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Abstract. Progress has been made over the past decade
in predicting secondary organic aerosol (SOA) mass in the
atmosphere using vapor pressure-driven partitioning, which
implies that SOA compounds are formed in the gas phase and
then partition to an organic phase (gasSOA). However, dis-
crepancies in predicting organic aerosol oxidation state, size
and product (molecular mass) distribution, relative humidity
(RH) dependence, color, and vertical profile suggest that ad-
ditional SOA sources and aging processes may be important.
The formation of SOA in cloud and aerosol water (aqgSOA) is
not considered in these models even though water is an abun-
dant medium for atmospheric chemistry and such chemistry
can form dicarboxylic acids and “humic-like substances”
(oligomers, high-molecular-weight compounds), i.e. com-
pounds that do not have any gas phase sources but comprise
a significant fraction of the total SOA mass. There is direct
evidence from field observations and laboratory studies that
organic aerosol is formed in cloud and aerosol water, con-
tributing substantial mass to the droplet mode.

This review summarizes the current knowledge on aque-
ous phase organic reactions and combines evidence that
points to a significant role of agSOA formation in the at-
mosphere. Model studies are discussed that explore the im-
portance of agSOA formation and suggestions for model im-
provements are made based on the comprehensive set of lab-
oratory data presented here. A first comparison is made be-
tween aqSOA and gasSOA yields and mass predictions for
selected conditions. These simulations suggest that agSOA
might contribute almost as much mass as gasSOA to the SOA
budget, with highest contributions from biogenic emissions
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of volatile organic compounds (VOC) in the presence of an-
thropogenic pollutants (i.e. NOy) at high relative humidity
and cloudiness. Gaps in the current understanding of agSOA
processes are discussed and further studies (laboratory, field,
model) are outlined to complement current data sets.

1 Introduction

A role for organic aerosols (OA) in the climate system has
been recognized over several decades and much progress
has been made in characterizing OA sources, transforma-
tions and radiative impacts. Globally, about 20 % of the total
OA mass is directly emitted (primary organic aerosols, POA)
(Kanakidou et al., 2005; Spracklen et al., 2011). Tradition-
ally, secondary organic aerosol (SOA) formation is thought
to occur by gas phase photochemistry followed by absorption
of semi-volatile products into preexisting OA mass (“gas-
SOA”, Fig. 1) (Pankow, 1994a, b; Odum et al., 1996). Re-
cently, it has been recognized that a substantial fraction (50—
75 %, Shrivastava et al., 2006) of POA is semivolatile, evapo-
rates when the plume becomes more dilute, and is then avail-
able in the gas phase to take part in photochemical reactions
(Fig. 1) (Robinson et al., 2007). This material is like SOA in
some ways and like POA in others; its atmospheric concen-
trations can be reduced with primary PM controls, but it has
the physicochemical properties of SOA. Whereas previous
models tended to underestimate SOA mass (e.g. DeGouw et
al., 2005; Heald et al., 2006; Volkamer et al., 2006; Jimenez
et al., 2009), the treatment of POA as semivolatile improved
OA mass prediction (e.g. Hodzic et al., 2010; Lee-Taylor
et al., 2011), but the temporal variability (e.g. Murphy and
Pandis, 2009; Jathar et al., 2011) and vertical profile of OA
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remained poorly captured (Carlton et al., 2008; Heald et al.,
2011). While currently it is thought that these semivolatile
compounds add to SOA mass by further oxidation in the
gas phase and re-condensation into particulate organic mat-
ter, it is at least as likely that this oxidized material, as well
as other water-soluble products of gas-phase photochemistry,
dissolve into an aqueous phase where it forms SOA through
further oxidation (agSOA, Fig. 1).

More than a decade ago, it was hypothesized that organic
compounds are oxidized in the aqueous phase of cloud and
fog droplets and products remain in the particle phase upon
water evaporation (Blando and Turpin, 2000). More recently,
it was hypothesized that chemical processes in the aqueous
phase of hygroscopic particles (aerosol water) can also ef-
ficiently contribute to agSOA mass (Volkamer et al., 2007).
Aqueous phase processes start with water-soluble, polar pre-
cursors and form SOA that is more oxygenated than gasSOA
as they lead to functionalization or accretion (e.g. acid forma-
tion, oligomerization) rather than to breakage of the carbon
structure as in gas phase reactions. Laboratory studies have
shown that at low, cloud-relevant aqueous phase concentra-
tions, organic acids (e.g. oxalate) are formed from small alde-
hydes and related compounds. At the higher solute con-
centrations associated with aerosol water, ‘“high-molecular-
weight compounds” (HMWC) tend to preferentially form
(Lim et al., 2010). As discussed below, the organic fractions
of atmospheric aerosol particles have properties consistent
with such aqueous laboratory studies.

While for gasSOA, the amount of preexisting organic
mass determines the extent to which condensable species
are added to particles (“partitioning theory”, Odum et al.,
1996), agSOA formation depends on the amount of cloud,
fog or aerosol water. Globally, aerosol water exceeds dry
aerosol mass (ammonium, sulfate, nitrate) by a factor of 2—-3
(Meng et al., 1995; Wang et al., 2008); thus, the accessibil-
ity of semivolatile (or low volatility), water-soluble species
to an aqueous phase might be greater than to an organic
phase. Freshly emitted, hydrophobic particles are converted
into hygroscopic, water-containing particles within several
hours (~10’skm) (Ervens et al., 2010; Riemer et al., 2010);
thus, regions with only hydrophobic particles with very little
aerosol water are very limited.

AgSOA formation will not only affect the total SOA mass
predictions but also impacts aerosol properties that translate
into the aerosol direct and indirect effects in more ways than
just increased aerosol mass burden. Condensation of low
volatility species (gasSOA) and volume phase reactions (aq-
SOA) modify aerosol size distributions in different ways, the
former adding mass to the condensation mode and, the latter
adding mass to the droplet mode (John et al., 1990). High-
resolution analytical techniques capable of molecular char-
acterization of OA mass suggest that a substantial fraction of
SOA is composed of material that is more highly oxidized
(higher oxygen-to-carbon (O/C) ratio) than gasSOA formed
in dry smog chamber experiments (Aiken et al., 2008; Ng et
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Fig. 1. Schematic of gasSOA and aqSOA formation pathways in the
gas and aqueous phases of the atmosphere. Dashed arrows denote
oxidation reactions.

al., 2010), whose yields are the basis for predicting SOA in
models. Models that include the prediction of O/C ratios of-
ten underestimate the degree of oxygenation of SOA which
points to a biased prediction of the product distribution and
related SOA properties (e.g. Jathar et al., 2011). SOA forma-
tion through aqueous chemistry could explain the high O/C
ratios as observed in atmospheric organic aerosol. The O/C
ratio can be related to SOA hygroscopicity which affects in-
teraction with water-vapor, influencing haze and cloud drop
formation, and the scattering/absorbing of radiation. There
is some evidence that agSOA can comprise light absorbing
organics (e.g. Gelencser et al., 2003; Shapiro et al., 2009).
The addition of different types of organics (water-soluble ag-
SOA, as opposed to more hydrophobic gasSOA) also might
lead to phase separation within a single particle (Bertram et
al., 2011). Because agSOA is more oxygenated and water-
soluble, we also expect its atmospheric lifetime to be shorter
than gasSOA as it is more readily removed by wet deposition
(Fu et al., 2008, 2009).

A host of organic acids has been observed in ambient
particles, with oxalate globally ubiquitous throughout the
tropospheric column (e.g. Kawamura and Sakaguchi, 1999;
Kawamura et al., 2003). The atmospheric dynamics of ox-
alate suggests that it is predominantly secondary, and yet
its abundance has not been explained by gas phase chem-
istry. Large multifunctional organic compounds including
oligomeric SOA constituents and organics that include het-
eroatoms (e.g. sulfur, nitrogen; Blando et al., 1998; Romero
and Ochme, 2005; Surratt et al., 2007a; Stone et al., 2009)
comprise the largest component of OA (Fuzzi et al., 2001).
Due to their structural similarities with humic substances,
these compounds are often called “humic-like substances
(HULIS)”. However, it has been noted that their similarities
to humic compounds are limited (Graber and Rudich, 2006)
and thus in the present review these compounds are rather
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termed HMWC. Substantial amounts of HMWC have been
observed to form in biomass burning plumes (Miyazaki et
al., 2009b), rural areas (Lin et al., 2010b) and urban environ-
ments (Krivacsy et al., 2008). While it seems possible that
HMWC might be also formed in an organic phase of parti-
cles, the high polarity and water-solubility of this material
rather suggests their formation in an aqueous phase (Fuzzi et
al., 2001). Based on their atmospheric dynamics these com-
pounds are believed to be predominantly secondary and not
directly emitted, but their formation processes are not cap-
tured by gasSOA models. Their observation in a wide va-
riety of environments suggests the ubiquitous occurrence of
aqueous phase processing.

In this review, we document the substantial evidence that
aqueous phase chemistry as observed in laboratory studies
(Sect. 2) is important in the atmosphere. Evidence of ag-
SOA from field studies together with model predictions is
discussed (Sect. 3). For selected precursors and conditions,
predicted agSOA and gasSOA yields and masses are com-
pared (Sect. 4). Finally, major uncertainties in determining
agSOA formation are assessed which should be considered
in future studies (Sect. 5).

2 Laboratory experiments of agSOA formation
2.1 Photochemical aqueous phase reactions
2.1.1 Carbonyl compounds (<Cs)

The OH radical represents the main oxidant of organic com-
pounds in the aqueous phase of cloud droplets (Ervens et
al., 2003a). Kinetic data for aqueous phase reactions with
OH are available or can be estimated based on structure-
reactivity-relationships (e.g. Ervens et al., 2003b; Herrmann,
2003; Monod et al., 2005; Monod and Doussin, 2008; Mi-
nakata et al., 2009; Herrmann et al., 2010). Most OH re-
actions with organic compounds are near the diffusion limit
in the aqueous phase (k = 10°-10'"M~'s~!). OH concen-
trations of ~10~'> M and 10~'> M in cloud and aerosol wa-
ter, respectively, have been estimated based on model stud-
ies (Ervens et al., 2003a; Ervens and Volkamer, 2010) since
there are no measurements in ambient aerosol and/or cloud
water available. Thus, a first-order rate constant (k [OH]) of
<~1073 57! in cloud water and <~1072s~! in aerosol wa-
ter can be estimated for converting water-soluble compounds
into agSOA mass. This estimate is based on the assumption
of identical transport parameters into, on and inside of cloud
droplets and aqueous particles.

C, and C3 carbonyl compounds (e.g. glyoxal, glycol-
aldehdyde, glyoxylic acid, glycolic acid, methylglyoxal,
pyruvic acid) represent first- and/or second-generation gas-
phase oxidation products of both anthropogenic (e.g. aro-
matics, acetylene) and biogenic (isoprene) compounds.
First generation products of isoprene include methacrolein
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(MACR) and methylvinyl ketone (MVK), which are less
soluble but formed with higher yields. Henry’s law con-
stants (Ky) for the C,—C3 carbonyl compounds are in the
range of 10°-10°Matm™!; those for MVK and MACR
are much smaller in neutral or moderately acidic solution
(KgMMVK)=41Matm~!, Kg(MACR)=6.5Matm™!, Iraci
et al., 1999), which suggests that only a small fraction of
these compounds are present in the aqueous phase of parti-
cles.

The chemistry of carbonyl compounds in the aqueous
phase differs from that in the gas phase in part because these
compounds hydrate. Aqueous-phase product formation also
depends on the concentrations of organics in solution. Gly-
oxal has been used as a model compound to explore these dif-
ferences. The aqueous OH-radical oxidation of glyoxal upon
hydration has been discussed in recent detailed studies (Tan
et al., 2009; Ervens and Volkamer, 2010; Lim et al., 2010).
In brief, in dilute solutions with [Glyoxal],q < 1 mM (resem-
bling solute concentrations as in cloud water, e.g. Igawa et
al., 1989; Munger et al., 1995), the oxidation of glyoxal by
the OH radical yields glyoxylic acid, which is further oxi-
dized to glyoxylic acid (Karpel Vel Leitner and Doré, 1997)
(Table 1). Carlton et al. (2007) first observed HMWC in gly-
oxal photooxidation experiments at organic concentrations
that were higher than in cloud water but likely less than in
aerosol water ([Glyoxal],q <mM) (Tan et al., 2009). For
methylglyoxal and its direct oxidation product, pyruvic acid,
a qualitatively similar product pattern has been found at or-
ganic cloud-water concentrations with the formation of small
acids (oxalic, glyoxylic, acetic) (Tan et al., 2010). At higher
concentrations (mM), the same transition to HMWC forma-
tion is seen from both pyruvic acid and methylglyoxal (Al-
tieri et al., 2008; Perri et al., 2009) with oligomeric series
with fragment patterns that differ by AM =72 (C3H40,)
(Tan et al., 2010, 2011).

Aqueous phase oxidation experiments of isoprene, MACR
and MVK in the presence of OH show very similar prod-
uct patterns. An explicit mechanism suggests that the oxida-
tion of these Cs carbonyl compounds is closely intertwined
with the smaller, more soluble ones that can account for
a large fraction of the agSOA observed in laboratory stud-
ies; HMWC are assumed to be intermediates in this reaction
scheme (Zhang et al., 2010; D. Huang et al., 2011; Liu et
al., 2011). In ambient aerosol particles and cloud droplets,
the observed bulk processes will have only a minor impor-
tance due to the limited solubility of these agSOA precursors;
however, in the same study it was discussed that surface re-
actions could occur and contribute more to organic process-
ing and aqSOA formation. Aqueous oxidation experiments
with MACR and MVK show that small acids comprise up to
8.8 % and 23.8 %, respectively, of the aqgSOA yield (defined
as mass concentration of aerosol after 7 h, related to the ini-
tial aqueous phase MACR and MVK concentrations, Zhang
et al., 2010). The value for MACR is in good agreement with
experiments over longer time scales that reported agSOA
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Table 1. Summary of experimental conditions, kinetic data and products from photochemical laboratory experiments leading to agSOA.

