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Abstract. There is growing interest in the formation of sec- SOA has a slightly higher O/ C ratio than the observed SOA
ondary organic aerosol (SOA) through condensed aqueouder all cases.

phase reactions. In this study, we use a global model (IM-
PACT) to investigate the potential formation of SOA in the
agueous phase. We compare results from several multiphase

process schemes with detailed aqueous-phase reactions o Introduction

schemes that use a first-order gas-to-particle formation rate

based on uptake coefficients. The predicted net global SOAecondary organic aerosol (SOA) has been shown to be an
production rate in cloud water ranges from 13.1 Tglyr important component of non-refractory submicron aerosol in
to 46.8Tgyr! while that in aerosol water ranges from the atmosphere (Zhang et al., 2007; Jimenez et al., 2009).
—0.4Tgyr!to 12.6 Tgyr!. The predicted global burden SOA is known to form from the gas—particle partitioning
of SOA formed in the aqueous phase ranges from 0.09 Tg t@f semi-volatile organic compounds produced by gas-phase
0.51 Tg. A sensitivity test to investigate two representationsPhotochemistry (Pankow, 1994; Odum et al., 1996). How-
of cloud water content from two global models shows that€Vver, models that only include this SOA formation mecha-
increasing cloud water by an average factor of 2.7 can inism typically underestimate the SOA mass as well as the
crease the net SOA production rate in cloud water by a factoXygen-to-carbon (O/C) ratio (e.g., DeGouw et al., 2005;
of 4 at low altitudes (below approximately 900 hPa). We alsoHeald et al., 2005; Volkamer et al., 2006; Dzepina et al.,
investigated the importance of including dissolved Fe chem-2009). In addition, the observed O/C ratios in aged ambient
istry in cloud water aqueous reactions. Adding these reacorganic aerosol (OA) cannot be explained using measured
tions increases the formation rate of aqueous-phase OH b/ C ratios in dry smoke chamber experiments (Aiken et al.,
a factor of 2.6 and decreases the amount of global aqueoug008; Ng et al., 2010). One method that has been used to
SOA formed by 31%. None of the mechanisms discussed'€!P close the gap between measured and modeled SOA is
here is able to provide a best fit for all observations. Rather@ refined treatment for primary organic aerosol (POA) that
the use of an uptake coefficient method for aerosol water an@llows them to evaporate and further oxidize (Robinson et
a multi-phase scheme for cloud water provides the best fit irdl- 2007; Pye and Seinfeld, 2010; Hodzic et al., 2010; Lee-
the Northern Hemisphere and the use of multiphase procestaylor et al., 2011). However, there are large uncertainties
scheme for aerosol and cloud water provides the best fit irf? how to treat the evaporation rate as well as the oxidation
the tropics. The model with Fe chemistry underpredicts ox-mechanism for POA and thus the SOA yield from this source
alate measurements in all regions. Finally, the comparison ofPye and Seinfeld, 2010; Spracklen et al., 2011).
oxygen-to-carbon (O/C) ratios estimated in the model with Adueous-phase processing, as a complementary pathway

those estimated from measurements shows that the modeld@ 9as—particle partitioning of semi-volatile and low volatil-
ity gases, has the potential to enhance both SOA mass and the

