkowsky (1997) estimation method has been used, with some
changes added to include the particular chemical structure of the SOA forming com-5

pounds (Camredon and Aumont, 2006). The Myrdal and Yalkowsky method estimates
the boiling point of a given organic compound based on the Joback group contribution
method (Reid et al., 1987), and then estimates the vapor pressure at a given tempera-
ture.

Several authors (e.g. Pankow, 1994a and Kamens et al., 1999) have stated that it is10

reasonable to assume that the value of ζ i is equal to one for a given oxidation product in
an aerosol droplet composed of a mixture of similar species. Although some methods
(Bowman and Karamalegos, 2002) which are also based on group contributions have
been proposed to estimate the activity coefficient, we set ζ i equal to one for simplicity.
Activity coefficients ζ i are temperature dependant, but their variation with temperature15

is negligible compared to the temperature dependence of the vapor pressure.
The partition process between the gas phase and the aerosol phase is assumed to

be instantaneous, due to the relevant relative reaction and transport time scales, as
calculated by Bowman et al. (1997) in a reactor chamber system. Thus, the amount
of each secondary compound that partitions to the aerosol phase does not depend on20

the timestep used, but only on the Eq. (1). The partition equations are solved after
the gas phase concentrations are obtained for each step. The updated gas phase
concentrations of the secondary compounds are used in the next step.

As the smog chamber experiments last for only a few hours, no wet or dry removal
mechanism has been included in the model, although the wall removal processes are25

set to the published values for each smog chamber. The wall removal process is sim-
ulated by either assuming a rate constant for the wall loss reactions, or by removing a
fixed percentage of the mass of some selected species during each time step, depend-
ing on each smog chamber.
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The main sink process for organic aerosols in the ambient atmosphere is wet de-
position, which represents 70 to 85% of the total deposition process (Kanakidou et
al., 2005), so only this process has been considered in our ambient simulations. De-
position is included by assuming a lifetime of seven days, based on the Kanakidou
et al. (2005) work and AEROCOM intercomparison results (http://nansen.ipsl.jussieu.5

fr/AEROCOM/, 2006). Small variations in the lifetime have little effect on the results
shown in Sect. 3.2.

3 Simulations and results

To validate the model, two different approaches have been used: One, presented in
Sect. 3.1, involves the comparison of the model results with smog chamber experi-10

ments found in the literature. The second, in Sect. 3.2, involves the comparison of
0-dimensional calculations using with ambient measurements of OA taken during the
TORCH 2003 campaign under several conditions. In Sect. 3.3 we also present gen-
eralized simulations under urban-influenced and rural atmospheric conditions using
representative emission values. In addition, a simulation of a New England plume and15

comparison with ambient measurements is presented.

3.1 Comparison with smog chamber results

Experimental measurements of SOA formation in smog chambers under controlled
conditions and using different precursors are difficult, and therefore only a few results
are available in literature. Two different sets of SOA formation smog chamber exper-20

iments have been selected to test this model; one set of experiments (18 different
initial conditions) reported by Takekawa et al. (2003), used toluene, m-xylene and α-
pinene as SOA precursors under different NO and NO2 initial concentrations, at two
different temperatures. They also injected propene to accelerate the photochemical
reactions, in all the experiments except that involving α-pinene. Kamens and Jaoui25
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(2001) performed another set of experiments using α-pinene as an SOA precursor in
the presence of NOx (two different initial conditions).

Kroll et al. (2005) measured SOA concentration in smog chambers using isoprene
as precursor, with aqueous ammonium sulfate as initial seed. As our model is not yet
able to simulate heterogeneous phase reactions, the results of the experiments are5

only used to determine the general behavior of the model using isoprene as precursor,
but not to make rigorous comparisons.

