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Abstract. The gas phase oxidation of organic species is

a multigenerational process involving a large number of

secondary compounds. Most secondary organic species are

water-soluble multifunctional oxygenated molecules. The

fully explicit chemical mechanism GECKO-A (Generator of

Explicit Chemistry and Kinetics of Organics in the Atmo-

sphere) is used to describe the oxidation of organics in the

gas phase and their mass transfer to the aqueous phase. The

oxidation of three hydrocarbons of atmospheric interest (iso-

prene, octane and α-pinene) is investigated for various NOx

conditions. The simulated oxidative trajectories are exam-

ined in a new two dimensional space defined by the mean

oxidation state and the solubility. The amount of dissolved

organic matter was found to be very low (yield less than 2 %

on carbon atom basis) under a water content typical of del-

iquescent aerosols. For cloud water content, 50 % (isoprene

oxidation) to 70 % (octane oxidation) of the carbon atoms are

found in the aqueous phase after the removal of the parent

hydrocarbons for low NOx conditions. For high NOx condi-

tions, this ratio is only 5 % in the isoprene oxidation case, but

remains large for α-pinene and octane oxidation cases (40 %

and 60 %, respectively). Although the model does not yet in-

clude chemical reactions in the aqueous phase, much of this

dissolved organic matter should be processed in cloud drops

and modify both oxidation rates and the speciation of organic

species.

1 Introduction

The atmospheric aqueous phase includes water in clouds and

fogs droplets and deliquescent particles. The reactivity of in-

organic compounds in atmospheric water and their contri-

bution to particulate matter formation has been extensively

studied (e.g. Finlayson-Pitts and Pitts, 2000; Kreidenweis et

al., 2003; Monod and Carlier, 1999). However large uncer-

tainties still remain about the fate of dissolved organics. Most

secondary organic species produced during gas phase oxi-

dation are water-soluble multifunctional oxygenated species.

Because gas phase oxidation mechanisms are unable to

reproduce experimental secondary organic aerosol (SOA)

yields (Carlton et al., 2009; Ervens et al., 2011; Hallquist

et al., 2009), aqueous phase mediated SOA formation is cur-

rently studied as a way to enhance aerosol yields (Carlton

et al., 2009; El Haddad et al., 2009; Ervens and Volkamer,

2010; Ervens et al., 2008, 2011; Fu et al., 2009; Hallquist et

al., 2009; Lim et al., 2010).

The study of aqueous phase chemistry as a potential source

of SOA has shown that oxidation in water of secondary

species could contribute to SOA mass. For example, Lim et

al. (2005) have shown in a modeling study that the cloud

oxidation of aldehydes originating from isoprene oxidation

could be responsible for 4–20 % of the total isoprene SOA

yield. Similarly, Myriokefalitakis et al. (2011) have shown

that cloud chemistry could enhance oxalate production by

2 Tg yr−1, a contributor to SOA mass. Ervens and Volka-

mer (2010) modeled the SOA formation through aqueous

phase processing of glyoxal, one of the oxidation products of
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isoprene. Their simulations based on observations in cham-

ber experiments by Volkamer et al. (2009) have confirmed

that there is a correlation between SOA mass increase and

the liquid water content (L). Focusing on the aqueous ox-

idation of glyoxal, methylglyoxal and glycolaldehyde, Lim

et al. (2005) and following studies (Tan et al., 2009, 2010)

showed that aqueous processing of isoprene oxidation prod-

ucts could yield SOA through the formation of organic

acids. Biogenic terpenes SOA yields from gas phase photo-

oxidation have been explored in detail (e.g. Hallquist et al.,

2009). Several recent experimental works have studied the

influence of aqueous phase photooxidation on the composi-

tion of SOA formed after oxidation of biogenic compounds

(Lee et al., 2011, 2012; Bateman et al., 2011). As for an-

thropogenic hydrocarbons, recent experimental results from

Zhou et al. (2011) suggest that SOA yields of four aromatic

hydrocarbons (toluene and xylenes) are correlated to the am-

bient liquid water.

The mechanism of volatile organic compound (VOC) pro-

cessing by the aqueous phase can be split in two steps:

i. Phase partitioning. Specifically, many secondary or-

ganic species formed during the gas phase oxidation of

hydrocarbons are highly soluble and have been found

in atmospheric water (e.g. Chebbi and Carlier, 1996;

van Pinxteren et al., 2005; Sorooshian et al., 2007; Mat-

sunaga et al., 2007).

ii. Aqueous phase reactivity. Like in the gas phase, dis-

solved compounds are oxidized by radicals in water,

mainly by OH and NO3 (Herrmann, 2003; Warneck,

2005; Lim et al., 2010). Resulting products are simi-

lar to those observed in the gas phase, but branching

ratios substantially differ from the gas phase (e.g. Her-

rmann, 2003; Poulain et al., 2010). Moreover in the

aqueous phase, hydration and acid dissociation can oc-

cur, which lead to the formation of some organic prod-

ucts (hydrates and carboxylate ions) not formed in the

gas phase. Additional processes forming heavier species

can take place in the aqueous phase, like esterification

and aldol condensation (e.g. Nguyen et al., 2011; Altieri

et al., 2008; Lim et al., 2010).