O/C ratio in atmospheric OA. Water-soluble and polar gases
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are taken up by the aqueous phase and can be oxidized iet al., 2008, 2009; Stavrakou et al., 2009; Lin et al., 2012).
water thereby leading to the production of low volatility sub- The amount of irreversible uptake of glyoxal and methylgly-
stances (e.g., organic acids and especially their correspondaxal into aerosol water was predicted to be much smaller than
ing salts, oligomers, and organosulfates) (Blando and Turpinthat in cloud droplets, when the same reactive uptake param-
2000; Warneck, 2003; Liggio et al., 2005; Sorooshian et al.,eter ¢ =2.9x 10~3) was used (Fu et al., 2008, 2009). This
2007; Tan et al., 2009). These low-volatility products pre- result was confirmed by Lin et al. (2012) using the same basic
dominately stay in the particle phase after water evaporatiorapproach. Stavrakou et al. (2009), however, concluded that
(Blando and Turpin, 2000; El Haddad et al., 2009) and tendthe source of SOA over the continents from uptake of gly-
to have higher O/C ratios than those that form in gas-phasexal by aerosol particles was at least as large as that from
reactions (Herrmann et al., 2005; Lim et al., 2010; Ervenscloud droplets or even up to 60 % larger. These authors im-
and Volkamer, 2010). This is because the precursors for thg@lemented an in-cloud formation parameterization similar to
agueous-phase reactions tend to be small compounds witkrvens et al. (2008) rather than using an uptake formation
low molecular weight (MW) that already have high O/C ra- scheme as in Fu et al. (2008, 2009) and Lin et al. (2012).
tios, and the aqueous oxidation of these small compounds Uncertainties in the formation of agSOA stem from uncer-
either tends to add O-containing functional groups to C—Ctainties in how to treat its formation rate. The use of a single
bonds (thereby forming higher O/ C ratio dicarboxylic acids) reactive uptake parameterin agSOA formation as in Fu
or to react with themselves to keep the same carbon structuret al. (2008, 2009) and Lin et al. (2012) implies a surface-
and the same O/ C ratio (thereby forming oligomers) (Ervendimited uptake process, but Ervens and Volkamer (2010)
etal., 2011). found no correlation between the SOA volume increase and
Laboratory studies have shown that aqueous-phase reathe seed aerosol surface area for most of the seed aerosols
tions can produce SOA from C2 and C3 carbonyl compoundsised in the laboratory study by Volkamer et al. (2009). In-
including glyoxal, methylglyoxal, glycolaldehyde, pyruvic stead, the SOA volume increase was shown to be linear in the
acid, and acetic acid (Ervens et al., 2003; Carlton et al., 2006total water mass on these seed particles, implying that SOA
2007; Altieri et al., 2008; Perri et al., 2009; Tan et al., 2009, was formed as a result of a bulk process. On the other hand,
2010, 2012; Lim et al., 2010). The major products from thethe positive correlation between the SOA volume increase
oxidation of these carbonyl compounds are carboxylic acidsand the surface area observed for mixed sulfate/fulvic acid
of which the most abundant is oxalic acid. Oxalic acid is seed particles in the study by Ervens and Volkamer (2010)
also observed to be part of the aerosol emitted in biomassuggests that a surface process dominated the formation on
burning (Kundu et al., 2010) and is observed to be formedthese mixed particles. Waxman et al. (2013) also found that
from the photochemical ageing of OA (Eliason et al., 2003).a surface limited uptake process could explain the observed
In contrast to reactions in cloud water, the major productsgas-phase glyoxal mass in Mexico City. Finally, the use of an
formed from the reactions of C2 and C3 carbonyl compoundddentical reactive uptake parameter for both cloud droplets
in aerosol water are oligomers (Ervens and Volkamer, 2010and aerosol water, as in Fu et al. (2008) does not account for
Lim et al., 2010). differences in the chemistry of carbonyl compounds between
To date several models have been developed to estimateloud water and aerosol water (Lim et al., 2010; Ervens and
the amount of SOA formed in the aqueous phase (denoted ag/olkamer, 2010).
SOA hereafter). Chen et al. (2007) used a box modelto inves- Other uncertainties in treating the formation of aqgSOA
tigate the formation of SOA from aqueous-phase reactionsnclude the treatment of aqueous chemistry as well as the
in cloud water using an explicit aqueous mechanism that in-amount of cloud water represented in a model. Fe chemistry
cluded organic acid formation from glyoxal and methylgly- in cloud water has been shown to be a major source of aque-
oxal; they found that aqueous-phase processing increased tloeis OH (Ervens et al., 2003; Deguillaume et al., 2005), which
SOA concentration by 27 % for a rural scenario and by 7 %is known to initiate the oxidation of glyoxal and methylgly-
for an urban scenario. Carlton et al. (2008) used a simpli-oxal. However, no model, to our knowledge, has included
fied mechanism with a fixed yield of 4% for the conver- the oxidation of Fe in simulating the formation of aqgSOA
sion of glyoxal to agSOA in a regional air quality model. in cloud water. In addition, the amount of cloud water in a
The model’s ability to predict the concentration of water sol- model can influence SOA production rates (Liu et al., 2012;
uble organic carbon (WSOC) from aircraft measurementsHe et al., 2013).
over the northeastern US was improved and the bias between In this paper, we focus on the aqueous formation of SOA
predicted SOA mass and observations was decreased frofrom C2 and C3 carbonyl compounds not only because they
—64 % to—15%. Myriokefalitakis et al. (2011) and Liu et are highly water soluble but also because most of the ex-
al. (2012) employed a global model to study the formationisting laboratory studies use these compounds as surrogates
of SOA in clouds and found that the global production rateto examine agueous SOA formation, so that sufficient infor-
could be 13-30 Tgyrt. The contribution of aerosol water mation exists to derive their reaction mechanisms. We use a
to the formation of aqueous-phase SOA from glyoxal and3-D chemical transport model to test three representations of
methylglyoxal has also been estimated in global models (Fiaqueous chemistry leading to SOA formation: two detailed
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mechanisms using explicit multi-phase gas/aqueous-phas2.l SOA formation through gas—patrticle partitioning in
chemical mechanisms and a parameterized surface-limited  the gas phase

uptake mechanism using a reactive uptake parametier

simulate the formation of agSOA in both cloud water and In this paper, we adopted the gas—particle partitioning mech-
aerosol water. We also examine the use of aqueous Fe chernism for SOA formation described by Lin et al. (2012).
istry in cloud water and the effect of changing the cloud waterLin et al. (2012) use a fully explicit gas-phase photochem-
amount within the model. ical mechanism to predict the formation of semi-volatile or-