The Ito et al. (2007) chemical mechanism specifies an average rate constant for the
reactions of the o-, m- and p-xylene molecules, thus, this rate constant has been used
rather than that of the true m-xylene rate. The difference between this average rate10

constant and that of m-xylene is 3.75% at 298 K.
Table 2 shows the initial conditions for each smog chamber experiment, as well as

the measured SOA concentration at the end of the experiment, the simulated SOA con-
centration, and the percentage difference. The average error for all 20 smog chamber
simulations is (32±63) %, but some of the experimental results are difficult to under-15

stand, with large differences in the final SOA concentration: A 295% error between
the model results and the measurements in PIN-303 (See Table 2 for a description
of the cases) seems to be due to a problem in the smog chamber experiment, since
the experiments PIN-101 and PIN-303 have very similar initial conditions, and only a
small temperature difference (283 K and 303 K, respectively); PIN-101 has a final SOA20

concentration of 89µg m−3 and PIN-303 has only 20µg m3. The differences in the va-
por pressure at these temperatures, the change in reaction rates coefficients, and the
variation in the partition coefficients are not enough to explain this difference.

If we exclude these two values (shown in italics in Table 2), the average error for
all the 18 remaining simulations is (17±13) %, a reasonably small error, considering25

the uncertainties associated with the measurements and the parameters used in the
model. A plot of the correlation between the measured and the simulated SOA concen-
trations is presented in Fig. 1. The correlation coefficient is equal to 0.996, but cannot
be used as a measurement of the robustness of the method as the plot covers a wide
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range of SOA concentrations, with most of the points having low SOA concentrations.
The correlation coefficient for all of the experiments, without including the two highest
concentrations, is 0.792.

We also performed simulations of nine different smog chamber experiments that
used isoprene as an SOA precursor (Kroll et al., 2005), under different temperatures,5

O3 and NOx concentrations and initial aqueous ammonium sulfate seed particles.
These simulations produced an average error of 35% (individual data not shown), but
since the model does not include heterogeneous phase reactions, nor a different SOA
formation mechanism for acidic particles, we did not pursue this mechanism further.
The errors obtained in the simulations with highest initial isoprene concentration were10

those with the higher errors.

3.2 Comparison with ambient measurements

The second set of simulations with our SOA formation mechanism used the experi-
mental conditions in the TORCH 2003 experiment (Utembe et al., 2005; Johnson et
al., 2006a, b). In this campaign, ambient concentrations of several species as well15

as organic aerosols were measured in Writtle, Essex, UK, approximately 40 km to the
north east of central London. Measurements were made over a period of about one
month, under different ambient conditions and plume originating sites. Initial condi-
tions, trajectories and emissions were reported. Table 3 shows the trajectory arrival
date, the average emissions of anthropogenic and biogenic VOC, the average emis-20

sions of NOx during the trajectory prior to the measurement site, and the observed and
calculated OA concentrations.

The average error for the nine simulations was (12±6) %. A plot of the correlation
between the measured and the simulated SOA concentrations is presented in Fig. 2,
and gives a correlation coefficient equal to 0.942. The average error of 12% is small,25

and is similar to that obtained in the smog chamber experiments.
These results can be compared directly to the trajectory calculation reported by

Johnson et al. (2006a and b) on which it is based. Johnson et al. (2006a) found that
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they were able to match the experimental results only if they assumed that gas-aerosol
partition coefficients were higher than theoretical values by a factor of 500. Here,
results show reasonable agreement with observations without any adjustment to the
partition coefficients derived from theory. The possible cause of this difference is the
inclusion in this work of different species in the partitioning scheme, mainly derivatives5

from biogenic precursors. Johnson et al. (2006b) reports that the average contribu-
tion of species derived from anthropogenic emissions to the simulated mass of SOA is
60%, but our calculations showed that this contribution is only 25%.