As experimental studies inside clouds are scarce and very

difficult to set up (Crahan et al., 2004; Herrmann et al.,

2005; Sorooshian et al., 2007), most of the organics clouds

chemistry studies have been performed based on modeling

approaches. These models usually represent the condensed

phase as a single well mixed aqueous phase in which organic

species undergo oxidation. This aqueous oxidation scheme

is coupled with specifically tailored gas phase mechanisms

taking into account mass transfer between the two phases

(e.g. Jacob, 1986; Lelieveld and Crutzen, 1991; Leriche et

al., 2000; Barth et al., 2003; Lim et al., 2005; Ervens et al.,

2008; Tilgner and Herrmann, 2010). Current detailed mod-

els are limited to certain kinds of species. For example, the

model from Ervens and Volkamer (2010) has been developed

to study isoprene and its oxidation products like glyoxal.

The CAPRAM 3.0i mechanism used by Tilgner and Her-

rmann (2010) is currently the most detailed aqueous phase

organic chemistry model, taking into account the dissolu-

tion and aqueous chemistry of inorganic species and organic

species up to four carbon atoms. However, atmospheric pro-

cessing of long chain hydrocarbons is also expected to lead

to the production of highly water soluble multifunctional or-

ganics in a few oxidation steps (e.g. van Pinxteren et al.,

2005; Mazzoleni et al., 2010). The fraction of these com-

pounds that could be subjected to aqueous phase processing

has yet to be determined. To our knowledge, no modeling

tool is currently available to describe in detail the multiphase

oxidation of long chain hydrocarbons. This study describes

the first stage in the development of such a modeling tool and

examines the phase partitioning of organic species produced

during the gas phase oxidation of hydrocarbons.

This study is devoted to the production of water soluble

compounds from the gaseous oxidation of long chain hydro-

carbons of atmospheric interest and the sensitivity of this dis-

solution to NOx levels. A fully explicit chemical mechanism

is used to describe the oxidation of organics in the gas phase

and their mass transfer to the aqueous phase. Note that chem-

ical evolution in the condensed phase is not represented in

this modeling framework. Aqueous phase reactivity has been

shown as a key process in the production of SOA (e.g. Er-

vens et al., 2011) and estimation of SOA yields is beyond

of the scope of this study. The gas phase oxidation of three

hydrocarbons of atmospheric interest (isoprene, octane and

α-pinene) is investigated for various NOx conditions. Two

scenarios are considered with a liquid water content corre-

sponding either to a cloud or to deliquescent particles. The

simulated carbon budget and the composition of the gas and

aqueous phase are explored in detail.

2 Modeling tools

2.1 Gas phase chemistry

Aqueous phase oxidation involves water soluble species pro-

duced during the gaseous phase oxidation of volatile or-

ganic compounds (VOC) (e.g. Ervens et al., 2011). Candidate

species are typically highly functionalized molecules pro-

duced during the multigenerational oxidation of the hydro-

carbons emitted in the atmosphere. The number of species

needed to describe explicitly this multigenerational oxida-

tion increases exponentially with the size of the carbon skele-

ton of the parent compound (Aumont et al., 2005). For long

chain species (C>5), explicit oxidation schemes involve a

number of intermediates that far exceeds the size of chem-

ical schemes that can be written manually. The Generator for

Explicit Chemistry and Kinetics of Organics in the Atmo-

sphere (GECKO-A) is a computer tool that was developed

Atmos. Chem. Phys., 13, 1023–1037, 2013 www.atmos-chem-phys.net/13/1023/2013/
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to overcome this difficulty (Aumont et al., 2005). GECKO-A

generates gas phase chemical schemes according to a pre-

scribed protocol, assigning reaction pathways and kinetics

data, on the basis of experimental data and structure activity

relationships.

The GECKO-A protocol is described by Aumont et

al. (2005). This protocol was updated to take into account

recent experimental results. The branching ratios for the iso-

prene + OH reaction have been prescribed following rec-

ommendations from Paulot et al. (2009a). As proposed by

Paulot et al. (2009b), a new oxidative pathway for hydroper-

oxides has been added in the protocol, forming epoxides. In

this model formulation, it is assumed that all epoxides are

converted to diols. This allows the formation of tetrol species

that were detected as isoprene oxidation products. The first

oxidation steps of α-pinene and alkane chemistry were also

updated, as described by Valorso et al. (2011) and Aumont et

al. (2012).

Explicit schemes generated with GECKO-A reach 1 mil-

lion species for C8 compounds, close to current computa-

tional limits (Camredon et al., 2007). A reduction protocol

was therefore implemented in GECKO-A to allow the gen-

eration of oxidation schemes for C>8 hydrocarbons (Valorso

et al., 2011). The reduction protocol was designed to keep

the oxidation schemes as detailed as possible, without losing

the chemical information that determines molecular proper-

ties such as reactivity or volatility. The reduction approaches

currently implemented in GECKO-A are based on the lump-

ing of position isomers. For the purpose of this study, we also

reduced the size of the chemical schemes by omitting the gas

phase oxidation reactions for the highly soluble species, as

it was done by Valorso et al. (2011) for non-volatile organic

species. At thermodynamic equilibrium, the distribution of a

species i between the gas and the aqueous phase is given by:

ξ i
=

N i
a

N i
a + N i

g

=

(

1 +
1

H iRT L

)−1

(1)

where N i
a and N i

g [molec cm−3 of air] are its number con-

centrations in the aqueous and gas phase respectively, H i

[M atm−1] is the Henry’s law coefficient for the species, R

is the gas constant, T the temperature and L the liquid water

content [cm3 liquid water per cm3 air]. For a small tropo-

spheric liquid water content (ca. L = 10−12), ξ i is greater

than 0.99 for H i greater than 1012 M atm−1. Under most at-

mospheric conditions, a species having a Henry’s law con-

stant above 1012 M atm−1 is therefore expected to be pre-

dominantly in the aqueous phase. For such species, gas phase

concentration is negligible and their gas phase chemistry was

thus omitted.