Organic Oxidant Inorganic Rate constant Products Reference
reactant (Source) solutes
concentration
Glyoxal 1 mM OH (Pulse - 1.1x109 M~ Lg—1* Buxton et al. (1997)
radiolysis)
0.5mM OH - Formic, acetic, glyoxylic, Karpel Vel Leitner and
(0.5 mM acetic acid Doré (1997)
H0,)
2mM OH - Glyoxylic, oxalic acids Carlton et al. (2007)
(10mM H, 0y Oligomers
0.03mM OH - Lix108M—1s1 — Succinic, oxalic malonic, Tan et al. (2009);
0.3 mM malic, tartaric, mesoxalic Lim et al. (2010)
3mM acid
— Transition from
“mainly acids” to “mainly
oligomers”
— Oligomers
(A =CyH03)
~0.1-1 M OH ~6M 08 s! <k <7 Fitted k in order to ex- Volkamer et al. (2009);
(~20 ppm (NHy4)2SO4 s plain observed SOA mass Ervens and Volkamer
Cszg) in excess to OH reaction; k  (2010)
scales with OH concentra-
tion with highest value at
[OH] =107 cm—3
~0.1-1M UV ~6 M Glycolic acid sulfate, C-N  Galloway et al. (2009)
(NH4)ZSOI) compounds
Glycolaldehyde 1mM OH - Succinic, malonic, oxalic, Perri et al. (2009)
(5mM Hp0») glycolic, glyoxylic acids
1mM OH 1 mM HySOy4 Organosulfates (esters) Perri et al. (2010)
(5mM H;0,)
Methylglyoxal ~ 0.14mM  OH (~0.3uM) - 7x108 M~ 1=+ — Ervens et al. (2003b)
(0.5mM
Hy0»)
2mM OH - Glyoxylic, pyruvic, oxalic, Altieri et al. (2008);
(10mM H,05) acids and oligomers with  Tan et al. (2010)
C3H40; subunits
k=41 Fitted k based on observed  This study
aqSOA formation in labo-  For fitting, cf procedure
ratory studies (Tan et al., described for glyoxal
2010); by Ervens and Volka-
mer (2010)
Pyruvic acid 1-12mM OH (~0.3 uM) - - Ervens et al. (2003b)
(0.5 mM
Hy0y)
10 mM OH - Glyoxylic, oxalic, acids and  Altieri et al. (2006)
(20mM H,05) oligomers with C3H40,
subunits
5 mM, OH - Glyoxylic, acetic acid Carlton et al. (2006)
10 mM (20-100 mM
Hy0,)
100 mM uv - Cg, C7 carboxylic acids Guzman et al. (2006)
5 mM, OH - Glyoxylic, acetic acid Carlton et al. (2006)
10 mM (100 mM,
20mM H,0,)
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Table 1. Continued.
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Organic Oxidant Inorganic Rate constant Products Reference
reactant (Source) solutes
concentration
Pyruvic + 100 mM uv - Cg, C7 carboxylic acids Guzman et al. (2006)
Oxalic acid
SmMeach O3 - Pyruvic acid dimer and Grgic et al. (2010)
(UV light) Pyruvic/formic acid-dimer
formation over ~5h
(photosensitized)
MACR 0.05 mM OH - 5.8x109M 17! methylglyoxal, formalde- Liu et al. (2009);
2-5mM (8mM Hp0») hyde, hydroxyacetone and El Haddad et al. (2009)
OH acetic acid/acetate
(0.4 mM Pyruvic, glyoxylic acid
H;0,) Oligomer series with
hydroxyl carbonyl and
carboxylic acids
100- SO, 37M >1079 57! Organosulfates 150 < M Noziere et al. (2010b)
500 mM (UV) (NH4)2S804 or  25x10°M~1s™1  [gmol~!] <300
IMN azSO4
MVK 0.2mM OH - 8x108M~1s~1 Glyoxal, Methylglyoxal, Zhang et al. (2010)
(2mM H,05) Pyruvic, Acetic, Oxalic,
malonic acids, HMWC
Isoprene 11 mM SO, Organosulfates Noziere et al. (2010b)
a-pinene 150 mM SO, Organosulfates Noziere et al. (2010b)
3,5-dihydroxy 0.02 mM OH - Light absorbing dimer Gelencser et al. (2003);
benzoic acid 2mM (0.1 mM (phenoxy radical) Hoffer et al. (2004)
H;O0+
0.05 mM
FeCl3)
Phenol 0.1 mM OH - Small organic acids, Sun et al. (2010)
Guaiacol (0.1 mM phenolic dimers and higher
Syringol H,0y) oligomers formed from
phenoxy radicals
Phenols, 10 mM OH - - Absorbing products Chang and Thompson
Vanillyls, (I1mM Hp0,) (1 ~ 500nm) Spectra struc-  (2010)
Syringols ture depending on organic

* These rate constants are used in the box model studies in Sect. 4.;
*%

(Ervens and Volkamer et al., 2010).

yields of 2-12 % with highest values after 22 h (El Haddad
et al., 2009).

The direct aqueous phase reaction of MVK and MACR
with ozone is probably not a competitive pathway as com-
pared to the much faster OH-initiated reactions, but it might
act as an important source of oxidants (e.g. H»O») (Chen et
al., 2008). While H, O, itself reacts only slowly with organic
carbonyl compounds (Stefan and Bolton, 1999), it might be a
precursor for OH (either by photolysis, or by Fenton reaction
with Fe?* or Cu™) and thus could provide an additional rad-
ical source in the aqueous phase that could start OH-initiated
processes.

www.atmos-chem-phys.net/11/11069/2011/

in the model simulations it was assumed that this rate constant also scales with the gas phase OH concentration as it had been inferred for the corresponding glyoxal reaction

It has been shown that SOA formation rates in laboratory
aerosol experiments are 2-3 orders of magnitude faster than
those that were predicted based on the OH reaction using up-
take and reaction parameters as for dilute aqueous solutions
(Ervens and Volkamer, 2010) which suggests that the over-
all agSOA production rate (per volume of water) is higher in
aerosol than in cloud water. However, this rapid photochemi-
cal conversion crucially depends on the nature of the present
seed aerosol and the “history” of the reaction chamber that
might exhibit background organic residues (Volkamer et al.,
2009; Galloway et al., 2011b). While this difference in gly-
oxal reactivity cannot be solely ascribed to faster kinetics due

Atmos. Chem. Phys., 11, 11069-11102, 2011
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to ionic strength effects (Herrmann, 2003), it is rather possi-
ble that additional radical pathways in aqueous particles oc-
cur that are largely suppressed in dilute aqueous phase, but
lead to accretion products of organic radicals at higher or-
ganic concentrations. Since observed agSOA formation both
scales with bulk aerosol water mass and particle surface, this
additional pathway has been parameterized by either a bulk
aqueous phase process or a surface-limited process (Ervens
and Volkamer, 2010). Data from bulk aqueous phase exper-
iments have been fitted to develop detailed reaction mech-
anisms for the possible formation and recombination of or-
ganic radicals of both glyoxal and methylglyoxal (Lim et al.,
2010; Tan et al., 2010) (Table 1).

Experiments in the absence of OH, but under UV light,
show similar products from pyruvic acid suggesting that in-
termediate organic radicals can be also formed by direct pho-
tolysis (Guzman et al., 2006). Products in that study included
Cg and C7 carboxylic acids which could act as precursors for
smaller acids. Solutions of both oxalic and pyruvic acid also
showed the formation of HMWC with oligomeric structures
in the presence of ozone and UV light (Grgic et al., 2010). In
those experiments, it was suggested that pyruvic acid acts as
a photosensitizer that accelerates the oxidation of oxalic acid
leading to oligomer formation, i.e. indicating an additional
role of carbonyl compounds in (or on) the aqueous phase that
is not captured by current kinetic models.

All aforementioned experiments were performed in pure
water and the only difference between “cloud-water” and
“aerosol-water” experiments was the organic aqSOA precur-
sor concentration. However, in atmospheric aerosol water
the concentrations of inorganic solutes (e.g. ammonium, sul-
fate) are much higher and thus aqueous ammonium sulfate
solutions might better represent the reaction medium for wet
aerosols. Photooxidation of glyoxal, methylglyoxal, glycol-
aldehyde, methacrolein, «-pinene, and isoprene in an aque-
ous sulfate solution yields organosulfate species. It is pro-
posed that these species are produced in reactions involv-
ing sulfate radicals (SO, ) formed in the presence of OH
(Noziere et al., 2010b; Perri et al., 2010).

HSO; +OH — SO +H,0 (1)

The rate constant of this reaction (k =3.5x 100 M~1s—1,
Tang et al., 1988) increases with decreasing pH, which might
explain trends of increased organosulfate yields under more
acidic conditions in ambient aerosol particles (Edney et al.,
2005; Surratt et al., 2007b; H. Zhang et al., 2011). The
molecular weight distribution observed in these laboratory
experiments suggests that not only the sulfates of the organic
parent compounds but also HMWC with sulfate groups are
formed (Noziere et al., 2010b). Experiments in ammonium
sulfate solutions in the absence of OH sources but under
UV illumination also lead to organosulfates, suggesting ad-
ditional sources of the sulfate radical (Galloway et al., 2009).

The ozonolysis of limonene results in gasSOA formation.
Products comprise water-soluble oligomers that can be dis-
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solved in the aerosol aqueous phase where they are further
oxidized (Bateman et al., 2011). These experiments demon-
strate that the aqueous phase can change the fate and proper-
ties of compounds typically considered to be gasSOA prod-
ucts by acting as a SOA sink whereas in organic particles the
further oxidation is likely hindered due to diffusion limita-
tions of reactants.

2.1.2 Aromatic compounds

Monocyclic aromatic compounds can be considered as prox-
ies for anthropogenic (e.g. benzene, toluene, xylene) and
biomass burning emissions (e.g. lignin). Compounds such
as benzene, toluene, and xylene react in the gas phase and
form gasSOA with highest yields at low NOy conditions (Ng
et al., 2007). At high NOy levels, the formation of carbonyl
products (glyoxal, methylglyoxal) is favored which suggests
different sensitivities of gasSOA and aqgSOA towards NOx.
As described above, these compounds are precursors of ag-
SOA but not gasSOA. Photochemical aqueous phase exper-
iments suggest that ring-retaining aromatic oxidation prod-
ucts from phenol and its methoxylated derivates guaiacol and
syringol might contribute to agSOA as they form aromatic
dimer products in high yields (near unity, related to the initial
aqueous phase concentration) by recombination of phenoxy
radicals (Sun et al., 2010). The total aromatic concentrations
in these studies (100 uM) resemble those as found from wood
smoke markers in winter fog (Sagebiel and Seiber, 1993);
however, at other locations much smaller phenol concentra-
tions are generally observed (Anastasio et al., 1997).

Similar results as for methoxyphenols were found in labo-
ratory experiments with other phenolic, vanillyl and syringyl
compounds (Chang and Thompson, 2010) and 3,5-dihydroxy
benzoic acid (Gelencser et al., 2003). For these latter com-
pounds aqueous reaction times of more than one day were
needed to detect pronounced signals of ring-opening prod-
ucts (Hoffer et al., 2004). Although ring-cleavage products
of aromatics will follow reactions as discussed in Sect. 2.1.1,
ring-retaining products will add more mass on a mass-to-
mass basis and could also affect the optical properties of SOA
due to their structural similarities to soot (Sect. 2.4.2).

It should be noted that the atmospheric reaction time scales
will depend on the availability of organics and reactants (ox-
idants) in aerosol and cloud water; as the quantitation of OH
radicals in the aqueous laboratory experiments is usually not
performed, the comparison of reaction rates from different
experiments might not be meaningful. A more useful com-
parison of the importance of different pathways can only be
obtained by using multiphase process models that predict aq-
SOA formation using the rate constants as summarized in Ta-
bles 1 and 2.

www.atmos-chem-phys.net/11/11069/2011/
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2.2 Dark reactions of carbonyl compounds

While photochemical (oxidative) reactions are irreversible,
several thermal (dark) reactions form products reversibly, i.e.
their reactions can be expressed as equilibria, in form of ef-
fective Henry’s law constants Kyg* (Kroll et al., 2005b; Gal-
loway et al., 2009; Ip et al., 2009). These constants are often
higher by several orders of magnitude than the physical sol-
ubility (Ky) and effective Henry’s law constants that include
hydration (KH,Hydr). The observed gas/particle partitioning,
Kyu*, of glyoxal has been interpreted as a product of Ky Hydr
and the equilibrium constant for oligomerization Kjig (Er-
vens and Volkamer, 2010).

K7 = Ku,Hydr (1 + Kotig) 2

Kolig, and thus, Ky*, are only valid for reversible (dark)
oligomerization and not for irreversible photochemical reac-
tions (Ervens and Volkamer, 2010; Lim et al., 2010). A more
recent study discusses that the enhanced uptake of glyoxal is
not due to oligomerization but due to a shift of the partition-
ing of the glyoxal dihydrate towards the particle phase which
is more stabilized in ionic solutions (Yu et al., 2011). The
hydration and oligomerization of glyoxal, methylglyoxal and
other carbonyl compounds are thermodynamically favorable
(Barsanti and Pankow, 2004, 2005; Kua et al., 2008; Krizner
et al., 2009) but their kinetic formation is slow with rate con-
stants of knydration < 0.01 s~1 (Creighton et al., 1988; Krizner
et al., 2009) and kolig = 100 M~!s~! (glyoxal), respectively
(Ervens and Volkamer, 2010). Overall, these products con-
tribute little mass to the total predicted agSOA budget since
(i) their formation rate constants are small, (ii) the largest
observed molecules only contain 3-4 glyoxal subunits and
thus are substantially smaller than oligomers from photo-
chemical reactions and (iii) they are formed reversibly and
thus their major fraction will evaporate together with water.
However, glyoxal oligomerization has recently been shown
to contribute significantly to nanoparticle growth (L. Wang
etal., 2010, 2011).