3.3 Ambient simulations

Two simulations were performed using realistic atmospheric concentrations and hourly10

emissions. The detailed initial conditions and average hourly emissions are presented
in Tables 4a and 4b, as well as the final concentration of selected primary and sec-
ondary species. Both scenarios were run using the same initial concentrations of gas
phase species, but with a different pattern of hourly emissions, that followed a diurnal
cycle with peak anthropogenic emissions during morning and afternoon periods of high15

traffic in the urban-influenced case (based on average diurnal variations in EPA inven-
tories, available at http://www.epa.gov/ttn/chief/net/1999inventory.html#final3crit), and
with the diurnal variation in the biogenic emissions in both the rural and the urban-
influenced cases. Initial concentrations were based on typical conditions in rural north-
ern Michigan, with total volatile organics equal to 5 ppbC.20

A brief description of the initial conditions and emissions is:

– Rural site (Michigan, U.S.): Represents typical rural values for background con-
centrations and emissions that reflect conditions in northern Michigan. Emission
rates were rural, and lower than would be found in more populated regions.

– Urban-influenced site (Pennsylvania and Ohio, U.S.): Represents average emis-25

sions (urban and rural combined) for a region corresponding roughly to the states
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of Pennsylvania and Ohio, including large cities, power plants and large rural ar-
eas. Similar to the average emission rates across the eastern U.S.

Simulations were performed for a three-day period, beginning on 1 March. The initial
POA concentration was 1µg m−3, there were no additional POA emissions during the
simulation and the aerosol removal time constant was seven days. The calculations5

assume a constant mixing height of 5000 m, typical of the height of the daytime mixed
layer in the eastern U.S., a temperature of 25◦C and no clouds.

Two different schemes were used, one allowing the evaporation of compounds from
the aerosol phase (assuming continuous equilibrium with the gas phase) and an-
other preventing evaporation. In the results presented here, only the non-evaporating10

scheme was used as this has been shown to better reproduce experimental measure-
ments (Tsigaridis and Kanakidou, 2003). Results that assume continuous equilibrium
produce less SOA by a factor of 1.1.

The final concentration of relevant secondary compounds that partition to the aerosol
phase is shown in Table 5, as well as the gas-phase concentrations of these com-15

pounds and their precursors. The total amount of SOA formed after the three days was
10.2µg m−3 in the urban-influenced site and 7.2µg m−3 in the rural site.

In Fig. 3 we show the fraction of each partitioning compound in the aerosol phase
at the end of the three-day simulation. From the analysis of the plot, it is clear that in
the aerosol phase, the secondary species formed from the biogenic compounds (PINT,20

ISNP, INPN, IALD) partition into the aerosol phase much more readily than those of
anthropogenic origin (ACHO, A-DI, NITP), in both scenarios. The fraction of species
formed from biogenic compounds account for about 90% of the total SOA mass in the
urban influenced scenario and about 97% in the rural scenario.

A study of the dependence of the final SOA concentration on the VOC/NOx emis-25

sions ratio was carried out. When using the same initial VOC and NOx concentrations
for both the urban-influenced and rural simulations, the final concentration of SOA is
more sensitive to the change in the NOx emissions during the day than to the VOC
emissions; an increase of 10% in the NOx emissions for the rural site produces 4%
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more SOA, and 3% more for the urban-influenced site. In contrast, an increase of
10% in the VOC emissions leads to an increase of less than 1% in the mass of SOA
produced in the both rural and urban-influenced sites. This suggests that the observed
distribution of SOA may reflect the distribution of NOx, which is primarily anthropogenic
in origin, even when the SOA is formed from biogenic rather than anthropogenic VOC.5

This possibility was also mentioned by De Gouw et al. (2005) work, described below.
The second ambient simulation consists of a 0-d calculation with initial conditions

derived from the measurement-based estimates of De Gouw et al. (2005). De Gouw et
al. (2005) used measured ratios between individual anthropogenic VOC and C2H2 in
order to derive ambient OH, age, and the initial concentrations of primary VOC. They10

similarly estimated the initial concentration of isoprene from measured concentrations
of isoprene reaction products (methylvinyl ketone and methacrolein). Sources of other
biogenic species were estimated based on correlations between measured reaction
products and the derived isoprene. Terpenes were estimated from measured mixing
ratio of monoterpenes. However, these species did not form SOA in their calculation.15