2.2 Phase transfer

For each water soluble species A, the mass transfer between

the gas and the aqueous phase is treated in a time dependent

sense:

A(g) → A(aq) kI (2)

A(aq) → A(g) kI/HA (3)

where kI [s−1] is the pseudo first order rate constant of the

gas-particle mass transfer and HA [M atm−1] is the Henry’s

law coefficient for the species A. The rate constant kI can be

expressed as (Schwartz, 1986):

kI = LkT = L

(

r2

3Dg
+

4r

3vα

)−1

(4)

where r [cm] is the radius of the particles or the droplets,

Dg [cm2 s−1] is the gas diffusion coefficient, v [cm s−1] is

the mean molecular speed and α [dimensionless] is the mass

accommodation coefficient. The diffusion coefficient Dg can

be estimated by scaling from a known reference compound:

Dg

Dg,ref
=

√

Mref

M
(5)

where M [g mol−1] is the molar mass and “ref” subscripts

denote values for a reference species. We used water as ref-

erence compound, Dg,H2O = 0.214/P cm2 s−1 in air at 298 K

(Ivanov et al., 2007), P [atm] being the atmospheric pres-

sure. H is taken from the literature when available, using the

database compiled by Raventos-Duran et al. (2010, Supple-

ment) for ca. 600 species. The empirical group contribution

method GROMHE was used to estimate unknown constants

(Raventos-Duran et al., 2010). GROMHE is able to estimate

Henry’s law constants at temperature T = 298 K for every at-

mospherically relevant organic species. The temperature de-

pendence of H is represented with the Van’t Hoff equation:

H (T ) = H (298) × exp

(

1H solv

R

(

1

298
−

1

T

))

(6)

The enthalpy of dissolution 1Hsolv [J mol−1] is also taken

from the literature when available, using the database com-

piled by Raventos-Duran et al. (2010, Supplement). 1Hsolv

typically ranges from 10 to 100 kJ mol−1 (Kuhne et al., 2005)

and a value of 50 kJ mol−1 was used as a default value in the

model. The mass accommodation coefficient α is very poorly

documented (ca. 40 constants in the literature, Davidovits et

al., 2011; Sander et al., 2011). To our knowledge, the only

SAR available to estimate α was proposed by Davidovits et

al. (1995) and Nathanson et al. (1996). However the perfor-

mances of that method cannot be rigorously evaluated due to

the lack of experimental data. This method has therefore not

been implemented and when no data are available, α is set to

a default value of α = 0.05 (Davidovits et al., 2011).

In this version of the model devoted to examine the phase

partitioning of organics produced during gas phase process-

ing, the only reactions taken into account in water are:

www.atmos-chem-phys.net/13/1023/2013/ Atmos. Chem. Phys., 13, 1023–1037, 2013
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Table 1. Number of species generated in the full chemical schemes

for the three precursor species.

Number of species in the

generated chemical mechanism

Precursor Gas Aqueous Total

species phase phase

Isoprene 5.9 × 103 3.2 × 103 9.1 × 103

Octane 1.1 × 105 5.0 × 104 1.6 × 105

α-pinene 3.2 × 105 2.5 × 105 5.6 × 105

i. Hydration of carbonyls. Species bearing ketone or alde-

hyde moieties undergo hydration equilibrium once they

are dissolved. Equilibrium constants are estimated using

the SAR from Raventos-Duran et al. (2010).

ii. Dissociation of acids. Carboxylic acids undergo

acid/base equilibrium in water. Acidity constant are

estimated following recommendations from Perrin et

al. (1981).

Species are therefore not further oxidized in water. In

the model, the only sink for the dissolved organic matter is

caused by the gas phase chemical pump that shifts the wa-

ter/gas equilibrium. For very soluble species, gas phase oxi-

dation becomes slow and the species remain in the aqueous

phase in a form that can be considered as “permanent” in this

version of the model.

2.3 Initial conditions

The modeling framework described above has been applied

to the generation of the detailed mechanisms for three species

of atmospheric interest: isoprene, octane and α-pinene. Ta-

ble 1 gives the total number of species after the complete gen-

eration of these chemical schemes. The number of species

generated in the aqueous phase is in the same order of mag-

nitude as the number of species generated in the gas phase.

The phase partitioning is considered for non radical species

only, but gem-diols (carbonyl hydration) and carboxylates

(acid dissociation) are newly formed in water. Some of these

newly formed species are highly soluble and therefore are

not transferred to the gas phase. Partitioning of acids is pH

dependent. The pH of the aqueous phase was set to a value

of 4.5, typical of clouds (e.g. Brüggemann et al., 2005).

The objective is to simulate the evolution of different hy-

drocarbons in order to characterize the multiphase partition-

ing of their reaction products at different stages of the oxi-

dation. No attempt is made here to represent a specific sit-

uation. The initial concentration of the precursor was set to

10 ppb. The simulations were run with constant environmen-

tal conditions. Temperature was fixed to 278 K. Photolysis

frequencies were calculated for mid-latitude and for a so-

lar zenith angle of 45◦ using TUV (Madronich and Flocke,

1997). NOx concentrations were held constant and three sce-

narios were considered corresponding to low NOx (0.1 ppb),

intermediate NOx (1 ppb) and high NOx (10 ppb) condi-

tions. For parent hydrocarbons bearing a double bond (iso-

prene and α-pinene), the distribution of secondary organic

species depends on the concentration ratio of the oxidants

as well (OH and O3). Ozone and an OH source were there-

fore added in the initial conditions to allow both VOC + O3

and VOC + OH oxidation. An initial mixing ratio of 40 ppb

of O3 is used in the simulations and a constant OH source

(107 radicals cm−3 s−1) was added as a substitute of radical

sources not taken into account in the simulations. In these

conditions, depending on the parent hydrocarbon, organic

oxidation can be driven by OH, O3 or both. In this model

configuration, the contribution of OH (97 % of the total oxi-

dation of the precursor) is one order of magnitude higher than

the contribution of O3 (3 %) to the oxidation of isoprene; OH

and O3 contribute comparably (61 % and 39 %, respectively)

to the oxidation of α-pinene; octane is only oxidized by OH.