Methylglyoxal and other carbonyl compounds that form
enol structures can undergo aldol condensation reactions.
While aldol condensation products (e.g. from methylglyoxal)
are thermodynamically favorable (Barsanti and Pankow,
2005), both experimental and theoretical studies have shown
that rate constants of aldol condensation are too low to be
important for significant agSOA formation under typical at-
mospheric conditions (0.074 M~ s < kygor < 15M~ 157!
(Casale et al., 2007; Minerath and Elrod, 2009); kajdol <
3M~!'s~!, Noziere et al., 2006).

While neither aldehyde reactions with water nor the self-
reaction (including aldol condensation) are predicted to ef-
ficiently form aqSOA, interactions of aldehydes with inor-
ganic compounds such as ammonium leading to imidazoles
have been suggested to be thermodynamically and kineti-
cally favored (Kua et al., 2011). Several laboratory exper-
iments confirm the reaction of glyoxal and methylglyoxal
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with ammonium (Noziere et al., 2009; Shapiro et al., 2009)
and with monomethylamine and amino acids in the absence
of photochemical oxidants (De Haan et al., 2009a, ¢, 2010).
Oligomeric products composed of only C, H and O in those
experiments were explained by NHI catalysis (Noziere et
al., 2009, 2010a). Empirical expressions of the rate constant
of the glyoxal/ammonium reaction show a decrease with in-
creasing pH (Noziere et al., 2009; Yu et al., 2011), i.e. oppo-
site to the trend for organosulfate formation (Sect. 2.1.1).

Reactions between ammonium (amines, amino acids) and
(methyl)glyoxal are likely to occur in evaporating cloud
droplets, i.e. after glyoxal and methylglyoxal dissolve into
the relatively large aqueous volume of cloud droplets and as
water evaporation increases the concentrations of the nitro-
gen containing solutes (i.e. mostly ammonium). This mecha-
nism implies that the reaction between volatile, water-soluble
organics has to occur faster than the drop evaporation (De
Haan et al., 2009b, 2010). The time scales of these re-
actions are much longer than for photochemical reactions
(k=03M"'s71 k<0.12M71s7!, k<5x 1070 s7! for
reactions of glyoxal with amines and amino acids and the
methylglyoxal reaction with ammonium, respectively, Ta-
ble 2). Thus, it can be expected that their contribution to
agSOA is small; however, the particular structure and proper-
ties of the products (e.g. imidazoles) might be possibly used
as aqSOA tracers.

2.3 Caveats of laboratory experiments

Laboratory studies as described in the previous sections
represent idealized systems, i.e. the aqueous solutions do not
reflect the complex mixture of organic and inorganic aerosol
constituents as found in cloud droplets and aerosol particles.
In addition, some of the experiments were performed under
conditions that are not necessarily atmospherically relevant.
However, only such conditions and the simplicity of the reac-
tion systems allow the identification of products and mech-
anisms by the applied analytical methods. While the con-
centration of a single compound might be relatively small,
the sum of all (organic) compounds might add up to several
moles per liter. Organic radicals are likely to form from the
reaction of OH radical with this complex mixture, creating a
more complex array of HMWC than one would see in exper-
iments with a single compound (e.g. glyoxal).

While a homogenously mixed aqueous phase might be a
good proxy for cloud water, it seems likely that in aerosol
particles different phases exist whose solutes might not effi-
ciently interact with each other. The smaller abundance of
different solutes in laboratory solutions might prevent the
formation of different phases (e.g. separation of hydropho-
bic compounds, water-soluble organics and inorganic ions,
Marcolli and Peter, 2005; Zuend et al., 2008; Bertram et
al., 2011; Smith et al., 2011) and thus maximize the interac-
tions of reactants within the condensed phase. In an organic
phase, the formation of HMWC slows down with increasing

Atmos. Chem. Phys., 11, 11069-11102, 2011



11076

B. Ervens et al.: A review of laboratory, field and model studies

Table 2. Summary of experimental conditions, kinetic data and products from dark (non-photochemical) reactions in laboratory experiments

leading to agSOA.

Organic
reactant
concentration

Reactant/Solutes

Rate constant

Products

Comments

Reference

Glyoxal ~0.1M 5MAmm Sulf  100M~1s~1; Fitted rate constant for gly-  Volkamer et al. (2009);
0.1M~s—1* oxal oligomerization (for- Ervens and Volkamer
ward/back reaction) (2010)
1M Amine 03M 157! Imine oligomers De Haan et al. (2009¢c)
0.1-1M Amino acids 45x107% <k Acetal oligomers, Depending on amino acid De Haan et al. (2009a)
[M*1 s*1] < Imidazoles
0.12
NHI 2x10~10 Iminium intermedi- ~ Empirical expression based  Noziere et al. (2009)
exp(l.5-ann,) ates, Imidazoles on laboratory studies
-exp(2.5-pH)
Mfl s~ 1%
1.5M NHI 1M (2.01+0.4) Imidazoles Yu et al. (2011)
x10712 M2
s 1
Dimers and trimers Liggio et al. (2005b)
Imidazoles Prediction of thermody- Kuaetal. (2011)
namically and kinetically
favored products
Methylglyoxal - - - Imidazole, Iminium Shapiro et al. (2009)
2M NHI < 5 - Oligomeric amino Sareen et al. (2009)
107°M~1s~1*  compounds and
organosulfates
1 mM 0.01-0.1 mM Oligomers of hydro  Time scale of product Yasmeen et al. (2010)
(NHy)2SOy4, ketones (C3H40,) formation ~1 h
NapSOy, or
H,>SO4
- NHI Imidazoles Theoretical calculations of ~ Kua et al. (2011)
prediction of thermody-
namic kinetic feasibility
Glyoxal + 2M (total) 3.1M Light absorbing Schwier et al. (2010)
Methylglyoxal (NHy)2SO4 hemi acetal, aldol
condensation
products
MACR 2-5uM ~uM O3 0.003 s~ Hydroxy methyl- Pseudo-first order k with Chen et al., (2008)
hydroperoxide, MACR in excess (T =5
HOCH,;OO0H, min)
methylglyoxal
MVK <3M 1! Aldol condensation  Aldol condensation Noziere et al. (2006)
products
2-5mM ~UM O3 44x10*M~! s~! Pyruvic, malonic, Chen et al. (2008)
oxalic acid, methyl-
glyoxal, glyoxal,
and their oligomers
Epoxide - 0.074 < k Aldol condensation  Theoretical estimate based Minerath and Elrod
hydrolysis M—1s1] products on generic epoxide (2009)
<15

* These rate constants are used in the box model studies in Sect. 4.
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product formation since the condensed phase becomes more
viscous (“glassy”) and prevents efficient reactant uptake into
and transport within this phase (Shiraiwa et al., 2010; Virta-
nen et al., 2010; Ziemann, 2010; Pfrang et al., 2011; Poschl,
2011). In contrast, an aqueous aerosol phase containing ox-
idized and hygroscopic compounds might allow more effi-
cient mixing and oxidation (Cappa et al., 2011). Phase sep-
aration and the presence of surface active compounds are
likely to affect transport (evaporation, uptake, diffusion) and
reaction rates in ambient particles in ways that are not cap-
tured in the simple mixtures used in laboratory experiments.

Laboratory experiments that simultaneously measured gas
and particle phase concentrations of glyoxal and methylgly-
oxal upon oxidation of aromatic compounds have shown that
their particulate fraction is 45 orders of magnitude higher
than predicted based on thermodynamic equilibrium (Healy
et al., 2008, 2009). The reason for this enhanced partitioning
is not fully clear; however, it implies that chemical and/or
physical effects in aqueous seed aerosol decrease the effec-
tive vapor pressure and lead to higher organic concentrations
than in pure water. Some of these deviations might be due to
analytical issues or sampling artifacts (Turpin et al., 2000).
At least some extraction and chemical analysis methods lead
to the “break-up” of oligomers and the particulate fraction
might reflect not only the carbonyls but also their oligomers.
Thus, laboratory experiments with high organic concentra-
tions seem to be a good proxy for aerosol water.

While in laboratory experiments, the aqueous phase OH
is usually produced from H,O; photolysis, a major source
of the OH radical in cloud water is the uptake from the gas
phase. Model and laboratory studies have shown that as
much as about 1/3rd of the OH radical found in clouds is
formed from aqueous reactions (Arakaki and Faust, 1998;
Ervens et al., 2003a). Aqueous phase reactants that form
OH radical (e.g. ferric ion (Fenton reaction) (Arakaki and
Faust, 1998), H>O, and nitrate, Zellner et al., 1990) are
present in considerably higher concentrations in particles,
likely enhancing the photochemical formation of OH in the
condensed phase. Evidence of efficient OH and H,O» for-
mation in particles has been recently reported at urban and
rural sites in the San Joaquin Valley (Shen and Anastasio,
2011; Shen et al., 2011). Hydrogen peroxide levels in aerosol
water exceed predictions based on Henry’s law equilibrium
by up to two orders of magnitude since aqueous phase pro-
cesses represent a continuous, significant source of H,O»
(Arellanes et al., 2006; Y. Wang et al., 2010). In addition,
enhanced rates of organic oxidation reactions in aerosol wa-
ter lead to a faster recycling of OH. This, and uncertainties
in OH radical sinks, make concentrations of OH radicals in
aerosol water highly uncertain. Different transport processes
into and inside aerosol particles, high solute concentrations,
chemical complexity and uncertain oxidant levels complicate
efforts to understand and simulate aqueous chemistry in am-
bient aerosols.
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2.4 Aerosol properties of laboratory-derived agSOA

24.1 CCN properties: surface tension ¢ and
hygroscopicity « (< O/C ratio)

Products of the dark reaction of ammonium, in the ab-
sence of oxidants, with glyoxal, glyoxal-methylglyoxal or
methylglyoxal-acetaldehyde mixtures show distinct surface
tension o suppression as compared to pure water (Ao ~20-
35 %) at molar carbon concentrations due to the oligomeric
character of the products with hydrophobic and hydrophilic
entities (Sareen et al., 2009; Noziere et al., 2010b; Schwier
et al., 2010; Li et al., 2011). It has been speculated that an
efficient condensation of surface active gas phase species on
deliquesced aerosol particles might be sufficient to form a
surface active film that suppresses the surface tension (Ro-
makkaniemi et al., 2011); however, no observed data can
support this mechanism yet.

For agSOA formation to be substantial, precursor com-
pounds must have high water-solubilities (and/or high con-
centrations); this suggests that agSOA will necessarily have
high polarity and O/C ratios. =~ While gasSOA usually
has O/C ratios of 0.3-0.5 (Aiken et al., 2008; Massoli
et al.,, 2010; Lambe et al., 2011), agSOA products have
higher O/C ratios since the precursors are already highly
oxygenated: O/Cglyoxal = 1-2 (depending on hydration),
O/Chethylglyoxal = 1.5, leading to agSOA with O/C=2 (ox-
alate) in cloud-relevant solutions, and O/C ~ 1 at aerosol-
relevant concentrations (Altieri et al., 2008; Perri et al.,
2009). Dark reactions yield products with O/C ratios of 0.5—
1.5 (Noziere et al., 2009; Sareen et al., 2009; Shapiro et al.,
2009) which is on average lower than those observed in pho-
tochemical aqueous phase experiments but still higher than
the average O/C ratios of chamber-derived gasSOA. RH at
which phase separation of aqueous and organic phases (SRH)
occurs has been parameterized as a function of the O/C ra-
tio of the organic fraction and the organic/inorganic (sulfate)
ratio (Bertram et al., 2011).

The hygroscopicity of particles — represented by the hy-
groscopicity parameter k (Petters and Kreidenweis, 2007) —
correlates with the O/C ratio (Jimenez et al., 2009; Lambe
et al.,, 2011). Extrapolating this linear x-O/C relationship
to products found in glyoxal and methylglyoxal agSOA ex-
periments suggests that agSOA will be more hygroscopic
than gasSOA, with « of ~0.15-0.6, i.e. with an upper limit
that is comparable to ammonium sulfate. This prediction
agrees well with the hygroscopic growth factor (GF) mea-
surements of MACR-derived aerosol agSOA of GF ~ 1.4 at
RH =90 % (Michaud et al., 2009). Extrapolating the reported
GF-O/C (at RH=95 %) correlation by Jimenez et al. (2009)
to RH=90 % yields approximately «(agSOA) ~ 0.2.

Sensitivity model studies of CCN activity over ranges of
k and o suggest that (i) in cloud water and dilute aerosol
water as encountered near cloud base where droplet activa-
tion occurs, organic solute concentrations are much lower
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(~uM-0.1 mM) and o suppression due to organics is likely
negligible and (ii) high molecular weight and reduced sur-
face tension offset each other resulting in CCN properties
for agSOA similar to those of ammonium sulfate (Ervens
et al., 2005; Padro et al., 2010). Many additional studies
have confirmed a weak dependence between CCN composi-
tion and cloud droplet number concentration (e.g. Feingold,
2003; Rissman et al., 2004; Reutter et al., 2009). Thus, while
the physicochemical properties of agSOA in terms of CCN
ability might be approximated by inorganic solutes, the ad-
dition of hygroscopic agSOA mass, in addition to sulfate, to
the droplet mode of an aerosol population will increase par-
ticle sizes and thus has implications in terms of direct and
indirect aerosol effects.