This paper is organized as follows. The model and chem-ganic compounds (SVOCs) which then partition to an aerosol
istry are described in Sect. 2. Global budgets and distribufhase. These condensed SVOCs were assumed to further un-
tions of aqgSOA predicted from a base mechanism are anadergo aerosol phase reactions to form oligomers with an as-
lyzed in Sect. 3. The change in global budgets of agSOA re-sumed time constant (nominally 1 day). In addition, we also
sulting from four other mechanisms and one different cloudaccounted for SOA formation due to heterogeneous reactions
field are also analyzed in Sect. 3. We compare the simulaof epoxides on the surface of wet sulfate aerosol by assum-
tions with available measurements in Sec. 4. Finally, Sect. 3ng an uptake coefficient of 0.0029, the value measured for
summarizes our conclusions. glyoxal by Liggio et al. (2005). Lin et al. (2012) explored

the effect of OH recycling in the oxidation of isoprene on the

formation of SOA using three different gas-phase chemical
2 Model description mechanisms. Here, we used Simulation C in Table 1 in Lin

et al. (2012), since this mechanism was shown to best cap-
We used the IMPACT chemical transport model (Penner eture the observations of OH and the first generation products
al., 1998; Liu and Penner, 2002; Liu et al., 2005; Ito et al., of isoprene-OH reactions. The mechanism includes the for-
2007; Feng and Penner, 2007; Wang et al., 2009; Xu andnation of epoxide proposed by Paulot et al. (2009), while
Penner, 2012; Lin et al., 2012) to simulate the formationHOx regeneration followed Peeters et al. (2009) but with a
of SOA. The IMPACT model includes the microphysics of reduced rate for the 1,5-H and 1,6-H shifts in isoprene radi-
sulfate aerosol and the interactions between sulfate and nor¢als by a factor of 10. The basic photochemistry gf OH,
sulfate aerosols based on the aerosol module developed BYOx and the oxidation of other volatile organic compounds
Herzog et al. (2004) (Liu et al., 2005). Some versions include(VOCs) utilized the chemical mechanism published by Ito et
the formation of nitrate and ammonium aerosols as well, butal. (2007).
here we extended the sulfate microphysics module initially o
described by Liu et al. (2005) to include the formation of 2.2 SOA formation in the aqueous phase

SOA (Lin etal., 2012). SOA is assumed to have a log-normal i
size distribution with a mode radius of 0.0774 um and a ge_In the presence of cloud droplets or aqueous patrticles, water-

ometric standard deviation of 1.402. It becomes mixed withSCluble gases (e.g., glyoxal, methylglyoxal, and glycolalde-

sulfate through the condensation of gas-phase sulfuric acid}yd€) Will dissolve in the aqueous phase and be further oxi-
through coagulation with pure sulfate aerosols, and througtfliz€d by OH and N@radicals to form products with lower
aqueous formation of sulfate. We used the 1997 meteorolog\-’oIatlllty (e._g., dicarboxylic acids and oI|gorpers) (Ervens et
ical fields from the National Aeronautics and Space Admin- /- 2011; Lim etal., 2010). These low volatility products are
istration (NASA) Data Assimilation Office (DAO) GEOS- assumed to remain entirely in the particulate phase as SOA

STRAT model (Coy and Swinbank, 1997 Coy et al., 1997) when water is evaporated. In this paper, five agSOA com-

as input to the chemical transport model. The meteorologyPNents are predicted: glyoxylic acid, pyruvic acid, oxalic
was defined on a*4latitude x 5° longitude horizontal grid acid, and two classes of oligomers formed from glyoxal and

with 46 vertical layers. Cloud water content was not avail- methylglyoxal.
able from the meteorological fields, and thus was diagnose
with a parameterization used in the National Center for At-

mospheric Research kCommunitthIimate M0?9| vergfion 2The change of aqueous and gas-phase species due to the pho-
(NCAR CCM2) (Hack, 1998). The large scale stratiform tochemical reactions and the exchange between the gas and

clouc_j fraction was determined based on the grid box Meahqueous phase are expressed by the following equations:
relative humidity (RH) as calculated from the DAO mete-

orological data using the parameterization by Sundqvist etdCy k,

%.2.1 Multiphase reaction scheme

al. (1989). The convective cloud fraction was parameter-—g, = g — (Lg+ Kk Q) Cq+ HRT °® (1a)
ized by using the convective mass flux (Xu and Krueger, dCa k;
1991). The model was run for a 1year time period with a —3~ = Pat kQCq— (Lat ——70) Ca, (1b)