3 Results

3.1 Carbon budget and liquid water content

Figure 1 shows the time evolution of the carbon atom ratio

during the oxidation of isoprene, octane and α-pinene. Sim-

ulations were performed for three liquid water conditions:

without aqueous phase (L = 0), with a water content repre-

sentative of deliquescent aerosols (L = 10−12, e.g. Engelhart

et al., 2011) and for typical cloud conditions (L = 3 × 10−7,

e.g. Seinfeld and Pandis, 2006). We assume that the particle

and cloud droplet sizes are monodisperse, with particle radii

of 0.1 µm and 5 µm, respectively. Simulations are shown for

a NOx concentration set to 1 ppb.

Physical time is not fully appropriate to describe the tem-

poral evolution for simulations conducted under constant en-

vironmental conditions. The temporal evolution is examined

below as a function of the number of lifetimes Nτ of the par-

ent hydrocarbon defined as:

Nτ = ln
C0

C(t)
=

t

τ
(7)

where t is the simulated (physical) time, τ is the e-folding

lifetime of the parent hydrocarbon (i.e. the time required

to decrease its concentration by a factor 1/e), C0 and C(t)

its concentration at t0 and t, respectively. For these simula-

tions, lifetimes of isoprene, α-pinene and octane were ap-

proximately 1 h, 1.5 h and 1 day, respectively.

Under dry conditions (L = 0), isoprene is slowly oxidized

into CO and CO2 through a multigenerational process in-

volving the formation of successive gaseous secondary in-

termediates of higher oxidation state (see Fig. 1a). The car-

bon budget is not affected by the presence of an aqueous

phase representative of deliquescent aerosols (not shown).

Atmos. Chem. Phys., 13, 1023–1037, 2013 www.atmos-chem-phys.net/13/1023/2013/
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Fig. 1. Carbon budget during the oxidation of isoprene (top row),

octane (middle row) and α-pinene (bottom row) for liquid water

content of 0 (1st column) and 3 × 10−7 (2nd column), under inter-

mediate NOx conditions (NOx = 1 ppb). The time scale is defined

as multiples of lifetimes of the initial hydrocarbon, as described in

the text.

Dissolved organic carbon accounts for less than 1 % of the

carbon atom ratio. With such low water content, only the

more soluble species contribute to the organic content of

the aqueous phase, i.e. the more functionalized species. The

top 10 contributors to the aqueous phase composition are C5

species bearing 4 functional groups each. For L set to a cloud

value (Fig. 1b), less soluble species contribute substantially

to aqueous phase organic mass. As a consequence, at the end

of the simulation, 25 % of the total carbon initially in the iso-

prene backbone is found in water.

The carbon budget during octane oxidation is depicted

in Fig. 1c for dry conditions. Gas phase secondary organic

carbon reaches a peak for Nτ = 2.5. This secondary or-

ganic fraction is progressively oxidized, ultimately leading

to CO + CO2 with a yield of 66 % for Nτ = 20. Note that the

production of CO and CO2 at a given Nτ is comparatively

higher for octane, owing to its greater lifetime (τoctane ≈ 1

day) compared to isoprene (τisoprene ≈ 1.5 h). Adding deli-

quescent aerosols in the model has no impact on the carbon

budget (not shown). However the addition of a water content

representative of cloud conditions leads to a large organic

content in the aqueous phase (see Fig. 1d). For these condi-

tions, the secondary organic species first split equally in the

gas and aqueous phases (for Nτ < 2.5). The functionalization

of the carbon backbone by atmospheric processing leads pro-

gressively to species of increasing solubility and dissolved

carbon prevails for Nτ > 2.5. The carbon atom ratio in the

aqueous phase reaches a maximum of 55 % at Nτ = 13 and

next slowly declines with aging due to fragmentation of the

carbon backbone by gas phase oxidation. At the end of the

simulation (Nτ = 20), 54 % of initial carbon atoms are still

in the aqueous phase. The production rate of CO + CO2 is

much slower in this case, most organic species being tempo-

rally trapped in condensed phase and therefore not subjected

to oxidation in this version of the model.

The time evolution of the carbon atoms distribution dur-

ing α-pinene oxidation is given in Fig. 1e for dry conditions.

Carbon distributions exhibit a behavior similar to the iso-

prene oxidation case. The simulated organic content in the

deliquescent particle remains below 2 % (not shown). Fig-

ure 1f shows that for L set to a cloud value, a significant

fraction of the carbon atoms is transferred into the aqueous

phase. The majority of the initial carbon atoms are found in

water (52 % on a carbon basis) at the end of the simulation.

Similar to the octane oxidation simulation, cloud water acts

in this version of the model as an inert reservoir and slows

down the CO + CO2 formation. The CO + CO2 fraction at

Nτ = 20 decreases from 18 % for the dry scenario to 11 %

for the cloud scenario.