2.4.2 Optical properties

The semidirect and direct aerosol effects due to light absorp-
tion by organics (“brown carbon”) are not — or only very
crudely — included in climate models. Several reactions dis-
cussed in Sects. 2.1 and 2.2 yield light-absorbing products
that could contribute to atmospheric brown carbon (Sareen et
al., 2009; Shapiro et al., 2009). Experiments of glyoxal with
ammonium yield yellow-brownish solutions that stem from
the formation of C-N containing products (Debus, 1858; Gal-
loway et al., 2009; Sareen et al., 2009; Shapiro et al., 2009;
Trainic et al., 2011). Absorption measurements show absorp-
tion at A =209 nm immediately after mixing the compounds
(Noziere et al., 2009) and a band that builds up over sev-
eral hours at A =290nm. Spectra from the same reaction
system over longer time scales revealed absorption between
300—400 nm after a few hours of reaction and structure-less
absorption spectra after several days. The refractive index
(n) for products of the glyoxal and ammonium reaction de-
pends on the particle size but can be described within a range
of values n = (1.57+0i) to n = (1.740.02i) (Trainic et al.,
2011).

Photochemical experiments with aromatic compounds
(phenol and related compounds) also showed a shift in
absorption to longer wavelengths (from 350-~650nm)
whereas the precursors show distinct absorption at A ~
300 nm (Gelencser et al., 2003; Hoffer et al., 2004; Chang
and Thompson, 2010). The evolution of the absorption at
longer wavelengths has been explained by the formation of
larger conjugated oligomers that exhibit soot-like structures.
Such structures cannot be formed in the gas phase in an
oxygen-containing atmosphere. Product spectra resembled
the spectra of atmospheric HULIS; correlations were ob-
served between absorbing organic mass and RH and the sol-
uble extracts from ambient aerosols associated with biomass
burning and SOA (Hecobian et al., 2010), implying forma-
tion of agSOA (Sect. 3.4.2). Even though the data sets for
optical properties of agSOA compounds are sparse, the qual-
itative observations summarized here suggest that small aq-
SOA contributions to the total aerosol mass might have dis-
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tinct effects on the aerosol radiative properties. However,
light-absorption is not unique to agSOA, since also some
gasSOA products absorb UV light e.g. nitroaromatics (Ja-
cobson, 1999; Jaoui et al., 2008; Nakayama et al., 2010)
at smaller wavelengths and with a stronger wavelengths de-
pendence (Angstrom exponent) than soot (Kirchstetter et al.,
2004). The particle size to which light-absorbing organic
carbon is added depends on the formation process (gasSOA,
aqSOA) and impacts the overall absorbing/scattering prop-
erties of aerosol populations. AqSOA is generally added to
larger particles (droplet mode) whereas gasSOA rather adds
to smaller particles.

3 Observations and model studies of agSOA
3.1 Missing SOA source in current models

Many gasSOA models fail to reproduce total SOA mass
and/or specific properties (DeGouw et al., 2005; Heald et al.,
2005; Volkamer et al., 2006; Hodzic et al., 2010). While an
underestimate of SOA mass can imply an underestimate of
precursor concentrations (emissions) or gasSOA yields, un-
derprediction of the O/C ratio, correlation with RH, and cor-
relation with aqueous phase chemistry tracers (e.g. sulfate)
infer a role for aqgSOA.

Water-soluble organic carbon (WSOC) in the free tro-
posphere above North America correlates with sulfate and
methanol (Heald et al., 2006). Since sulfate and methanol
are known to form predominantly in the aqueous phase and
WSOC is predominantly SOA in locations with little biomass
burning, the observed correlation between WSOC and aque-
ous phase tracers suggests that WSOC might be largely com-
posed of agSOA.. In East Asia, SOA predictions were low by
~50 % for the boundary layer but low by a factor 10-100 in
the free troposphere (Heald et al., 2005), suggesting a role
for agSOA formation through cloud processing as a possible
mechanism of sustained SOA formation away from emission
sources. Addition of agSOA sources to a regional air quality
model improved not only the total mass concentrations and
variability for all model runs but also the agreement of ob-
served and predicted vertical profiles of OA mass (Carlton et
al., 2008).

3.2 Evidence of agSOA based on aerosol size
distributions

Ambient aerosol populations often show two distinct sub-
micron modes (<0.2pm and 0.5-1um) where the larger
(droplet) mode is formed from the smaller (condensation)
mode through volume-phase reactions in clouds and wet
aerosols (e.g. sulfate formation) (Hering and Friedlander,
1982; John et al., 1990; Meng and Seinfeld, 1994; Kerminen
and Wexler, 1995). An abundance of highly oxidized organ-
ics and organosulfates in the droplet mode has been observed
in several locations (e.g. Pickle et al., 1990; Blando et al.,
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1998). A shift in the carbonyl size distribution to a larger me-
dian at high RH has also been observed (Maria et al., 2004).
Size resolved measurements of OA, sulfate and nitrate in Los
Angeles during marine influence and humid conditions show
an abundance of low-volatility oxygenated organics, sulfate
and nitrate in the droplet mode (Fillo et al., 2003). These ob-
servations provide strong evidence that the organic aerosol
at this time was either (1) formed in the aqueous phase or
(2) present in condensation mode particles that grow into
the droplet mode by aqueous sulfate and/or nitrate forma-
tion. The fact that the highest OA mass concentrations were
observed when the OA was present in the droplet mode sug-
gests the former, an aqgSOA formation process. During peri-
ods of clear dry air and intense photochemical activity con-
densation mode OA dominated, characteristic of the gasSOA
route. The modality of SOA reflects its formation mecha-
nisms that have been observed and predicted for the aqueous
phase production of sulfate (Hoppel et al., 1994; Feingold
and Kreidenweis, 2000). GasSOA models do not reproduce
the observed bimodality of organic aerosol mass (Pandis et
al., 1993).

3.3 AqSOA formation in cloud droplets

3.3.1 Observation and prediction of oxalate as a proxy
of aqueous phase processing

It is well established that globally the majority (70 %) of at-
mospheric sulfate is formed in cloud droplets and only a mi-
nor fraction originates from condensation of H>SO4 on par-
ticles or from formation in aerosol water (Sievering et al.,
1992; Seinfeld and Pandis, 1998). Enhanced sulfate concen-
trations are found in the cloud-processed droplet mode. In
such particles, small dicarboxylic acids are often found in-
ternally mixed with sulfate (Yao et al., 2003, 2005; Huang et
al., 2006; Sorooshian et al., 2006), pointing to their efficient
formation during cloud-processing. Oxalate, the smallest di-
carboxylic acid (salt) is formed from aqueous oxidation of
several precursor compounds (Warneck, 2003; Ervens et al.,
2004; X. H. Huang et al., 2011) and it has been found to be
the most abundant individual organic compound in organic
aerosol (Neusiiss et al., 2000).

Oxalate can be routinely measured by ion chromatography
of integrated filter samples, or equivalent online systems (e.g.
particle-in-liquid-sampler (PILS), Orsini et al., 2003), along
with inorganic ions, providing robust data sets for a wide
variety of atmospheric conditions. Comparisons of parcel
model results with measurements show that chemical aque-
ous phase processes in cloud water can explain enhanced
in-cloud and above-cloud oxalate-to-sulfate ratios compared
to below-cloud ratios (Sorooshian et al., 2007). During the
ICARTT experiment flights over Ohio and surrounding ar-
eas, inorganic ions and oxalate were measured in cumulus
clouds with thicknesses between 500—700 m. In model calcu-
lations, it was assumed that sulfate formation could be appro-

www.atmos-chem-phys.net/11/11069/2011/

11079

priately reproduced and thus predicted sulfate/oxalate ratios
were compared to measurements (Sorooshian et al., 2006).
The general agreement of the absolute sulfate and oxalate
masses in this study as well as their ratios gave confidence
in the understanding of in-cloud oxalate formation. During
CARMA 1, a field campaign designed to study marine stra-
tocumulus off the coast of Monterey, CA, oxalate predictions
were higher by a factor of 10 (total predicted oxalate mass
210ng m~3) than the observed ones (Crahan et al., 2004).
The discrepancy was ascribed to missing wet deposition or
particle removal from the clouds; while not considered by
these authors, chemical losses (oxidation by OH or photoly-
sis of metal complexes in the aqueous phase) may also con-
tribute to oxalate losses (e.g. Ervens et al., 2004; Kawamura
et al., 2010). Thus, the aqueous phase might be also a chem-
ical sink for organic phase species and not only be a sink due
to drop deposition and removal as it has been discussed in
fog studies, e.g. Herckes et al. (2007). A global modeling
study concluded that in-cloud net formation (i.e. including
oxidation to CO;) could explain the atmospheric abundance
of oxalate (Myriokefalitakis et al., 2011).

While the vapor pressure of oxalic acid does not suggest
it, roughly 90 % of oxalate is found in the particle phase
(Baboukas et al., 2000; Yao et al., 2002). This behavior
can be explained by salt or complex formation (ammonium,
potassium, metal ions, Furukawa and Takahashi, 2011); in-
creased oxalate concentrations in (alkaline) dust and biomass
burning particles confirm this conclusion since at higher pH,
salt formation is favored (Yao et al., 2002; Sullivan and
Prather, 2007; Moffett et al., 2008). Back trajectories of
dust particles, internally mixed with oxalate, revealed that
these particles were not cloud-processed but that they were
aged due to condensation of soluble species onto the dust
particle surface. Hygroscopic material on aged particles pro-
vides liquid water on the particles (aerosol water) (Yao et al.,
2002) and thus might also explain oxalate in the coarse mode
of marine particles which cannot be explained by in-cloud
processes (Rinaldi et al., 2011). Because the vapor pressure
of oxalic acid is much higher than that of oxalate salts, this
species can be transported in the gas phase (regardless of how
it forms), and react with anions in dust and sea salt particles.

The total contribution of oxalic acid to the total OA frac-
tion usually does not exceed a few percent (e.g. Kawamura
etal., 1996b, 2003) and is only one of many products formed
through aqueous chemistry. However, the numerous data sets
for oxalate and the availability of detailed chemical mecha-
nisms of its formation pathways make it a good tracer to test
our understanding of aqueous phase processing of small or-
ganic molecules.

3.3.2 Observed and predicted larger (>C;) aqSOA
products

Larger dicarboxylic acids have been found internally mixed
with oxalate, which suggests that their formation pathways
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are connected (e.g. Yao et al., 2003, 2005; Huang et al., 2006;
Sorooshian et al., 2006). Specifically, correlations have been
observed of oxalate with sulfate, malonate (C3) and succi-
nate (C4) in aerosol particles (e.g. Kawamura et al., 2000,
2003; Narukawa et al., 2003; Jung and Kawamura, 2011).
Large dicarboxylic acids can form smaller acids including
oxalate through aqueous oxidation. In addition, >C; diacids
can form from smaller compounds through aqueous organic
radical-radical reactions in the high organic concentrations
found in wet aerosols. While a motor vehicle source of small
dicarboxylic acids has been implied in early studies (Kawa-
mura and Kaplan, 1987; Kawamura et al., 1996a), more
recent studies do not find any correlation of dicarboxylic
acids with traffic markers (NO, NO;) (Martinelango et al.,
2007). In addition to dicarboxylic acids, recent size-resolved
measurements also show a predominance of HMWC in the
droplet mode (Lin et al., 2010b), suggesting concurrent for-
mation of HMWC through aqueous chemistry. Correlations
of HMWC with potassium imply the formation in biomass
burning plumes that include aged aerosol particles (Lin et
al., 2010a).

A related measure of the amount of highly oxygenated OA
is the signal of the mass-to-charge ratio m/z =44 (CO;’ ) as
obtained from aerosol mass spectrometer (AMS) measure-
ments, which is proportional to the number of acid function-
alities in the organic mass fraction. A recent study has shown
that cloud droplet residuals (at the Pacific Coast and in con-
tinental air masses) show highest correlations with m/z =44,
the oxalate mass and the total organic acid mass to the to-
tal organic mass as compared to aerosol masses that were
not processed by clouds (Sorooshian et al., 2010). Such
studies corroborate conclusions regarding enhanced organic
aerosol concentrations in regions of cloud outflow (Peltier et
al., 2008).

The implementation of in-cloud agSOA formation into
a regional air quality model (CMAQ) to simulate SOA
formation over northeastern US resulted in a much better
agreement between predictions and aircraft measurements of
WSOC (Carlton et al., 2008), despite a very crude estimate of
glyoxal conversion into aqgSOA (using a fixed yield of 4 %).
Not only did the bias in the total predicted SOA mass to ob-
servations decrease (from —64 % to —15 %), but the model
also captured better the temporal variability in OA, especially
for flights through clouds. Using the same model (CMAQ)
to simulate SOA formation in the same region, but using an
explicit aqueous phase mechanism of organic acid formation
in clouds from glyoxal and methylglyoxal, agSOA formation
was predicted to account for an overall SOA mass increase of
27 % for rural scenarios and 7 % for anthropogenically influ-
enced areas (Chen et al., 2007). In the same study it was also
found that agSOA formation in clouds was quite uniform at
the surface and in free troposphere layer (0.28 uygm~> and
0.25ugm™3, respectively). These authors concluded that
aqSOA formation might be in general more important for
biogenically-impacted regions since glyoxal and methylgly-
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oxal are formed in higher yields from isoprene than from an-
thropogenic emissions. Of course, anthropogenic emissions
can alter gas phase chemistry (e.g. through NOy), oxidant
production and aerosol water concentrations (i.e. through
sulfate formation), all of which are important to aqgSOA for-
mation. Note both of these modeling studies neglected ag-
SOA formation in aerosol water.