The study included a series of measurements of primary and secondary gas-phase
organic species and organic aerosols during summer, 2002, from a ship located off the
coast of Massachusetts and New Hampshire. The resulting measurements included an
anthropogenic VOC that was representative of an average U.S. city, along with biogenic
VOC reflecting the influence of forested regions in New England. There was evidence20

of direct influence of emissions from New York and Boston, but little evidence of impact
from power plant emissions (De Gouw et al., 2005). The measured organic aerosols
showed a correlation pattern that suggested that they were formed mainly through sec-
ondary photochemical production and were from anthropogenic sources. However, De
Gouw et al. (2005) found that the amount of measured SOA was significantly greater25

than the apparent removal of primary aromatic species that were the likely source of
anthropogenic SOA. The evidence for anthropogenic rather than biogenic sources may
also have been ambiguous if SOA formation from biogenic sources is more efficient in
polluted regions than in rural locations.
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We simulated these conditions using the initial estimates of primary anthropogenic
and biogenic VOC for a period of 50 h, matching the inferred time for photochemi-
cal processing. We also assumed initial concentrations of the measured oxygenated
species based on the previous 3-day calculations of urban-influencedconditions in the
eastern U.S. Initial POA was set at 1µg m−3, corresponding to the measured value5

from De Gouw et al. (2005) for air with photochemical age less than one hour. Initial
conditions are shown in Tables 4a and b.

Figure 4 shows the evolution of POM during the 50-h simulation with primary organic
species derived directly from De Gouw et al. (2005). Results can be compared directly
with the evolution of POM as a function of photochemical age derived from measure-10

ments (Fig. 14c in De Gouw et al., 2005). Results compare closely with those reported
by De Gouw et al. (2005). The main difference is due to the inclusion in our study of
the diurnal cycle of radiation, since the de Gouw et al. work calculates concentrations
using average rate constants and daily average OH concentrations. The final amount
of SOA formed after 50 h is similar in both cases; 7.2µg m−3 in the Gouw et al. (2005)15

work and 7µg m−3 in our model. The calculation shows a large increase in SOA during
the first day of the simulation due to the initialization of gas-phase oxygenated interme-
diate compounds in our model. Our results showed that secondary aerosol formation
from anthropogenic sources alone was unable to account for the observed 7µg m−3

POM, a result that is consistent with De Gouw et al. (2005) However, our mechanism20

resulted in significant aerosol formation from biogenic sources (about 65% of the final
SOA concentration), which resulted in total POM matching the observed value.

4 Conclusions

We have presented a chemical mechanism together with partitioning coefficients that
represents direct chemical pathways for formation os SOA from gas-phase species.25

The resulting mechanism has been tested in comparison with three sets of measure-
ments: (i) a series of smog chamber experiments; (ii) the TORCH 2003 field campaign
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near London, and (iii) the New England Air Quality Study. In each case the resulting
SOA formation compares reasonably well with measurements. In the case of TORCH,
results represent a significant improvement over previous calculations.

The main advantage of this model, compared to other representations of SOA forma-
tion, is that the partitioning and stoichiometric coefficients are not fitted to experimental5

data, but calculated, making the model more flexible and able to include new com-
pounds or to use new chemical mechanisms. The only data required are the species
that can partition to the aerosol phase, and their vapor pressures (measured or esti-
mated).

Calculations designed to represent conditions in the eastern U.S. suggested that10

secondary organic products derived from biogenic emissions are responsible for most
of the mass of the secondary organic aerosols. This fact is in agreement with previous
modeling results (Chung and Seinfeld, 2002). It may be possible that some anthro-
pogenic sources of SOA are missing from our mechanism, since other mechanisms
cannot reproduce recently measured results off of Asia (Heald et al., 2005) or from15

Mexico City (Volkamer et al., 2006). Our mechanism does not appear to include signif-
icantly larger anthropogenic source of SOA than previous mechanisms.