The simulation results clearly show that most secondary

organic species produced during the oxidation of aliphatic

hydrocarbons are soluble enough to be dissolved in the aque-

ous phase during cloud events. This dissolved organic mat-

ter is then likely subject to a fast processing which may

significantly shape the ultimate oxidation budget. This pro-

cess is taken into account in some recent atmospheric chem-

ical models using simplified parameterizations. For exam-

ple the CMAQ model (Carlton et al., 2008) and the GEOS-

Chem model (Fu et al., 2008, 2009) include SOA formation

pathways through in-cloud oxidation of glyoxal and methyl-

glyoxal, parameterized with laboratory experiments yields.

However, these models cannot take into account the progres-

sive nature of the oxidation process and the large number

of different species involved in the formation of aqueous or-

ganic carbon. Our results show that the dissolution of long

chain organic species has a significant contribution to the

aqueous phase organic content and therefore should be ac-

counted for in models.

The simulated organic content for aqueous aerosol con-

ditions remains small for the three parent compounds con-

sidered in this study. However, we emphasize that the same

uptake parameters are here applied for clouds and aerosols.

Recent studies have shown that when aerosol water is not

considered as a dilute solution and is modeled accordingly,

SOA yields are higher than SOA yields from in-cloud oxida-

tion (e.g. Ervens et al., 2011). This can arise from the effect

of dissolved ions on equilibrium and uptake values (e.g. Ip et

al., 2009) and from the effects of higher concentrations which

allow the formation of higher molecular weight species (e.g.

Ervens et al., 2011 and references therein). As the compo-

sition of the inorganic material on which the liquid phase

www.atmos-chem-phys.net/13/1023/2013/ Atmos. Chem. Phys., 13, 1023–1037, 2013
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Fig. 2. Carbon budget during the oxidation of isoprene (top line),

octane (middle line) and α-pinene (bottom line) for a NOx concen-

tration of 0.1 ppb (1st column), 1 ppb (2nd column) and 10 ppb (3rd

column), with a cloud liquid water content (L = 3×10−7). The time

scale is described in the text.

deliquesces is not simulated in the model, the effect of dis-

solved ions such as sulfate or chloride on uptake parameters

cannot be represented. Our results show that under condi-

tions typical of a deliquescent aerosol, SOA formation cannot

be explained only by phase partitioning and aqueous phase

processes have to be taken into account. Nevertheless, under

cloud like conditions, the three precursors yield substantial

amounts of condensed organic matter even if aqueous phase

processes are ignored.

3.2 Carbon budget and NOx conditions

The Henry’s law constant of an organic compound is linked

to the functional groups on the carbon backbone as well as

the length of the carbon skeleton (e.g. Raventos-Duran et al.,

2010; Schwarzenbach et al., 2005). The nature and the num-

ber of organic moieties added to the carbon skeleton during

atmospheric processing depend in particular on NOx con-

centration (e.g. Finlayson-Pitts and Pitts, 2000; Atkinson and

Arey, 2003). Simulations were therefore conducted for var-

ious scenarios: low NOx conditions (0.1 ppb), intermediate

NOx conditions (1 ppb) and high NOx conditions (10 ppb).

Figure 2 shows the results of these simulations for isoprene,

octane and α-pinene with a water content corresponding to

cloud conditions. Note that modifications of the NOx condi-

tions also impact on the concentrations of OH, O3 and NO3.

The relative contribution of these oxidants to oxidation of

the precursors depends generally on NOx levels, especially

for isoprene and α-pinene. However, for all NOx conditions

explored here, OH drives the oxidation of isoprene and both

OH and O3 drive the oxidation α-pinene during the first ox-

idation steps. Therefore, NOx concentrations have an impact

on secondary organics speciation mostly through the fate of

peroxy radicals, rather than the initiation reactions.

Figure 2 shows that the dissolved organic content tends

to increase with decreasing NOx concentration. The carbon

atom ratio in the various phases appears to be especially sen-

sitive to NOx for the isoprene simulation. For the 3 hydrocar-

bons examined in this study, the largest effects on carbon par-

titioning are seen at the lower NOx concentrations. At the end

of the simulations, the fraction of dissolved aqueous carbon

is increased by 39 % for isoprene, 23 % for octane and 23 %

for α-pinene, from the intermediate to the low NOx scenario

(Fig. 2a, d and g). The amount of dissolved organic carbon is

reduced by 20 % when NOx concentration is switched from

intermediate to high NOx conditions in the isoprene case (see

Fig. 2b and c).

3.3 Functional groups in the gas and aqueous phase

Figure 3a shows the distribution of the organic moieties of

the simulated secondary organics at Nτ = 2 for the isoprene

oxidation. The distribution is given for gas and aqueous

phases, for the three NOx scenarios and for L set to cloud

conditions. Results are provided as the number of functional

groups per carbon atom ratio ROF/C, defined as:

ROF/C =

∑

i

nOF
i Ci

∑

i

nC
i Ci

(8)

where OF is a given organic function. Ci is the concentra-

tion of species i in the considered phase and nOF
i or nC

i are

the number of organic function OF or carbon atoms in the

species i, respectively. In the gas phase, the degree of substi-

tution of the organics ranges from 28 % (low NOx scenario)

to 38 % (high NOx scenario). The distribution is dominated

by carbonyls for all NOx scenarios. The substitution degree

is comparatively larger in the aqueous phase than in the gas

phase and ranges from 45 % (low NOx scenario) to 64 %

(high NOx scenario). The hydroxyl group is a major moi-

ety in the aqueous phase (substitution degree in the 22–30 %

range). Under low NOx conditions, the organic peroxy radi-

cal chemistry is dominated by RO2 + HO2 reactions, leading

to the formation of hydroperoxides ROOH. These hydroper-

oxides are major contributors to the aqueous phase organic

content. Under high NOx conditions, the reaction RO2 + NO

dominates the evolution of peroxy radicals, leading among

other things to the formation of the nitrate moiety. As ex-

pected, switching from low NOx to high NOx conditions

makes the nitrate moiety grow at the expense of the hydroper-

oxide moiety (see Fig. 3a).