1 month spin-up time. Global emissions of gases, aerosols,
and aerosol precursors and treatments of dry and wet deposivhereC, andCy are aqueous and gas-phase concentrations
tion used here are the same as those used in Lin et al. (2012)molecules cm? air), P, and Py are agueous and gas-phase
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Table 1. Case descriptions.

Case name SOA formation in cloud water SOA formation in aerosol water  Cloud field Fe
chemistry

Case 1l Multiphase reaction scheme idultiphase reaction scheme isThe diagnostic N/A
used to predict carboxylic acids used to predict carboxylic acids cloud field®
and a kinetic approach is usedwith the same aqueous-phase
for all gas—particle transfer. reactions and gas—particle
Aqueous-phase reactions of or-transfer as in cloud water.
ganics are adopted from Ja-Surface-limited uptake process
cob (1986), Pandis and Seinfeldis used to predict oligomers
(1989), Lim et al. (2005), Her- with a reactive uptake pa-
rmann (2003), and Herrmann etrameter of 3.3< 102 for
al. (2005) (Table S3 in the Sup- glyoxal and 2.9 1072 for
plement) methylglyoxal

Case 2 The same as in Case 1 Multiphase reaction schemd&lie diagnostic N/A
used with the aqueous-phase reeloud field*
actions proposed by Ervens and
Volkamer (2010) (Table S4 in
the Supplement)

Case 3 Multiphase reaction scheme idultiphase reaction scheme isThe diagnostic N/A
used with the detailed chem-used with the detailed chem- cloud field*
istry of Lim et al. (2010) (Ta- istry of Lim et al. (2010) (Ta-
ble S5 in the Supplement) ble S5 in the Supplement)

Case 4 The same as in Case 1 The same as in Case 1 GFDL AM3N/A
cloud field
Case 5 The same as in Case 1, but infhe same as in Case 1 The diagnostitncludes
cluding agueous Fe chemistry cloud field* aqueous Fe
in cloud water (Table S6 in the chemistry
Supplement)
Case 6 Surface-limited uptake procesSurface-limited uptake processThe diagnostic N/A

is used with a reactive up-is used with a reactive up- cloud field*
take parameter of 28103 take parameter of 2.91073

for both glyoxal and methylgly- for both glyoxal and methylgly-

oxal oxal

* The diagnostic cloud field used the parameterization for cloud water published by Hack (1998).