In the simulation based on the New England Air Quality Study the resulting SOA
and its variation with photochemical age compared closely with values derived from
measurements. These results are consistent with the conclusion from De Gouw et20

al. (2005) that organics from anthropogenic sources are not sufficient to supply as
much SOA as observed. In our calculation approximately 60% of the secondary or-
ganic aerosols are associated with biogenic emissions, while the remainder is from the
oxidation of initial anthropogenic compounds.

From correlations between primary and secondary species, De Gouw et al. sug-25

gested that the measured aerosols were derived primarily from anthropogenic rather
than biogenic sources, although the measured gas-phase species were not large
enough to supply the observed SOA. Our results suggest that aerosols are formed
mostly from biogenic organic sources under the influence of anthropogenic NOx. A
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further test of the mechanism in a 3-d simulation will be necessary to identify whether
the pattern of variation of SOA found by De Gouw et al. (2005) might be produced by
a combination of biogenic VOC and anthropogenic NOx. The global amount of emis-
sions of the different species that have the potential to react with an oxidant and then
form SOA is uncertain (Kanakidou et al, 2005), but several estimates of global VOC5

emissions are available.
Isoprene accounts for about half of all natural VOC (Volatile organic compounds)

emissions; its estimated global emissions range between 250 and 750 Tg C y−1

(Wiedinmyer et al., 2004). Global emissions of terpenes (excluding isoprene) are
127.4 Tg y−1 (Guenther et al., 1995), although the SOA formation potential of the dif-10

ferent terpenes is quite dissimilar.
The sum of the emissions of all the different anthropogenic aromatics species is

estimated to be 15.8 Tg y−1 (Olivier et al., 1999), and are mostly toluene and xylene.
These emissions add up to about 10–15% of all anthropogenic NMVOC (non-methane
volatile organic compounds) emissions.15

An estimate of the annual global SOA production can be made by scaling the amount
of SOA produced in two different three day simulations, using the rural and urban-
influenced atmospheres. The scaling factor used was the quotient between the annual
SOA estimates presented by Tsigaridis and Kanakidou (2003), and the results obtained
from the rural and urban-influenced atmospheres, but using the two-product scheme20

from Tsigaridis and Kanakidou (2003).
Using the primary emissions mentioned above and the range reported for isoprene,

the estimated SOA production is 35.2–235 Tg y−1, higher than other recent estimates
(For example, Henze and Seinfeld, 2006 calculated 16.4 Tg y−1, and Tsigaridis and
Kanakidou, 2003 calculated 2.5–46 Tg y−1), but the Tsigaridis and Kanakidou estimate25

must be considered a lower limit, since SOA formation from NO3 reactions with all VOC
and from OH oxidation with biogenic VOC was neglected. One important fact to note
is that, although the isoprene has a low SOA yield, the great amount released to the
atmosphere can play an important role in global SOA formation.
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Future work will include the development of a wet and dry removal process for SOA,
based on the removal processes for aerosols in our global aerosol model. Other future
improvements to the model include the addition of reactions in the aerosol and hetero-
geneous phase, such as dimerization and polymerization to simulate the process of
aerosol aging.5

The SOA formation module will be incorporated into the IMPACT 3-D global chemical
transport model. This model can be run in a chemistry only mode (Ito et al., 2006) or
in a aerosol only mode (Liu et al., 2005), but without inclusion of secondary organic
aerosol formation. In the future, we plan to couple these two operational modes and
then add the SOA formation mechanism, to simulate the concentrations of SOA on a10

global scale, with updated POM and BC emission inventories (Ito and Penner, 2005).
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Table 1. List of species that can partition to the aerosol phase, chosen depending on their
chemical structure.