3.4 AqgSOA formation in aerosol water
34.1 AqSOA tracer compounds

HMWC are mainly formed in aerosol water as opposed
to cloud water as the rates of self-reactions of organics
(oligomerization, accretion reactions) are negligible in di-
lute (cloud) water (Sect. 2). Because of the different types
of reactions in concentrated and dilute aqueous phase, ag-
SOA mass formation rates [ng mgaé] do not scale with the
liquid water content (LWC) but have high overall rates in
both aqueous regimes. This transition from dilute to concen-
trated aqueous phase chemistry is unique to agSOA forma-
tion. Sulfate has only negligible formation rates [ng mg’3] in
the small volume of aerosol water and thus its formation rates
in aerosols are much smaller than in clouds (Sievering et al.,
1992; Meng and Seinfeld, 1994). Mass formation in aerosol
water results in a similar size modification of an aerosol pop-
ulation (mass addition to the droplet mode) as cloud process-
ing (Maria et al., 2004) and thus, the existence of HMWC
together with sulfate or other cloud-derived material points
to agSOA formation in the aqueous phase.

Many compounds such as di- and oxocarboxylic acids, es-
ters and organosulfur compounds that do not have any (effi-
cient) gas phase sources have been found in rain and cloud
water samples (Graedel and Weschler, 1981; Blando and
Turpin, 2000); their presence in droplets does not necessar-
ily imply that they have been formed in this dilute aqueous
phase. The presence of aldehyde-sulfur(IV) adducts (e.g. hy-
droxymethane sulfonate) in fog, clouds and aerosols has been
interpreted as tracers of aqueous phase chemistry as the cor-
responding adduct formation does not occur in the gas phase
(Munger et al., 1986; Olson and Hoffmann, 1989; Dixon and
Aasen, 1999; Lee et al., 2003; Whiteaker and Prather, 2003).

Evidence from laboratory studies suggests that HMWC
with acid, sulfur or ester functionalities can be formed in the
aerosol aqueous phase and might then dissolve in droplets. In
rain and fog water samples, several hundreds of compounds
in a mass range of 50 < m/z < 500 were identified by ESI-FT-
ICR-MS (Electrospray ionization coupled with Fourier trans-
form ion cyclotron resonance mass spectrometry) showing
series of oligomers with compounds that differ by mass frag-
ments of C3H40,(B-hydroxy ketones) (Altieri et al., 2009;
Mazzoleni et al., 2010), i.e. the same fragments that have
also been identified in laboratory experiments pointing to the
oligomerization of carboxylic and hydroxycarboxylic acids
(Tables 1 and 2) (Altieri et al., 2008; Yasmeen et al., 2010).
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HMWC in atmospheric particles and waters comprise a sub-
stantial fraction of the water-soluble organic matter (Fuzzi et
al., 2001; Herckes et al., 2002; Krivacsy et al., 2008; Stone et
al., 2009) which was originally attributed to primary sources
(Likens et al., 1983). While primary and secondary HMWC
are polyacidic, the latter comprise lower average molecu-
lar weight and lower aromatic moiety content (Graber and
Rudich, 2006). While it is possible that a fraction of this
organic matter is formed in different liquid (organic) frac-
tions of an aerosol particle, the high polarity and number of
carboxylic acid groups of the identified compounds (Fuzzi
et al., 2001; Salma and Lang, 2008), their agreement with
laboratory-derived aqSOA products (Sect. 2), and correla-
tion with clearly aqueous-phase-derived species and with the
amount of aerosol/cloud liquid water contents suggest that
they are mainly formed in droplets and/or aqueous parti-
cles. The total bulk masses range from 2—-100ugm=> and
up to 60 % of the water-soluble organic matter in ambient
and biomass burning aerosol, respectively (Fuzzi et al., 2002;
Lin et al., 2010b).

3.4.2 Correlation of WSOC with RH

The observed increase in particle-phase water-soluble or-
ganic carbon (WSOC;) at high RH may also point to ag-
SOA formation. In Atlanta, the fraction of total WSOC
(gas + particulate) that is present in particles (Fp) increases
sharply at high RH (>70 %), suggesting a positive cor-
relation with aerosol water (Fig. 2a, c). No relationship
was readily observed between F}, and particle organic mass
(Fig. 2b) when all data were analyzed together, which would
be expected from the gasSOA formation route since gasSOA
forms through partitioning of semivolatile species into par-
ticulate organic matter (Hennigan et al., 2008a, b, 2009).
However, during drier periods (RH < 70 %), which often oc-
cur in the afternoon (Fig. 2a), there is evidence for gasSOA
since Fp shows a correlation to OC (X. Zhang et al., 2011).
Thus, both agSOA and gasSOA formation might be occuring
in Atlanta, possibly at different times of the day. The morn-
ing peak in F}, coincides with particulate nitrate and thus the
formation of both particulate components might be initiated
by HONO as it acts both as precursor of the OH radical and
NO. Whereas the former is a crucial oxidant to form SOA,
the latter becomes further oxidized to HNOj3 that partitions
to the particle phase.

Based on the measured WSOC gas/particle partition-
ing in Atlanta, an effective Henry’s law constant Kyg*
~10°Matm~! for total WSOC was derived (Hennigan et
al., 2009). While not pertaining to a specific compound,
this value exceeds all values that are known for the phys-
ical solubility of common atmospheric organic compounds
and is even higher than any derived from studies that suggest
reversible oligomerization (Sect. 2.2); values of this order
of magnitude have only been observed for glyoxal/agSOA
partitioning in photochemical laboratory experiments where
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the application of Ky* strictly does not apply (Volkamer et
al., 2009). However, inferring that the observed particulate
WSOC mass is indeed photochemically and thus irreversibly
formed is somewhat speculative based on the current data set
as the bulk OC measurements do not give any information
on organic speciation. However, in additional studies organic
acids and HMWC have been found to be major components
of this fraction which might hint to the presence of photo-
chemically formed oxidation products (Sullivan and Weber,
20064, b; Miyazaki et al., 2009a).

A similar trend between WSOC,, nitrate and particle wa-
ter was also observed during the Environmental Protection
Agency (EPA) Southern Oxidants Study (SOS) PM; 5 Su-
persite Project in Atlanta (Lee et al., 2003). Internally mixed
organic and nitrate particles showed a maximum in the morn-
ing when RH was high. The same correlations were also
observed in Mexico City during the MILAGRO experiment
(Hennigan et al., 2008a). WSOC, and nitrate were often ob-
served to peak shortly following sunrise when RH was high
and photochemical processes began. A smaller maximum
of organics was observed in the afternoon associated with
internally mixed organic and sulfate particles. These organ-
ics are likely formed by different mechanisms (gasSOA for-
mation). As the day progressed during MILAGRO, concen-
trations of nitrate and WSOC,, decreased due to boundary
layer expansion and evaporation of some fraction of newly
formed secondary nitrate and WSOC as RH approached the
daily minimum in early afternoon. Only roughly 35 % of the
fresh WSOC,, appeared to be volatile, a fraction consider-
ably less than that for nitrate, which resulted in an increasing
WSOC/nitrate ratio, indicating a significant irreversible net
aqSOA production in aerosol water (Hennigan et al., 2008a).
For the same field experiment, AMS measurements provided
the O/C ratio as a proxy of the degree of oxygenation of
the organic aerosol mass. This ratio agrees well with data
from other ambient aerosol samples for the first two weeks
(0.3 <0/C<0.9, Ng et al.,, 2010). It is expected that the
O/C ratio shows an increasing trend at elevated RH (Fig. 2d,
Fast et al., 2007; Hodzic et al., 2010) if the predominant
SOA species are composed of aqgSOA. The increase of the
O/C ratio with RH (Fig. 2e) suggests that not only oxygen is
added to preexisting molecules (e.g. heterogeneous oxidation
of aerosol components with little change in particle mass,
only AO) but rather that additional organics are taken up into
the increased aqueous volume and further oxidized into ag-
SOA products that exhibit high O/C ratios (cf. Sect. 2.4.1).
The data in Fig. 2e might suggest the expected trend with
lowest O/C ratios at the lowest RH even though the linear
correlation coefficient is not high. Since the amount of ag-
SOA and thus the overall O/C ratios of the total OA mass
depend on the intensity of photochemistry, the highest val-
ues can be seen around noon (Fig. 2d). In order to emphasize
this correlation, data points that were recorded during the day
(~06:00 a.m.—~06:00 p.m.) are marked by small red points
in Fig. 2e. It is obvious that these points show higher O/C
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of temperature, RH and WSOC fraction in the particle phase (F}); (b) Fp as a function of RH; (¢) Fp as a function of total organic carbon
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ratios and a better correlation with RH and thus might point
to photochemically formed agSOA products in the aqueous
aerosol phase. It should be noted that it is not RH but rather
the amount of aerosol water (i.e. a combination of RH and
the amount of hygroscopic aerosol mass) that will determine
the size of the “aqueous phase reactor” where agSOA forma-
tion can take place. This caveat might explain some of the
scatter in Fig. 2e.

The predicted trend from a regional model that only in-
cludes gasSOA formation shows the opposite behavior of the
O/C ratio and RH relationship (Fig. 2e; Hodzic et al., 2010),
which supports once more that gasSOA models do not cap-
ture the RH dependence of SOA formation. At the same loca-
tion (during the MCMA field experiment), the comparison of
modeled and observed gas phase glyoxal revealed a “missing
sink” of glyoxal as a highly water-soluble, volatile compound
together with an unexpected source of SOA (Volkamer et
al., 2007) which gave the first observational evidence of ag-
SOA formation in aqueous particles. Estimates based on this
mismatch between modeled and observed glyoxal gas phase
concentrations suggest that in Mexico City aqgSOA forma-
tion from glyoxal in aqueous particles could contribute sub-
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stantially to total SOA (up to 15 %) (Volkamer et al., 2007;
Dzepina et al., 2011).

The O/C ratio is directly related to the ratio of total or-
ganic mass to organic carbon (OM/OC) as oxygen is the
most abundant heteroatom in organic molecules (Pang et al.,
2006). In many model studies, a constant OM/OC ratio is ap-
plied to convert from measured OC to total OM although it
has been shown that it greatly varies depending on the com-
position of the OM fraction (Turpin and Lim, 2001). For am-
bient HMWC, a ratio of OM/OC =1.8 has been determined
(Salma et al., 2008). A similarly elevated OM/OC ratio for
total OM has been reported for the Southeast US (Simon et
al., 2010). While it is possible that this result might be in-
fluenced by the assumptions made in the latter study, this
finding is also consistent with a large role for agSOA in this
high-RH, photochemically-active location (Hennigan et al.,
2009) (Fig. 2a—c).

Measurements in Los Angeles (LA), during the CalNex
experiment (http://www.esrl.noaa.gov/csd/calnex/), overall
show the opposite trend in terms of WSOC partitioning (F),
correlation with RH and OC, as compared to the Southeast
US (Fig. 2a—c versus 2f-h). No relationship is observed
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between F}, and RH, (Fig. 2f) as in Atlanta, but a correlation
is observed between Fp and OC mass (Fig. 2g), in agree-
ment with the partitioning theory of gasSOA formation. In
LA, this points to a much less significant agSOA contribu-
tion, even though RH shows a similar temporal profile with
even higher values in LA. One conclusion from the compar-
ison of LA and Southeast US data might be that the higher
emissions of biogenic compounds make the southeastern re-
gion more conducive to agSOA routes as compared to the
LA basin (X. Zhang et al., 2011). OA measurements at such
very different locations are not sufficiently comprehensive to
elaborate on any conclusions. In Cairo, a dry, highly an-
thropogenically influenced location, and in a suburban site in
France the formation of water-insoluble SOA has been ob-
served (Favez et al., 2008; Sciare et al., 2011) which might
add to evidence that not only the SOA precursor, but also
the meteorological conditions, and thus the type of chemi-
cal process (aqueous or gas phase) determines the formation
and distribution of SOA. Studies in Whistler, Canada, an area
that was highly influenced by biogenic emissions show that
products of aqueous photochemical reactions can better re-
produce the mass spectra of aged secondary organic aerosols
(Lee et al., 2011). Significant contributions to WSOC mass
have been reported in fog water; the diurnal evolution of the
OC/EC ratio suggests an important role of agSOA formation
with highest contribution during morning hours, i.e. when
fog still persists and photochemistry starts (Kaul et al., 2011).
Firm conclusions on the relative role of precursor compounds
and non-chemical effects to the contributions of gasSOA and
agSOA cannot be drawn based on these sparse data sets and
warrant future field and model studies.

3.4.3 Discussion of model approaches to predict aerosol
aqSOA

While several models include some representation of cloud
aqSOA formation, data sets of reaction parameters for
aerosol aqSOA formation are much less constrained. No
comprehensive module has been developed to date that pre-
dicts aerosol agSOA formation based on the reaction param-
eters summarized in Tables 1 and 2. However, in the follow-
ing we present the current attempts to estimate the role of
the aqueous phase of aerosols and discuss their caveats that
could be improved based on the most recent understanding
of aerosol agSOA processes.

Based on vapor pressures, activity coefficients and solubil-
ity, it has been predicted that in the South Coast Air Basin of
California less than 30 % of condensable gasSOA precursors
partition to the aqueous phase of particles as opposed to the
(hydrophobic) organic phase (Griffin et al., 2003; Chang et
al., 2010). However, these studies did not take into account
more volatile water-soluble organics that might dissolve into
the aqueous phase (e.g. glyoxal) for further processing. Sim-
ilar to the trends as identified in LA (Fig. 2f-h), in that model
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study no (or an inverse) trend between agSOA and total OA
mass was observed.