Figure 3b gives the distribution of organic species as a

function of chain length and the number of functional groups

borne by the molecules for the isoprene simulations at Nτ =

2. The distribution is dominated by C4 species in the gas
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Fig. 3. At Nτ = 2, simulated distribution in gaseous and aqueous

phase of organic moieties ratio (ROF/C, panel a) and functional-

ization (panel b) for a cloud water content during the oxidation of

isoprene. CmFn category merges species with m carbon atoms bear-

ing n functional groups. The precursor and C1 species are lumped

in the others category.

phase, mainly methyl vinyl ketone and methacrolein. In the

aqueous phase, the distribution is dominated by C5 species

bearing two functional groups, i.e. hydroxy-hydroperoxides

species under low NOx conditions and hydroxy-nitrate or

hydroxy-carbonyl species under high NOx conditions. Un-

der high NOx conditions, quadrifunctional C5 and C4 species

contribute also substantially (11 %) to the organic content of

the aqueous phase.

Figure 4 shows the distribution of organic moieties

(panel a) and the distribution as a function of chain length

and number of functional groups (panel b) for the octane

simulations at Nτ = 2. The substitution degree ranges from

16–20 % in the gas phase to 31–33 % in the aqueous phase.

The distribution is dominated by C8 species bearing one or

two functional groups in the gas phase and two or three func-

tional groups in the aqueous phase. The gas phase distribu-

tion is dominated by the carbonyl moieties, with a substantial

contribution of nitrate moieties under high NOx conditions.

In the aqueous phase, about 21 % of the carbon atoms are

substituted either by a hydroxy or a carbonyl moiety (see

Fig. 4a). As expected, hydroperoxide is a significant func-

Fig. 4. At Nτ = 2, simulated distribution in gaseous and aqueous

phase of organic moieties ratio (ROF/C, panel a) and functionaliza-

tion (panel b) for a cloud water content during the oxidation of oc-

tane. CmFn category merges species with m carbon atoms bearing

n functional groups. The precursor and C1–C4 species are lumped

in the others category.

tional group under low NOx (R−OOH/C = 7 %) while nitrate

is substantial under high NOx (R−ONO2/C = 5 %).

Figure 5 shows the distribution of the functional groups

for the α-pinene simulations. Molecules are functionalized

with a substitution degree ranging from 16 % in the gas

phase to 25 % in the aqueous phase. Difunctional C10 species

dominate both the gas phase and the aqueous phase dis-

tribution (60 to 70 % of the carbon atom ratio in each

phase). In the gas phase, C9 and C8 contribute substan-

tially to the carbon budget (18–23 %). In the aqueous phase,

trifunctional C10 contribute also substantially to the car-

bon budget (22–28 %). The gas phase is mainly composed

of carbonyl compounds (R>CO/C = 11 % under intermedi-

ate NOx conditions). Nitrates (R−ONO2/C = 2.5 %), hydroxyl

(R−OH/C = 1.9 %) and PAN (R−CO(OONO2)/C = 2.3 %) moi-

eties contribute to a lesser extent to the gas phase compo-

sition. In the aqueous phase, the main contributors to the

global functionalization are (hydrated) carbonyls (R>CO/C +

R−C(OH)(OH)/C = 16 % under high NOx conditions). The

simulated substitution degree by carboxylic acids and their

associated bases (R−CO(OH)/C + R−CO(O−)/C) is 2.6 %, a
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Fig. 5. At Nτ = 2, simulated distribution in gaseous and aqueous

phase of organic moieties ratio (ROF/C, panel a) and functional-

ization (panel b) for a cloud water content during the oxidation

of α-pinene. CmFn category merges species with m carbon atoms

bearing n functional groups. The precursor and C1–C6 species are

lumped in the others category.

value that corroborates the fact that no significant source

of organic acids is identified in the gas phase, hence their

small representation in the dissolved organic content (Au-

mont et al., 2000). Nitrates are significant under high NOx

(R−ONO2/C = 4.4 %) while hydroperoxydes have an impor-

tant contribution under low NOx conditions (R−OOH/C =

4.5 %).

3.4 Oxidative trajectories in an oxidation state vs.

solubility framework

The gas phase oxidation of the organic species includes com-

petitive processes leading either to the functionalization of

the carbon backbone or to its fragmentation. The progressive

functionalization of the carbon skeleton may lead to species

with low enough volatility to condense. Conversely, frag-

mentation of the carbon skeleton leads to species with higher

volatilities and ultimately to CO2. In the context of organic

partitioning between gas and aqueous phases, functionaliza-

tion routes progressively increase the Henry’s law coefficient

of the species and therefore favor partitioning to the aqueous

phase (e.g. Schwarzenbach et al., 2005; Raventos-Duran et

al., 2010). The opposite behavior is usually noticed for the

fragmentation routes. For example, Fig. 3 shows that for iso-

prene in all NOx configurations, functionalized C5 species

are mostly found in water whereas fragmented C<5 species

tend to be preferentially found in the gas phase. Figure 4

(Fig. 5) shows that it is also true for octane (α-pinene) where

the proportion of functionalized C8 (C10) species is larger

in the aqueous phase and the proportion of fragmented C<8

(C<10) species is larger in the gas phase.