Name Partition in significant Partitioning coefficient at 298 K Description
quantities? and 1 atm [m3µg−1]

A-DI Yes 2.01×10−3 C6H5OH(OH)CHO
ACHO Yes 3.29×10−1 C6H5CHO
AD2P No 2.71×1013 C6H5(CH3)OH(OH)OOH
AP No 9.18×1014 C6H5OH(OH)CO3H
APAN No 1.01×1011 C6H5OH(OH)CO3NO2

DPAN No 1.50×100 CHOCH=CHCO3NO2

GPAN No 5.19×100 HOCH2C(O)OONO2

IALD Yes 1.26×102 HOCH2C(CH3)=CHCHO
IAP No 1.07×1014 HOCH2C(CH3)(OOH)CH(OH)CHO
INPN Yes 4.89×103 NO2OCH2C(OOH)(CH3)CH=CH2

ISNP Yes 1.19×1015 HOCH2C(OOH)(CH3)CH(ONO2)CH2OH
LIP No 3.34×1010 HOC10H16OOH
MRP No 3.14×107 HOCH2C(OOH)(CH3)CHO
NITP Yes 4.38×100 C6H5ONO2

PINT Yes 1.76×108 ONO2C10H16OOH
PIP No 1.05×109 HOC10H16OOH
VRP No 1.48×108 HOCH2CH(OOH)C(O)CH3

XAP No 6.14×105 CH3COCH=CH(O)OOH
XPAN No 1.84×101 CH3COCH=CHCO3NO2

YAP No 1.15×102 CHOCH=C(CH3)C(O)OOH
YPAN No 8.54×100 CHOCH=C(CH3)CO3NO2

ZAP No 2.27×104 CHOC(CH3)=CHC(O)OOH
ZPAN No 8.53×100 CHOC(CH3)=CHCO3NO2
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Table 2. Comparison with results from smog chamber experiments.

Name HC NO NO2 Temp Time Measured Simulated Difference
SOA SOA

[ppm] [ppm] [ppm] [K] [h] [µg m−3] [µg m−3]

PIN-101 a α-Pinene – 0.100 0.053 0.028 283 4 89 100 12%
PIN-102 a α−Pinene – 0.081 0.043 0.021 283 4 65 84 30%
PIN-103 a α−Pinene – 0.055 0.030 0.025 283 4 36 39 9%
PIN-301 a α−Pinene – 0.196 0.102 0.050 303 4 95 137 44%
PIN-302 a α−Pinene – 0.146 0.080 0.039 303 4 58 52 10%
PIN-303 a α-Pinene – 0.093 0.054 0.031 303 4 20 79 295%
TOL-101 a Toluene – 2.64 / C3H6 – 1.0 0.118 0.116 283 4 84 95 13%
TOL-102 a Toluene – 3.25 / C3H6 – 1.1 0.142 0.142 283 4 97 112 15%
TOL-103 a Toluene – 2.20 / C3H6 – 1.1 0.094 0.092 283 4 61 74 22%
TOL-301 a Toluene – 4.33 / C3H6 – 0.9 0.211 0.202 303 4 92 109 18%
TOL-302 a Toluene – 3.35 / C3H6 – 1.0 0.169 0.168 303 4 57 82 43%
TOL-303 a Toluene – 2.61 / C3H6 – 1.1 0.150 0.129 303 4 29 32 11%
XYL-101 a m-Xylene – 2.19 / C3H6 – 1.1 0.098 0.087 283 4 130 99 24%
XYL-102 a m-Xylene – 1.57 / C3H6 – 1.2 0.073 0.074 283 4 69 76 10%
XYL-103 a m-Xylene – 1.12 / C3H6 – 1.0 0.062 0.062 283 4 40 44 9%
XYL-301 a m-Xylene – 3.13 / C3H6 – 1.0 0.153 0.139 303 4 123 150 22%
XYL-302 a m-Xylene – 1.98 / C3H6 – 1.0 0.100 0.096 303 4 43 43 1%
XYL-303 a m-Xylene – 2.83 / C3H6 – 1.0 0.144 0.131 303 4 98 106 8%
6/9/99: light, NOx b α−Pinene – 0.98 0.43 0.002 295-315 3.6 550 576 5%
10/30/99: light, NOx b α−Pinene – 0.94 0.485 0.002 300-308 3.6 1000 993 1%

a Measured by Takekawa et al. (2003)
b Measured by Kamens et al. (1999)
The experiments in italics are not included in the calculation of the average error due to incon-
sistencies in its values.
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Table 3. Comparison with experimental results in the TORCH 2003 campaign.