Extending the most detailed cloud chemistry model, i.e.
the chemical aqueous phase radical mechanism (CAPRAM)
(Herrmann et al., 2000, 2005; Ervens et al., 2003a) to
aerosol water conditions, it was concluded that the aque-
ous phase formation rates [M s~11 of mono- and multifunc-
tional organic acids by the OH radical are high in both
cloud droplets and aqueous particles (Tilgner and Herrmann,
2010). However, appreciable agSOA mass formation was
only predicted in cloud droplets since the absolute mass con-
version [ng mgfs] in aerosol water is small. Similar qual-
itative conclusions were drawn from global model studies
where an irreversible uptake of glyoxal and methylglyoxal
into cloud and aerosol water using a reactive uptake parame-
ter y =0.0029 (based on laboratory studies by Liggio et al.,
2005a, b, Sect. 2) was assumed (Fu et al., 2008, 2009). In
these studies, it was concluded that agSOA formation could
enhance the total SOA burden by 60 % and that globally 64 %
of aqSOA in the free troposphere is non-biogenic. A reac-
tive uptake coefficient y implies a surface-limited process
whereas the most efficient (photochemical) agSOA forma-
tion processes are suggested to occur in the bulk aqueous
phase (Sect. 2.1.1). The same approach was used in a global
model to analyze the vertical OA profile from several air-
craft field studies (Heald et al., 2011). Their model results
suggested a significant enhancement of OA at 2—-6km due
to agSOA formation which was not supported by observa-
tions. However, it should be noted that a more sophisticated
treatment of agSOA formation, i.e. distinguishing bulk and
surface processes as well as reactions in cloud and aerosol
water might lead to a better agreement. In addition, a surface-
limited process would rather be at odds with measured size
distributions that show clear processing of droplet mode par-
ticles (Hersey et al., 2011).

The minor importance of agSOA formation in aerosol wa-
ter in the aforementioned studies is due to the application
of identical reaction parameters for cloud and aerosol water.
Since LWC in clouds is significantly larger than in aerosols
(~0.1 <LWC(cloud) [g m3] <~1; ~1 <LWC(aerosol)
[ug m~3] ~100), the same chemical bulk reactions will al-
ways yield higher agSOA masses in cloud droplets. How-
ever, laboratory studies clearly show that the application of
identical reaction parameters for both aqueous regimes is not
appropriate since high solute concentrations in aerosol wa-
ter open additional chemical pathways (oligomerization) that
lead to different agSOA products (Sect. 2).

Global aqSOA prediction in aerosol water ap-
plying reversible aqSOA formation from glyoxal
(Ku*=2.6 x 10’ Matm™1) (Myriokefalitakis et al., 2008)
certainly represents a lower bound of agSOA since pho-
tochemical processes might form aqSOA mass more
efficiently and irreversibly (Sect. 2.1). A combination of
aqSOA formation in particles (using y = 0.0029) and an
in-cloud parameterization similar to Ervens et al. (2008) was
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applied to estimate the agSOA burden over the continents
(Stavrakou et al., 2009). This study concluded that glyoxal
loss on aerosol particles is at least as efficient as on cloud
droplets or even up to 60 % higher. A recent detailed model
study of global oxalate formation by aqueous processes in
cloud and aerosol water predicted that more than 90 % of
this compound is formed in clouds whereas it was assumed,
based on laboratory experiments (Lim et al., 2010), that the
photochemical glyoxal oxidation in aerosol water has an
oxalate yield of 20 % (Myriokefalitakis et al., 2011).

The summary of these studies shows that none of the mod-
els fully captures all conversions of water-soluble organics in
aerosol water as summarized in Tables 1 and 2. Most reac-
tion parameters for aerosol agSOA formation are available
for glyoxal and methylglyoxal. However, not only small car-
bonyl compounds but also alcohols, carboxylic acids, organic
peroxides and larger, semivolatile compounds might act as
precursors for agSOA (Fig. 1). While they might alterna-
tively participate in gasSOA formation, their partitioning and
further processing in aerosol water will lead to different mass
distribution and aerosol properties.

4 Comparison of gasSOA and aqgSOA mass predictions

4.1 AqSOA formation in cloud droplets vs aerosol
particles

The model approaches summarized above do not allow a
comprehensive comparison of the importance of cloud and
aerosol aqSOA formation. In order to provide a first estimate
on the extent to which cloud and aerosol chemistry yield ag-
SOA mass, we simulated these processes in a parcel model.
The same model was applied previously to evaluate agSOA
formation in clouds, i.e. with aqueous phase chemistry only
considered if RH> 100% and LWC > 0.01 gm_3 (Ervens
et al., 2004, 2008). Here the model has been extended to
account for aerosol agSOA formation during periods when
RH < 100 %. Model simulations were performed over four
hours using repeated 1-h trajectories that prescribe meteo-
rological parameters (temperature, pressure, RH). RH as a
function of time in the applied trajectories is shown in Fig. 3a
for the simulation time between 2.5 and 3.5 h.
Photochemical rate constants for glyoxal and methylgly-
oxal as derived from experiments at high organic concentra-
tions (Volkamer et al., 2009; Ervens and Volkamer, 2010;
Lim et al., 2010; Tan et al., 2010) as well as the reaction of
glyoxal with ammonium have been included (Tables 1 and
2; reactions marked with *). Note that the lumped photo-
chemical rate constants used here do not describe a detailed
mechanism but are first-order rate constants that have been
fitted to the observed temporal agSOA mass profiles in labo-
ratory experiments. Comparisons of agSOA mass formation
rates using these rate constants and the detailed mechanisms
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Fig. 3. Results from parcel model studies using six trajectories (dif-
ferently colored traces) that differ by temporal evolution of mete-
orological parameters (temperature, pressure, RH, in-cloud time,
etc.). The chemical mechanism uses reaction parameters for glyoxal
and methylglyoxal as listed in Tables 1 and 2 (processes marked
with *). (a) Time profiles of RH for six different trajectories (color-
coded); (b) predicted agSOA formation in aerosol water; (c) pre-
dicted aqSOA formation in cloud water. The prediction of similar
aqSOA amounts from both sources is a coincidental result and will
strongly depend on time scales parcels spend in/outside of clouds,
ambient RH, and cloud LWC.

by Lim et al. (2010) and Tan et al. (2010a) that describe the
same reaction system, show good agreement.

In Fig. 3b the predicted cloud agSOA mass is shown as the
sum of oxalic, glyoxylic, glycolic, and pyruvic acid masses
that is assumed to remain in the particle phase upon cloud
evaporation. If the air parcel is inside the cloud, cloud ag-
SOA masses of up to 2pugm™ are predicted; during cloud
processing and evaporation part of this mass is oxidized
and/or evaporates (Ervens et al., 2008). After 3 cloud cy-
cles, about 1 pgm™> cloud agSOA is predicted to remain
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in the particles at RH ~75 %. A continuous mass increase
of about 1 pgm™3 aerosol agSOA formed during the time
when the parcel is outside of clouds is predicted after the
same simulation time for all trajectories (differently colored
traces in Fig. 3c). The approximately equal amount of ag-
SOA predicted to form in cloud droplets and aerosol wa-
ter seems at odds as the aerosol LWC is smaller by several
orders of magnitude than cloud LWC. However, as pointed
out in Sects. 2 and 3.4.3, there is a transition between dilute
(cloud) and concentrated (aerosol) aqueous phase chemistry.
Thus, even small concentrations in cloud water can lead to
significant mass formation rates (related to gas phase con-
centrations [ng mg’fs]) whereas in aerosol water oligomeriza-
tion reactions lead to higher overall agSOA formation rates
[M s~ !] resulting in similar overall aqgSOA mass production
rates [ng mgai].

In general, the relative contributions of cloud and aerosol
agSOA to the total SOA depend on the time scales air
parcels are exposed to supersaturated (clouds) and subsatu-
rated (aerosols) conditions. However, the results in Fig. 3
show that on a comparable time scale agSOA formation
in clouds and aerosol water might be equally efficient. It
has been shown that dicarboxylic acids formed in clouds
might increase the total organic aerosol mass by up to 10 %
(Sorooshian et al., 2010), in agreement with the fraction of
these acids to total WSOC. However, the processing time
in aerosol water might be much longer (hours — days) than
processing in cloud water, as aqueous aerosols do not un-
dergo activation and evaporation cycles of several minutes,
but instead can be exposed to cycles of elevated RH through
repeated diurnal temperature cycles or changes in altitude.
This suggests that the vast majority of agSOA may form in
aerosol water and be comprised of products with higher car-
bon number than their precursors.

4.2 Partitioning of agSOA and gasSOA compounds
4.2.1 Concepts of partitioning

Whereas gasSOA mass is a function of preexisting organic
aerosol mass, gasSOA compounds can absorb into, the
amount of agSOA material that can be dissolved in aerosol
(or cloud) water depends on the LWC (e.g. Ervens and Krei-
denweis, 2007). The formation and partitioning of gasSOA
species between the gas and particle phase is described by
either the traditional approach that assumes two oxidation
products P1 and P2 (2-product model; Odum et al., 1996)
or by a more recent approach that includes also semivolatile
products and distributes the oxidation products over loga-
rithmically spaced “volatility bins” according to their satu-
ration pressure (volatility basis set (VBS); Donahue et al.,
2006). Both approaches ascribe stoichiometric coefficients
to the predicted (generic) gasSOA products and the amount
of mass that partitions to the particle phase F}, depends on
the saturation vapor pressures C* (=inverse of the partition-
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ing coefficient K},) and the amount of organic material in the
absorbing aerosol (mrg):

Cr=K;'= —FgaSFT°rg [ugm~3] 3)
Particle phase reactions in aqueous or organic phases might
further decrease the vapor pressure of the gasSOA com-
pounds and thus enhance the partitioned fraction, i.e. moving
it into a “lower volatility bin” which implies a higher parti-
tioned fraction.

For water-soluble compounds, the Henry’s law constant
Ky (or Ky*, Sect. 2.2) represents the ratio of aqueous and
gas phase concentration; thus, the product of Ky and LWC
represents a measure that includes the same quantities as C*
whereas mrg is replaced by the water mass myqaeer. In order
to differentiate C* for gasSOA which is a function of Morg,
and C* for aqueous phase species, we will refer to the latter
to as C*,q. Thus, for both gasSOA and aqSOA the parti-
tioned fraction F}, (similar to Fig. 2) of predicted SOA prod-
ucts can be estimated for assumed organic and water masses,
respectively, by

Morg/ C*
F,(gasSOA) = ———— 4
p(g ) T org/ C* “4)
LWC/Cy,
Fp(aqSOA) = ——— - — )
1+LWC/C,

Such predicted fractions Fp do not give any information
about the actual SOA mass as it does not include information
on the amounts formed from the different precursors (stoi-
chiometric coefficients for gasSOA and time scales for ag-
SOA). However, the purpose of comparing F,(gasSOA) and
F,(agSOA), as done in the following section, is rather to pro-
vide a sense of the ability to which precursors and oxidation
products might partition.

4.2.2 Comparison of partitioned gasSOA and aqgSOA
fractions

Organic and water masses may be on the same order of mag-
nitude in ambient aerosol, and, under the assumption that
both water and organic matter are equally accessible to con-
densing species, a comparison of the partitioning of individ-
ual compounds can be made by applying Egs. (3-5). In or-
der to show this concept, the partitioning of gasSOA prod-
ucts from benzene, toluene, xylene, and isoprene is shown
in Fig. 4a and expressed as the fraction F, (gasSOA). We
show results for both gasSOA approaches (2-Product model,
VBS) using K, values for P1 and P2 from Henze and Sein-
feld (2006) and Ng et al. (2007) and C* values from Tsimpidi
et al. (2010). The lower-volatility products from all precur-
sors partition to a significant extent to the particle phase (30—
60 % for mog =1 ugm=3; >60% for Morg = 10 ugm=3).
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Fig. 4. Particulate fraction Fp as predicted based on different SOA approaches (a) gasSOA is predicted based on 2-product model or VBS
and displayed as a function of the partitioning constant Kp and saturation concentration C* for different amounts of organic aerosol mass.
(b) agSOA is shown as a function of Ky (or Kg*). This constant is converted to K;q and C ;‘q which corresponds to Kp (C*) for gasSOA
but relates to water instead of absorbing organic material (Sect. 4.2.2). Values are shown for two different aerosol LWC; trends for cloud

LWC are only shown as a line.

Predictions using the VBS reveal that some gasSOA products
from aromatics might partition to a high extent to the particle
phase for any assumed mqr,. However, both aromatics and
isoprene also produce products with 1000 > C*[ugm ™3] > 1
which result in Fj(gasSOA) <5 %. It should be noted that
such compounds might get further processed (“aerosol age-
ing”) and thus decrease their vapor pressure which will move
them to smaller C* values.

Fig. 4b shows the partitioning (F},) of agSOA products
in aerosol water. The highest F;,(agSOA) value (30 % and
5% for LWC =10 ugm—> and 1 ugm~3, respectively) is pre-
dicted based on the observations of the partitioning of to-
tal WSOC in Atlanta (Sect. 3.4.2). This fraction might
also include photochemically formed products. Photochem-
ically formed glyoxal oxidation products in aerosol water
might partition to a few percent (<10 %) into aerosol water
whereas the reversibly formed glyoxal oligomeric products
as predicted from effective Henry’s law constants by Ip et
al. (2009) might not contribute to aerosol mass to a signifi-
cant extent even if relatively high aerosol LWC is available.
Based on the Henry’s law constant, oxalic acid might only
partition to ~10 % into aerosol water. Observations have
shown that oxalate concentrations in the gas phase are neg-
ligible and have ascribed enhanced partitioning to complex
and/or salt formation which is not captured by the “solubility
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concept” used in Fig. 4b (Furukawa and Takahashi, 2011).
In addition, it should be noted that the application of Henry’s
law to aerosol water might not be strictly valid since aerosol
water does not represent an ideal solution. In a more thor-
ough approach, other thermodynamic parameters such as ac-
tivity coefficients and fugacity should be taken into account
in explicit thermodynamic approaches (Compernolle et al.,
2011).