Two dimensional frameworks have been recently proposed

to examine the formation and aging of secondary organic

aerosols during atmospheric oxidation of hydrocarbons (e.g.

Jimenez et al., 2009; Pankow and Barsanti, 2009; Barsanti

et al., 2011; Kroll et al., 2011). These frameworks attempt

to capture the oxidative trajectories in a space defined by the

volatility of the secondary species and their oxidation degree

(e.g. Donahue et al., 2011, 2012). A similar two dimensional

frameworks is used here to explore the oxidative trajectories

in the context of a gas/aqueous multiphase system. We define

the first dimension by the Henry’s law coefficient H , used

as a metric to represent the water solubility of the species.

With L = 3×10−7, a species is equally distributed in the two

phases (ξ = 0.5) for H = 1.45 × 105 M atm−1 (see Eq. 1).

Species having H less than 1.45 × 103 M atm−1 will there-

fore almost exclusively be found in the gas phase (ξ < 0.01),

while species with H greater than 1.45 × 107 M atm−1 will

almost exclusively be found in the aqueous phase (ξ > 0.99).

We use the mean carbon oxidation (OSC) as the second di-

mension. In this framework, the parent hydrocarbon is placed

at the bottom of the graph and the ending point of the oxida-

tive trajectories (CO2) is placed at the top left (OSC = 4).

Figure 6 shows the distribution of species produced dur-

ing the gas phase oxidation of isoprene in this solubility/OSC

space for 4 different times (Nτ = 0, 1, 2, 10). Distributions

are shown for the 3 NOx scenarios. The carbon atom ratio

of a given species is proportional to the volume of the bub-

ble. Species contributing for less than 10−4 to the total car-

bon are not shown for clarity. The SAR used to estimate H

(Raventos-Duran et al., 2010) provides identical values for

distinct position isomers. Position isomers with identical H

are lumped to avoid overlap of the bubbles. In Fig. 6, species

with a carbon backbone identical to the parent compound

(blue bubbles) delineate the functionalization route. Species

with a smaller backbone (orange bubbles) delineate trajec-

tories including at least one fragmentation in the oxidation

steps.

As expected, the first step of the isoprene oxidation is

dominated by fragmentation routes (see Fig. 6). Under high

NOx conditions, oxidation leads mostly to species with H

in the 100–104 M atm−1 range, i.e. low enough to be mostly

distributed in the gas phase at thermodynamic equilibrium.

At Nτ = 10, 10 species contribute for 90 % of the carbon

budget. These species are the expected major isoprene ox-

idation products, as shown in Table 2. Under low NOx
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Fig. 6. Solubility and mean oxidation state of the species produced during the oxidation of isoprene under low NOx (1st column), intermediate

NOx (2nd column) and high NOx (3rd column) conditions as a function of the number of precursor lifetime. Contribution of a species to the

global carbon budget is proportional to the volume of the bubble. Position isomers having identical solubility and oxidation state are lumped

in the same bubble. Blue bubbles denote species having the carbon skeleton of the parent hydrocarbon. Orange bubbles denote species with

less carbon atoms than the parent compound. The black dashed lines denote the solubility for which a compound is equally distributed in the

aqueous and gaseous phases.

conditions, the solubility distribution spans more than 10 or-

ders of magnitude. At Nτ = 10, the carbon distribution is

shifted to higher values of solubility. Therefore, the carbon

atom fraction in the aqueous phase is substantial, reaching

63 % at Nτ = 10 (see Fig. 2i). The major contributors to the

aqueous organic composition are an hydroxy-hydroperoxyde

(CH3C(OOH)(CH2(OH))CH = CH2) and its position iso-

mers.

Figure 7 shows that the octane oxidation is first domi-

nated by the functionalization routes and as oxidation pro-

ceeds fragmentation routes become substantial. Species are

distributed in a broader range of solubility, at first in the

10−3–108 M atm−1 range and then in the 101–1012 M atm−1

range after the first oxidation steps. Thus species are at first

evenly distributed in both phases and become more preva-

lent in the aqueous phase after Nτ = 2 (see also Fig. 2).

At Nτ = 10, 60 % of the gaseous carbon can be ascribed

to 10 species, peroxy acetyl nitrate and peroxy propyl ni-

trate being the major species, as seen in Table 2. Under low

NOx conditions, the solubility distribution range is approxi-

mately the same, but more species are on the high solubility

range (H > 7 × 106 M atm−1). The fraction of dissolved car-

bon reaches 77 % at Nτ = 10.

Like isoprene, α-pinene oxidation is dominated by frag-

mentation (see Fig. 8). H-values for most species fall in the

105–1013 M atm−1 range, i.e. partition in the aqueous phase

at thermodynamic equilibrium. In the gas phase, a difunc-

tional C10 PAN-like species is dominant, followed by ace-

tone, formaldehyde and PAN (see Table 2). As expected

from the species solubility range, dissolved carbon represents

71 % of the total carbon in low NOx conditions at Nτ = 10.