Trajectory arrival
date

Average emission of
anthopogenic VOC
[µg m−2h−1]

Average emission of
biogenic VOC
[µg m−2h−1]

Average emis-
sion of NOx
[µg m−2h−1]

Observed OA
[µg m−3]

Simulated OA
[µg m−3]

Difference

July 07, 2003 234 9.08 243 1.91 1.54 19%
Aug 02, 2003 496 21.8 403 3.64 2.79 23%
Aug 04, 2003 349 23.4 323 4.02 3.40 15%
Aug 06, 2003 1102 102 941 6.92 7.95 15%
Aug 08, 2003 189 28.4 306 5.52 4.86 12%
Aug 16, 2003 96 12.2 80.2 0.84 0.76 9%
Aug 18, 2003 507 14.7 354 2.78 2.91 5%
Aug 19, 2003 138 10.9 214 1.24 1.20 4%
Aug 21, 2003 195 8.26 240 0.93 1.02 10%
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Table 4a. Initial concentrations, hourly emissions and final concentrations for the three-day
rural simulation.

Compound Initial Average hourly Final
concentration emission concentration
[molec cm−3] [molec cm−2] [molec cm−3]

O3 9.4×1011 0 2.7×1011

NO2 3.0×108 1.5×109 5.2×109

NO 3.0×108 3.1×1010 1.1×107

Acetone 2.0×109 2.6×108 2.7×109

Benzaldehyde 0 0 1.4×103

Formic acid 0 0 2.5×109

Acetic acid 0 0 9.1×109

Acetaldehyde 1.0×108 1.5×108 5.6×1010

Alkanes C 4-5 2.0×108 8.3×109 1.4×1010

Alkanes C 6-8 2.0×106 4.1×109 6.8×109

α−pinene 1.0×109 1.0×1010 1.5×109

Benzene 2.0×107 4.7×109 8.1×109

Trans-2-butene 0 8.5×108 5.1×107

Ethane 2.0×108 5.0×108 1.1×109

Propane 2.0×107 1.6×109 2.8×109

Cresol 0 0 9.7×106

Dicarbonyl 0 0 2.0×107

Dimethyl phenol 0 0 5.1×107

Ethanol 0 0 9.5×1010

Ethene 1.0×106 2.8×109 4.2×109

Glycoaldehyde 0 0 6.4×109

Glyoxal 0 0 2.8×108

Hydroxyacetone 0 0 3.7×1010

Formaldeyhde 1.5×109 7.4×108 4.5×1011

Isoprene nitrate 0 0 5.4×109

Isoprene 1.0×109 4.0×1012 4.70×1011

Limonene 1.0×109 1.0×1010 6.1×108

Methacrolein 0 0 2.1×1011

Ketones C > 3 1.0×108 2.6×108 1.2×1010

Methylglyoxal 0 0 2.2×1010

Methanol 0 0 1.3×1011

Methylhydroperoxide 0 0 1.8×1010

Peroxymethacryloyl nitrate 0 0 8.5×109

Methylvinylketone 0 0 9.9×1010

Benzyl nirate 0 0 8.8×103

Peroxyacetylnitrate 7.5×109 0 3.6×108

Phenol 0 0 1.3×107

Peroxypropionylnitrate 5.0×108 0 1.4×107

Alkenes C > 4 0 2.2×109 3.0×1010

Aldehydes C > 2 2.0×107 5.0×107 1.7×109

Higher order organic acid 0 0 1.5×1010

Alcohols C > 2 0 0 4.2×108

Toluene 2.0×106 2.2×109 3.8×109

m-xylene 0 2.2×109 3.3×109
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Table 4b. Initial concentrations, hourly emissions and final concentrations for the three-day
urban-influenced simulation.