In cloud water, F,(agSOA) for all species is much higher
and even species with K = 10° M atm™! might partition to a
significant extent to the aqueous phase. Such species might
include acids (at enhanced pH), and small monoaldehydes.
However, these species will not necessarily contribute to aq-
SOA mass upon cloud evaporation as they are too volatile.
For comparison, two inorganic aerosol compounds (HNO3
and NH3) are added to Fig. 4b as well. While they will
be nearly completely dissolved in cloud water, aerosol wa-
ter does not represent a significant sink for their total bud-
gets. This estimate does not include the formation of salts
in the particle phase which will shift the effective Fp of
HNO3/NO3 and NH3/NHI to more efficient partitioning.

www.atmos-chem-phys.net/11/11069/2011/



B. Ervens et al.: A review of laboratory, field and model studies

4.3 Predicted formation of gasSOA and aqSOA from
€OmImon precursors

4.3.1 Definition of gasSOA and aqSOA yields

The partitioning of individual species does not give any infor-
mation about the absolute SOA mass as it neglects reaction
times and stoichiometric coefficients. Smog chamber experi-
ments report gasSOA yields as the mass ratio of formed SOA
mass and the consumed precursor hydrocarbon (HC) mass
for a given set of experimental conditions (absorbing aerosol
mass, oxidant levels).

y(soA) = OO 6

(SOA) = A[HC] (6)
In yield parameterizations according to the 2-product model,
it is assumed that the condensable gasSOA mass can be
represented by two proxy compounds that are formed with
stoichiometric factors «q, o and have partitioning coeffi-
cients Kp1, and Ky, respectively (Odum et al., 1996). The
gasSOA yield is constant for a given set of experimental con-
ditions (precursor, NOy level, mass loading etc) since chem-
ical loss processes on dry SOA are slow (Molina et al., 2004;
Petters et al., 2006) as they only occur on the particle surface
and not in the bulk. NOy levels in the gas phase determine the
fate of peroxy radicals and the product distribution which, in
turn, affect the amount of formed condensable species, with
preferential peroxide formation at low NOy levels (Fig. 5).
Parameter sets for oy, a2, Kpi, and Kpy for various pre-
cursors and NOy conditions are included in current gasSOA
models.

Most aqueous phase laboratory experiments are performed
in bulk aqueous phase, i.e. reported “agSOA yields” refer to
the consumed precursor aqueous phase compound (e.g. Carl-
ton et al., 2007; El Haddad et al., 2009; Lim et al., 2010;
Perri et al., 2010). Maximum agSOA yields of up to 100 %
from aqueous phase glyoxal (Lim et al., 2010) and nearly
70 % from aqueous phase methylglyoxal (Tan et al., 2010)
have been reported; agSOA yields for aqueous MACR and
MVK are significantly smaller with 2-12 % and 5-10 %, re-
spectively (El Haddad et al., 2009; Zhang et al., 2010). In
all experiments, aqgSOA yields were observed to be time-
dependent with an initial increase and a later decrease due to
oxidation of aqSOA products to CO;. Unlike reported gas-
SOA yields, these reported laboratory-derived agSOA yields
(even for a given processing time) cannot directly be im-
plemented into multiphase models as they only refer to the
conversion of the aqueous phase species and thus represent
upper limits of the yields related to the gas phase species.
Aqueous phase concentrations are usually not predicted by
models that exceed studies on a process level. AqSOA pre-
cursors (such as glyoxal, methylglyoxal, MVK, MACR) also
have loss terms in the gas phase (oxidation, photolysis) that
are suppressed in bulk laboratory experiments. In the atmo-
sphere, the overall agSOA yield, related to the gas phase con-

www.atmos-chem-phys.net/11/11069/2011/

11087

VOC (e.g., isoprene, aromatics...)

OHﬂ NO NO,
HO, R-0, I W e NS
- <M '
Org nitrates | R'C=0 carbonyls,

W €.g., (methyl)glyoxal

R-OOH
peroxides | 7%

Dissolution of water
soluble species

Condensation of low
volatility (semivolatile)
species

Fig. 5. Fate of peroxy radicals in the gas phase in different NOx
scenarios. Dashed arrows depict slow pathways that might only
occur on large (spatial, temporal) scales.

centration of a precursor, depends on the relative strength of
gas phase loss terms and uptake and further processing in the
aqueous phase. A more thorough assessment of the amount
of aqSOA formed from specific precursors can only be ob-
tained by simulating multiphase systems that take into ac-
count gas and aqueous phase processes simultaneously.

While low NOy levels often lead to higher production
rates of low volatility compounds and gasSOA products, high
NOx levels preferentially form high volatility, highly water-
soluble species (Fig. 4). However, on larger (spatial, tem-
poral) scales similar concentrations of carbonyl compounds
(glyoxal, methylglyoxal) have been predicted under all NOy
conditions since slow conversions of peroxides and organic
nitrates might yield similar products (Fu et al., 2009). Thus,
for agSOA yields a clear separation into “high NOx” and
“low NOy” conditions is not as obvious as it is for gasSOA
and on large scales similar agSOA yields in both scenarios
can be expected. In summary, the time dependence of agSOA
reactions in the aqueous phase, and the time dependence of
the NOy dependent formation of water-soluble agSOA pre-
cursors to NOy concentrations make it difficult to compare
agqSOA and gasSOA yields on a common basis. In addition,
the partitioning of low-volatility or semivolatile species be-
tween gas, organic and aqueous phases depends on the abun-
dance of the respective particulate phases. Despite these
complex interactions, we will give in the following section
some rough estimates of SOA yields and mass predictions
from box model calculations using the data in Tables 1 and 2
(processes marked with *) in order to provide some guidance
to identify conditions under which agSOA formation is likely
to be important.

Atmos. Chem. Phys., 11, 11069-11102, 2011
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4.3.2 Comparison of gasSOA and aqSOA yields

Cloud aqSOA yields (mass of agSOA per mass of isoprene
reacted in the gas phase) from multiphase isoprene oxidation
over several hours (i.e. relatively short time scales) have been
parameterized as a function of NOy levels, cloud contact time
and cloud LWC (Ervens et al., 2008). These yields ranged
from 3-9 % for high NOy levels and 0.3-0.7 % for low NOy
levels. GasSOA yields show the opposite trends with NOy
levels and range from 1-4 % (Kroll et al., 2005a; Henze and
Seinfeld, 2006).

A similar approach has been taken here to compare aerosol
agSOA yields and gasSOA yields for various precursors: a
box model has been initialized with a single precursor com-
pound (benzene, toluene, xylene or isoprene) and a constant
OH concentration of 10® cm™3. GasSOA products comprise
two products (P1, P2) according to the 2-product model. In
addition to these condensable products, all of the selected
precursors form glyoxal and methylglyoxal (except benzene)
in the gas phase and eventually form aqSOA in the aqueous
phase:

Precursor+OH— o1 P14«2 P24-glyoxal+methylglyoxal (7)
—— ————
2asSOA forming agSOA

GasSOA yields can be calculated based on the 2-product
model or the VBS based on

Y (gasSOA) = Zi:n [m (org)

% Rpi ] ®)

(I+m(org)- Kp.i)

where n is either 2 (2-product model) or represents the num-
ber of different volatility bins oxidation products are dis-
tributed to (VBS). NOy dependent glyoxal and methylgly-
oxal yields have been determined for aromatics and iso-
prene in (dry) smog chamber experiments (Spaulding et al.,
2003; Nishino et al., 2010). Total glyoxal and methylglyoxal
yields from isoprene are less constrained as these species are
not only first-order but also second-order products that are
formed from the major oxidation products MACR and MVK
(Galloway et al., 2011a).

High-NOy smog chamber experiments of isoprene oxi-
dation have shown that RH does not change the total SOA
mass but significantly impacts the product distribution due to
higher yields of glycolaldehyde and hydroxyacetone at high
RH (Nguyen et al., 2011). In this study, no differences in
methylglyoxal levels were detected and the impact on gly-
oxal was not evaluated. Under low NOy conditions, a de-
crease in SOA yields of a factor 2-3 under high RH was
observed (H. Zhang et al., 2011). This trend is in agree-
ment with the higher yields of carbonyl compounds under
high NOy conditions that might result in more aqSOA for-
mation. Aqueous phase chemistry is not directly dependent
on NO and NO; as they have low solubility and thus their
role as aqueous phase oxidants is minor; the major influ-
ence of NOy on agSOA yields lies in the preceding gas phase
chemistry that determines the concentration levels of agSOA
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precursors. In both studies, it was found that at high RH,
contributions of organonitrates increased whereas at low RH,
ester formation was predominant. A similar trend of SOA
yields with RH was observed for SOA formation from -
pinene; however, in this study, experiments were only per-
formed at 2% < RH < 50 % (Cocker et al., 2001a). Parikh
et al. (2011) inferred a significant contribution of aqgSOA to
total SOA from aromatics based on box model simulations of
chamber experiments over a wide range of RH with highest
SOA yields at high RH. These results seem at odds with ear-
lier results of the same reaction system that did not find any
effect of RH on SOA yields from aromatics (Cocker et al.,
2001b); however, also in these studies the range of RH was
limited (<50 %) and thus the amount of acrosol water on the
ammonium sulfate seed aerosol was minimal. The investi-
gation of the temperature and RH dependence of the ozone
reaction with S-pinene has shown that SOA yields decrease
with temperature at dry conditions whereas they show the op-
posite behavior at elevated RH (von Hessberg et al., 2009).
These trends can be explained with the fact that high temper-
atures favor evaporation of gasSOA from particles (i.e. less
partitioning) and the acceleration of (aqueous) particle phase
reaction that form aqSOA.

The box model applied here includes Eq. (7) for benzene,
toluene, xylene, and isoprene as representative SOA precur-
sors. For gasSOA yield predictions, the same module as in
a previous SOA model study has been used (Bahreini et al.,
2009); a multiphase mechanism as depicted in Eq. (7) was
assumed for an aerosol population that consisted of 2 ug m=3
organic mass and 20 ug m—> aerosol water. The dependence
of gas phase carbonyl yields on NOy levels are reflected in
the trends of aqgSOA yields with higher yields at high NOy,
in contrast to gasSOA yields (Fig. 5). However, it should
be cautioned here again, that the carbonyl yields are based
on chamber experiments over relatively short time scales
that might not capture the conversion of “low NOy prod-
ucts” into carbonyl compounds (Fig. 5). The results in Fig. 6
show that benzene likely does not form high amounts of ag-
SOA under the assumed conditions. The data for agSOA
formation from phenol is not included in the current esti-
mate even though in laboratory experiments it has been ob-
served that ring-retaining products from aqueous phase phe-
nol oxidation might form additional agSOA (Sun et al., 2010)
(Sect. 2.1.2). For toluene and xylene, methylglyoxal yields
are higher than those for glyoxal; however, the Henry’s law
constant of methylglyoxal is much smaller than that of gly-
oxal and thus its transport into the aqueous particles is slower
resulting in smaller agSOA yields. Thus, the overall agSOA
yields from toluene and xylene are mostly from glyoxal (ag-
SOA yield at low NOy 1.9 %, 3.5 %; aqSOA yield at high
NOx: 2.3 %, 2.3 %).

The agSOA yields from isoprene are comparable to gas-
SOA yields for the conditions chosen here. Direct contri-
butions of MVK and MACR to aqSOA are not included in
the current model approach. These latter products are not
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Fig. 6. Comparison of gasSOA and aqSOA yields from various
precursors in the presence of [OH] = 10 cm™3 over 12h. GasSOA
yields are based on smog chamber experiments under low (red)/high
(blue) NOx conditions and are calculated for an assumed organic
aerosol mass of 10 g m~3. AgSOA yields are derived from box
model studies using kinetic data (Tables 1 and 2, data with *) and
are derived for 20 ug m~3 aerosol water.

very water-soluble but have shown to form agSOA once dis-
solved (El Haddad et al., 2009; Noziere et al., 2010b; Zhang
et al., 2010). Their vapor pressure is also reasonably low
that they might form gasSOA and thus are partially captured
by P1 and P2 (Eq. 8). It should be noted that in case of ef-
ficient removal of MACR and MVK by the aqueous phase,
gasSOA yields as derived from (dry) smog chamber exper-
iments might be smaller and the numbers in Fig. 6 might
represent an overestimate for gasSOA. This overlap in low
volatility and water-solubility makes it difficult to derive ac-
curate yields. The trends in our yield predictions follow those
from a previous model study where significant aqgSOA for-
mation from isoprene was predicted (Couvidat and Seigneur,
2011). However, both this latter study and our study assume
identical partitioning parameters (c;, Kp ;) for isoprene un-
der high and low RH conditions although recent chamber ex-
periments suggest that at high RH agSOA formation might
play a role and this cannot be fully parameterized by Eq. (8)
(Nguyen et al., 2011).