4 Conclusions

Explicit gaseous oxidation schemes have been generated for

three precursors of atmospheric interest (isoprene, octane, α-

pinene) using GECKO-A. The partitioning of the secondary

organic compounds between gaseous and aqueous phases

has been examined for a liquid water content corresponding

to clouds and deliquescent aerosols. For L = 1 × 10−12 (i.e.

aerosols water), only a small fraction of the secondary or-

ganic carbon is influenced by the aqueous phase. Note that

this small partitioning toward the aqueous phase might be

offset by chemical sinks in the condensed phase which were

ignored in our model configuration (e.g. Surratt et al., 2010;

McNeill et al., 2012). For L = 3 × 10−7 (i.e. cloud water),

the phase distribution of organic carbon is sensitive to NOx

concentrations. For low NOx conditions, 50 % (isoprene ox-

idation) to 70 % (octane oxidation) of the carbon atoms are

found in the aqueous phase after the removal of the parent

compound (Nτ ≈ 3). For high NOx condition, this ratio is

only 5 % in the isoprene oxidation case, but remains large for
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Fig. 7. Solubility and mean oxidation state of the species produced during the oxidation of octane under low NOx (1st column), intermediate

NOx (2nd column) and high NOx (3rd column) conditions as a function of the number of precursor lifetime. See Fig. 6 caption for the color

code of the bubbles.

Fig. 8. Solubility and mean oxidation state of the species produced during the oxidation of α-pinene under low NOx (1st column), interme-

diate NOx (2nd column) and high NOx (3rd column) conditions as a function of the number of precursor lifetime. See Fig. 6 caption for the

color code of the bubbles.
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Table 2. Top ten species simulated in gas and aqueous phase for a cloud liquid water content and for intermediate NOx conditions at Nτ = 10.

Isoprene Octane α-pinene

Gas phase Aqueous phase Gas phase Aqueous phase Gas phase Aqueous phase
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α-pinene and octane oxidation cases (40 % and 60 %, respec-

tively). This study therefore suggests that most secondary

organic species produced during the multigenerational oxi-

dation of anthropogenic and biogenic hydrocarbons should

dissolve in the aqueous phase during cloud events.

The simulated oxidative trajectories are examined in a new

two dimensional space defined by the mean oxidation state

and the water solubility. Isoprene oxidation is dominated by

fragmentation routes. The solubility distribution of the iso-

prene oxidation products appears to be especially sensitive

to NOx, with low NOx conditions favoring the production

of more water soluble species. As a result, the fraction of

dissolved carbon decreases from low to high NOx condi-

tions. Octane oxidation is first dominated by functionaliza-

tion routes, next by fragmentation routes, producing highly

soluble species in both low NOx and high NOx conditions.

The fragmentation routes dominate the α-pinene oxidation

pathways and lead to highly water soluble species whatever

the NOx conditions are.

Once dissolved, organic species follow complex oxidation

mechanisms. This study shows that during cloud events, a

large fraction of organic matter could be processed in the

aqueous phase and modify both the rates of reaction and the

identity of their products. To the best of our knowledge, this

process is currently ignored in current atmospheric chemi-

cal models dealing with the oxidation of long chain organics.

To explore the contribution of these cloud processes, aque-

ous oxidation mechanisms are needed for the very large set

of species expected to be significantly dissolved in the cloud

droplets. Protocols are required to generate consistent and

comprehensive aqueous oxidation schemes on a systematic

basis. This is the object of ongoing studies.

Acknowledgements. This work was funded by the French-German

Joint Research Program in Atmospheric Chemistry. The study has

been performed in the frame of the “programme PRIMEQUAL”

of the French Ministry of Ecology, Sustainable Development and

Energy.

Edited by: V. F. McNeill

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

References

Altieri, K. E., Seitzinger, S. P., Carlton, A. G., Turpin, B. J., Klein,

G. C., and Marshall, A. G.: Oligomers formed through in-cloud

methylglyoxal reactions: Chemical composition, properties, and

mechanisms investigated by ultra-high resolution FT-ICR mass

spectrometry, Atmos. Environ., 42, 1476–1490, 2008.

Atkinson, R. and Arey, J.: Atmospheric degradation of volatile or-

ganic compounds, Chem. Rev., 103, 4605–4638, 2003.

Aumont, B., Madronich, S., Bey, I., and Tyndall, G. S.: Contribution

of secondary voc to the composition of aqueous atmospheric par-

ticles: a modeling approach, J. Atmos. Chem., 35, 59–75, 2000.

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

of organic carbon during its gas-phase tropospheric oxidation:

development of an explicit model based on a self generating ap-

proach, Atmos. Chem. Phys., 5, 2497–2517, doi:10.5194/acp-5-

2497-2005, 2005.

Aumont, B., Valorso, R., Mouchel-Vallon, C., Camredon, M., Lee-

Taylor, J., and Madronich, S.: Modeling SOA formation from

the oxidation of intermediate volatility n-alkanes, Atmos. Chem.

Phys., 12, 7577–7589, doi:10.5194/acp-12-7577-2012, 2012.

Barth, M. C., Sillman, S., Hudman, R., Jacobson, M. Z., Kim, C. H.,

Monod, A., and Liang, J.: Summary of the cloud chemistry mod-

eling intercomparison: photochemical box model simulation, J.

Geophys. Res.-Atmos., 108, 4214, doi:10.1029/2002JD002673,

2003.

Barsanti, K. C., Smith, J. N., and Pankow, J. F.: Application of

the np plus mP modeling approach for simulating secondary or-

ganic particulate matter formation from alpha-pinene oxidation,

Atmos. Environ., 45, 6812–6819, 2011.

Bateman, A. P., Nizkorodov, S. A., Laskin, J. and Laskin, A.: Pho-

tolytic processing of secondary organic aerosols dissolved in

cloud droplets, Phys. Chem. Chem. Phys., 13, 12199–12212,

2011.
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