Compound Initial Average hourly Final
concentration emission concentration
[molec cm−3] [molec cm−2] [molec cm−3]

O3 9.4×1011 0 1.1×1012

NO2 3.0×108 1.5×1010 6.8×1010

NO 3.0×108 4.6×1011 4.5×107

Acetone 2.0×109 2.0×109 2.2×1010

Benzaldehyde 0 0 1.2×105

Formic acid 0 0 2.2×109

Acetic acid 0 0 6.2×108

Acetaldehyde 1.0×108 9.1×108 3.3×1010

Alkanes C 4-5 2.0×108 6.2×1010 7.6×1010

Alkanes C 6-8 2.0×106 3.1×1010 2.7×1010

α−pinene 1.0×109 1.0×1010 9.5×106

Benzene 2.0×107 4.3×1010 6.4×1010

Trans-2-butene 0 5.3×109 5.9×107

Ethane 2.0×108 4.0×109 6.9×109

Propane 2.0×107 1.2×1010 1.8×1010

Cresol 0 0 2.4×104

Dicarbonyl 0 0 2.2×109

Dimethyl phenol 0 0 2.4×104

Ethanol 0 0 9.5×108

Ethene 1.0×106 3.4×1010 2.2×1010

Glycoaldehyde 0 0 1.6×1010

Glyoxal 0 0 8.5×109

Hydroxyacetone 0 0 1.7×1010

Formaldeyhde 1.5×109 8.1×109 1.3×1011

Isoprene nitrate 0 0 2.6×109

Isoprene 1.0×109 4.0×1011 2.23×1010

Limonene 1.0×109 1.0×1010 4.8×106

Methacrolein 0 0 2.1×109

Ketones C > 3 1.0×108 2.0×109 1.7×1010

Methylglyoxal 0 0 6.8×109

Methanol 0 0 3.7×109

Methylhydroperoxide 0 0 7.9×108

Peroxymethacryloyl nitrate 0 0 1.0×109

Methylvinylketone 0 0 1.3×109

Benzyl nirate 0 0 3.0×103

Peroxyacetylnitrate 7.5×109 0 2.2×1010

Phenol 0 0 1.8×105

Peroxypropionylnitrate 5.0×108 0 4.0×109

Alkenes C > 4 0 2.3×1010 3.4×109

Aldehydes C > 2 2.0×107 3.1×108 4.3×109

Higher order organic acid 0 0 8.1×107

Alcohols C > 2 0 0 1.5×108

Toluene 2.0×106 2.0×1010 2.2×1010

m-xylene 0 1.3×1010 4.8×109
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Table 5. Final concentrations of the most important compounds that produce SOA in the am-
bient simulations.

Compound Aerosol phase
Urban-
influenced
site
[µg m−3]

Aerosol phase
Rural site
[µg m−3]

Gas phase
Urban-influenced
site
[µg m−3]

Gas phase
Rural site
[µg m−3]

A-DI 1.18×10−1 9.40×10−4 2.48×10−1 1.29×10−3

ACHO 1.15×10−1 4.83×10−4 2.17×10−5 2.51×10−7

IALD 3.20×100 7.92×100 1.20×10−8 4.98×10−6

INPN 1.27×100 2.12×100 7.68×10−8 5.67×10−7

ISNP 1.12×100 2.09×10−2 1.14×10−18 2.96×10−20

NITP 4.38×10−1 4.79×10−3 6.95×10−7 2.03×10−6

PINT 9.46×10−1 1.51×10−1 5.28×10−15 4.58×10−14

α−pinene 9.45×106 1.46×109

Isoprene 2.23×1010 4.70×1011

Limonene 4.81×106 6.13×108

Toluene 2.23×1010 3.75×109

Xylene 4.79×109 3.28×109

Total SOA 7.2 10.2
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Fig. 1. Plot of simulated vs. measured SOA concentrations for several smog chamber experi-
ments.
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Fig. 2. Plot of simulated vs. measured OA concentrations for the TORCH 2003 campaign.
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Fig. 3. Species that partition to the SOA phase under two different initial conditions.
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Fig. 4. Evolution of the organic carbon in the SOA phase concentration under the conditions
reported by de Gouw et al. (2005).
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