4.3.3 Comparison of gasSOA and aqSOA mass
predictions

The comparison of gasSOA and agSOA yields provided here
describes the relative propensity of a compound to form gas-
SOA versus aqgSOA. However, the absolute importance of
gasSOA versus agSOA pathways to the total SOA budget de-
pends also on the availability of liquid water and the relative
availability of the various precursors. In Table 3, four sets
of conditions are summarized representing a wide range of
biogenic/anthropogenic concentrations, and dry/humid sce-
narios. These conditions represent averages of observations
even though they do not reflect the variability as observed
in these regions. We do not attempt to predict the exact ob-
served SOA masses in these regions as the simplicity of a box
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model does not allow the simulation of dynamic (e.g. trans-
port, mixing, dilution) and detailed chemical processes (e.g.
photochemistry). We rather use the input data in Table 3 to
compare gasSOA versus agSOA formation in the context of
different volatile organic compounds (VOC) and RH condi-
tions.

Figure 7 shows the predicted gasSOA and agSOA masses
for the four cases specified in Table 3. We show gasSOA
predictions for both the 2-product model and the VBS; in
agreement with other studies, VBS gives higher gasSOA pre-
dictions as also semivolatile compounds are taken into ac-
count. In anthropogenic influenced areas at high RH (sce-
narios I and III), the contribution of agSOA to the total pre-
dicted SOA mass is about 30-50 % despite the relatively high
glyoxal and methylglyoxal yields from aromatics. In the
biogenically-dominated scenario (II) SOA formation from
gas and aqueous phase pathways are roughly equally impor-
tant. The opposite trend of carbonyl (glyoxal, methylglyoxal,
hydroxyacetone, glycoladehyde) and gasSOA yields could
have a significant impact on SOA predictions. Whereas un-
der high NOy conditions the gasSOA yields from isoprene
are small, the importance of agSOA increases. Several stud-
ies have pointed to the role of anthropogenic compounds
(NOy) in oxidation of biogenic carbon emissions that lead
to SOA formation (Weber et al., 2007; Carlton et al., 2010;
Spracklen et al., 2011). However, such interactions are un-
derestimated by current gasSOA approaches. At very low
RH (scenario IV), none of the chosen precursors will sig-
nificantly contribute to agSOA formation due to the negligi-
ble amount of aerosol water. This latter result is in agree-
ment with a model study in Houston, TX, where reasonable
agreement between predicted and observed (airborne) SOA
masses where obtained based on gasSOA yields (Bahreini et
al., 2009; Zhang and Ying, 2011). In summary, Fig. 7 high-
lights the sensitivities of selected regions for agSOA forma-
tion that should be explored in more detail in future studies.
These studies suggest that agSOA formation will be most
important in humid regions that are influenced by biogenic
emissions.

5 Outlook: knowledge gaps and needed research

5.1 Laboratory studies of aqueous and multiphase
processes

Aqueous phase experiments in highly concentrated organic
and inorganic aqueous solutions have provided a relatively
well-constrained set of kinetic data and chemical mech-
anisms for OH radical oxidation and other processes of
carbonyl compounds in dilute and concentrated solutions
(cloud- and aerosol water-like, respectively). However, sev-
eral mysteries remain which affect the accuracy of agSOA
model prediction. Several studies suggest that the parti-
tioning of glyoxal and methylglyoxal (and likely related
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Table 3. Initial conditions for box model studies to evaluate gasSOA and agSOA mass formation, Eq. (7). Model results are presented in

Fig. 7.

RH Dry mass Benzene Toluene
[%] [ugm™] [ppbl  [ppb]

Organic
fraction

Isoprene
(ppb]

Region typical
for air mass

I 70 24 0.4 1 3
I 90 1 0.75 0 0
I 80 15 0.5 0.6 3
v 45 15 0.67 0.2 0.3

0 Los Angeles (Hersey et al., 2011)

2 Amazon (Martin et al., 2010)

0  Po Valley (Steinbacher et al., 2005; Carbone et al., 2010)
0.4  Houston, TX (Bahreini et al., 2009)
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Fig. 7. Comparison of predicted gasSOA and agSOA masses from
various precursors in the presence of [OH] = 10°cm—3 over 12h
for the conditions as specified in Table 3.

compounds) into aqueous seed aerosol is much higher than
in pure water. This increased uptake was assumed to be re-
lated to oligomerization which is associated with relatively
long time scales until equilibrium is reached; however, the
dependence of different seed aerosol compositions on ob-
served Kg* and Kinetic data in seed aerosols could not be
explained (Ervens and Volkamer, 2010). A recent study sug-
gests that the shift of glyoxal partitioning towards the particle
phase is due to a stabilization of the glyoxal dihydrate (Yu et
al., 2011). Another study has identified a strong dependence
of the reaction rates of glyoxal on the chemical composition
of the aerosol seed under dark and photochemical conditions
(Galloway et al., 2011b). However, these effects are only
described qualitatively and await a better quantification and
numerical description to be implemented in models. Similar
to enhanced partitioning of organics, several studies point to
enhanced levels of reactive oxygen species in particles (Has-
son and Paulson, 2003; Arellanes et al., 2006; Shen et al.,
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2011). The reason for these deviations from thermodynamic
equilibrium (K7y) is not clear and related modeling assump-
tions of oxidant transport into and within aerosol particles
and the resulting oxidant levels are a significant source of
uncertainty in agSOA prediction.

Water-soluble organic and inorganic compounds might
form separate phases within an aerosol particle (Zuend et al.,
2008; Bertram et al., 2011; Zuend et al., 2011). Such effects
will affect the availability of reactants of inorganic/organic
cross-reactions that lead to organosulfates or organo-nitrogen
compounds. It seems unfeasible for the near future to de-
velop and implement detailed thermodynamic models that
take such effects into account. However, laboratory exper-
iments should be designed to examine the extent to which
such phase separation indeed occurs and affects agSOA for-
mation rates.

Most laboratory experiments are designed as homoge-
neous aqueous phase experiments and thus observed agSOA
formation are interpreted as bulk reaction parameters. Some
multiphase experiments that investigate the uptake and fur-
ther processing of agSOA precursors into aqueous aerosols,
have shown evidence that agSOA formation could also occur
at the gas/particle interface (Ervens and Volkamer, 2010; Gr-
gic et al., 2010; D. Huang et al., 2011). Size-resolved mea-
surements of processed aerosol distributions will give evi-
dence of the importance of either type of process since the
relative contributions of bulk versus surface agSOA forma-
tion will determine the size distribution of the predicted SOA.
In general, there is a lack of experiments of SOA formation at
RH above the deliquescence RH or even above the CCN ac-
tivation threshold (droplet formation) of seed aerosol. Thus,
aerosol and cloud chambers that allow the characterization
of the chemical multiphase system are a promising tool to
elucidate further details of agSOA formation (e.g. J. Wang et
al., 2011).

5.2 Identification of additional aqSOA precursors
While our discussion of agSOA formation is mostly focused
on glyoxal and methylglyoxal, other small compounds un-

dergo similar processes (e.g. glycolaldehyde, pyruvic acid,
other small acids, peroxides, and alcohols). While in
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laboratory studies it has been shown that such compounds
can indeed form HMWC, it is likely that also other highly
functionalized compounds with longer carbon chains (>C3)
are taken up into cloud or aerosol water and become pro-
cessed to form HMWC or acids. While the contributions of
larger dicarboxylic acids in cloud water are small as com-
pared to the total OC masses, the contributions of their
oligomers in aerosols might be considerable.

5.3 Role of parameters that affect gas phase chemistry:
RH and NOy

Most smog chamber experiments are performed under
(nearly) dry conditions and thus yields of gas phase products
of SOA precursors are usually reported for those conditions.
However, as shown in a recent experiment, the amount of
water vapor can affect the product distribution from isoprene
oxidation (Nguyen et al., 2011). While coincidentally the
SOA yields under high and low RH were the same in these
experiments, the product distribution is different which will
have impact on the properties of SOA mass (solubility, op-
tical properties etc). The few available studies that address
the role of NOx on SOA formation under high RH suggest
the formation of agSOA (Nguyen et al., 2011; H. Zhang et
al., 2011). However, more systematic studies are needed to
identify the product distributions from a greater variety of
precursors in order to refine both the gasSOA parameters («,
K,) and agSOA yields for atmospherically-relevant ranges
of RH and NOx levels.

5.4 Identification of tracers of ambient aqSOA

While oxalate is a good tracer for agSOA formation, its for-
mation rate in aerosol water might be small due to the pref-
erence of accretion reactions. Organosulfur compounds e.g.
organosulfates, hydroxymethane sulfonate have been identi-
fied in ambient samples (Dixon and Aasen, 1999; Froyd et
al., 2010; Schmitt-Kopplin et al., 2010; Hatch et al., 2011;
Kristensen and Glasius, 2011; Olson et al., 2011). These
compounds only comprise a small fraction of total OC; how-
ever, their formation pathways are unique to the aqueous
phase and thus point to agSOA formation. It is likely that
specific HMWC, patterns of HMWC or subunits that add
multiple times to HMWC, identified in rain or fog water (Al-
tieri et al., 2009; Mazzoleni et al., 2010), can be used to de-
duce the aqueous processing of aerosol particles. One value
in identifying such tracers is that they could potentially be
used to estimate agSOA contributions via receptor model-
ing techniques. Their concentration levels should be used
to challenge the current knowledge of underlying formation
mechanisms using detailed process agSOA models. Another
potential of such tracer compounds together with the kinetic
information in Tables 1 and 2, is to test our understanding
of agSOA sources, like oxalate prediction was used simulate
aqSOA formation in a recent global model (Myriokefalitakis
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et al., 2011). Such work would benefit from the measure-
ment of aqgSOA tracers in regions where aqgSOA formation is
likely, such as in regions of cloud outflow or forested humid
regions.

As discussed in Sect. 3.2, agSOA formation modifies
aerosol size distributions in a different way than gasSOA
condensation with pronounced mass addition to the droplet
mode. Thus, size-resolved, instead of only bulk, OA mea-
surements (e.g. AMS spectra) should be able to provide in-
sights into SOA formation pathways. AqQSOA products have
in general low volatility and thus might significantly con-
tribute to “low volatility oxygenated organic aerosol (LV-
OOA)”. Specific compounds, such as oxalate, even exceed
the range of carbon oxidation state and O/C ratio as cov-
ered by LV-OOA (Kroll et al., 2011). AMS data are of-
ten characterized by means of positive matrix factorization
(PMF) which identifies types of aerosol based on similarities
in spectra (Ulbrich et al., 2009); available spectra in scenar-
ios where agSOA formation can be expected should be revis-
ited to identify features that might point to agSOA formation.

5.5 Evaluation of gasSOA versus agSOA formation in
more comprehensive models

The time scales of gasSOA versus agSOA formation in dif-
ferent scenarios could be compared by using the framework
by Kerminen and Wexler (1995) that provides general equa-
tions for aqueous phase and condensation processes as a
function of ambient parameters. Such a comparison can be
used to evaluate the relative importance of such processes
and to identify areas and conditions for which either SOA
source might be important.

Several models have included cloud agSOA formation and
have compared its efficiency to gasSOA formation; however,
the implementation of the full, detailed chemistry as listed in
Tables 1 and 2 represents a major computational burden and
thus simpler expressions are needed. Whereas first attempts
have been made to parameterize cloud aqSOA yields from
isoprene (Ervens et al., 2008), this expression cannot be used
to simulate agSOA in anthropogenic scenarios or in aerosol
water. Thus, a more general expression for water-soluble,
direct agSOA precursors (e.g. glyoxal, methylglyoxal) would
be desirable.

The reason for the lack of comprehensive model studies
of aerosol agSOA formation is the missing comprehensive
data sets for the underlying chemical processes. The param-
eters in Tables 1 and 2 provide such data sets and can be
used in process models. Upon such model simulations, ap-
propriate and simple expressions can be developed for use
in large scale models. Thus, in terms of model applications,
the development of simple but robust expressions that pa-
rameterize the formation of aerosol agSOA is sorely needed.
These expressions should be carefully tested against labora-
tory measurements and models that allow well-constrained
detailed chemistry modules, i.e. in box or parcel models that
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are restricted in terms of microphysical/dynamic processes
but are able to include many chemical species and processes.

6 Summary and conclusions

The current review summarizes evidence that secondary or-
ganic aerosol forms in the aqueous phase of cloud/fog/rain
droplets as was postulated about a decade ago (Blando and
Turpin, 2000). While the former “plausibility study” focused
mostly on processes in dilute aqueous phase (droplets), many
recent laboratory experiments and ambient aerosol samples
suggest that more complex chemical reactions can occur in
aerosol water forming accretion products such as oligomers,
(e.g. Volkamer et al., 2007, 2009; Tan et al., 2011). Ki-
netic data from such laboratory experiments for photochem-
ical and dark reactions are summarized. Model results us-
ing this data that compare agSOA formation in cloud and
aerosol water suggest that over identical time scales both
sources are comparably important. Considering that indi-
vidual cloud droplets only exist for several minutes whereas
water-containing aerosol particles reside in the atmosphere
over hours or days might suggest a more significant role
for aerosol agSOA formation. Comparisons of aqgSOA for-
mation in aerosol water to gasSOA formation suggest that
agSOA formation contributes substantially to the total SOA
mass, in particular in regions of high RH, biogenic influence
and high NOy conditions. However, explorative box model
calculations performed here are very restricted in their large
scale predictability.

Major uncertainties in current agSOA estimates are iden-
tified and suggestions are made for further laboratory exper-
iments and model development activities. We also identify
a need for agSOA tracer compounds to be used for receptor
models in order to test our understanding of the chemical pro-
cesses summarized based on laboratory studies. It can be ex-
pected that agSOA will gain in importance in future climate
as elevated temperature increase biogenic emissions and pos-
sibly RH (Hennigan et al., 2008c; Slowik et al., 2010; Day
and Pandis, 2011; Hoyle et al., 2011), i.e. two factors that
enhance carbonyl yields and thus agSOA formation.
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