chemical production rates (moleculeschairs1), L, and and is determined for each gas by its molecular diffusion,
Lg are aqueous and gas-phase pseudo-first-order chemicalass accommodation coefficient and Henry’s law constant
loss rates (31), H is the Henry’s law coefficient (M atrt), (Lelieveld and Crutzen, 1991). Since not all gas diffusivities
R is the universal gas constant (LatmmbK—1), T is are known, we used a single gas diffusivity of 0.1%@m!
the temperature (K)Q is the liquid water content (ctn  for all gaseous species. This is unlikely to add a large un-
H,Ocm2 air), andk, (cm?® aircm3 H,Os 1) is a first-  certainty since the values of available gas diffusivities do
order rate constant that represents diffusion through the gasot differ by much from the value we used here (Schwartz,
phase and across the interface of the drop (see Schwart?986; Lelieveld and Crutzen, 1991). Accommodation coef-
(1986) and Lelieveld and Crutzen (1991) for details). ficients for each species are listed in Table S7 in the Sup-
We used the method described by Sillman et al. (2007)plement and assumed to be 0.05 for species for which no
to solve Eq. (1a) and (1b). This method is based on the iminformation is available. For situations in which the average
plicit (reverse Euler) equations but incorporates a numbeiconcentration of an aqueous species is limited by the rate
of nonstandard treatments as described in Sillman (1991df diffusion within the aqueous phase, the average aqueous-
and Barth et al. (2003). The mass transfer rate across thphase concentration is scaled to the surface concentration by
gas—aqueous interface is assumed to be limited by diffusionthe factorQ defined in Eq. (2.14) in Lelieveld and Crutzen
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(1991). In addition, an effective cloud droplet radius of 10 um  While the chemistry of organic species taking place in
is assumed for all clouds. Aqueous reactions in aerosol waeloud droplets is relatively well established in experiments
ter only take place in the 2 pure sulfate modes within theand box modeling studies, the chemistry of organic species
model, while the effective radius for aqueous sulfate parti-occurring in wet particles is only now being developed so
cles (the ratio of third to second moment of the wet sulfatethat very few models have been extended to include organic
aerosol size distributions) is calculated explicitly accordingreactions (Ervens et al., 2011). Ervens and Volkamer (2010)
to the relative humidity-dependent size. Aerosol water wasand Lim et al. (2010) proposed different schemes for SOA
calculated based on the amount of water uptake for the modformation in aerosol water. Ervens and Volkamer (2010) pa-
eled pure sulfate particles, which is based on Kohler theoryrameterized the SOA formation using simple first-order re-
(Ghan and zaveri, 2007) using the RH and hygroscopicity ofaction rate constants to fit photochemical chamber experi-
sulfate to calculate the wet volume mean radius from the dryments. Basically, gas-phase glyoxal is taken into aerosol wa-
volume mean radius of each mode. This formulation limitster based on its Henry’s law coefficient and is further hy-
the agueous SOA formation in aerosols to only include sit-drated to monohydrate and dihydrate glyoxal using explicit
uations in which the deliquescence relative humidity (DRH) hydration coefficients for the hydration kinetics. The dis-
for pure sulfate aerosol (set to 0.8) has been reached. We nosmlved glyoxal, monohydrate and dihydrate glyoxals can re-
that the DRH would decrease in mixed sulfate and SOA par-act with dissolved OH radicals to form organic acids, or un-
ticles (Brooks et al., 2002; Smith et al., 2012). Thus, the as-dergo oligomerization using a parameterized first-order pho-
sumption that agSOA only forms in the pure sulfate aerosolgochemical reaction rate (unit: s~1). The reactions and ki-
within the model, and the use of 0.80 as the DRH may un-netic coefficients used in this paper are listed in Table S4 in
derestimate the formation of agSOA to some extent. In addithe Supplement. The reactions in Table S4 extend the Ervens
tion, water uptake by OA was not treated. There are two reaand Volkamer (2010) model for glyoxal to include bulk phase
sons for this assumption. First, the reactive uptake parametaeactions of methylglyoxal by adopting kinetic data from the
(y =0.0029) for glyoxal that is used for one of the mech- literature.
anisms studied here was observed for wet sulfate aerosol Lim et al. (2010) describe a second aqueous SOA forma-
only (Liggio et al., 2005). Second, OA is less hygroscopic tion mechanism that used a set of detailed radical-radical re-
than sulfate, and the uncertainty associated with neglectingctions based on bulk aqueous-phase experiments. Gas-phase
the contribution of OA water is expected to be less than un-glyoxal is partitioned into aerosol water based on its effec-
certainties caused by the observed range of reactive uptakéve Henry’s law constant (implicitly accounting for its hy-
coefficients and the photochemical reaction rate of glyoxal.dration) and then further reacts with dissolved OH radicals to
Liggio et al. (2005) reported a reactive uptake coefficient forform radical species by H-atom abstraction, which combine
glyoxal that varied from 8. 10~ to 7.3x 102, and Er-  with themselves to form dimers and trimers through so-called
vens and Volkamer (2010) found that the derived first-orderradical-radical reactions (Lim et al., 2010). These radical—
photochemical reaction rate for glyoxal ranges from 08s radical reactions compete with reactions of the radicals with
to 7 s ! depending on the chemical composition of different dissolved Q to form organic acids. In aerosol-water relevant
seed aerosols. Finally, we note that we ignored the formaeonditions (i.e., 1-10 molet! (M) glyoxal concentrations
tion of agSOA in the water associated with sea salt aerosoland 101%-10-11M dissolved OH radicals), over 80% of
The terrestrial emissions of isoprene and aromatics are mucthe products are oligomers. Since no kinetic data for methyl-
larger than those from marine sources in the IMPACT model,glyoxal in-aerosol-water reactions were available in Lim et
so the amount of glyoxal/methylglyoxal formed from the ox- al. (2010), we assumed that 80 % of products from the reac-
idation of isoprene and aromatics over oceans is smaller thation of dissolved methylglyoxal with OH are oligomers and
that over continents. AQSOA formed in the aerosol water asthe rest are oxalic acid, which is consistent with the recent
sociated with sea salt is expected to be small as well. work of Lim et al. (2013).

A complete list of aqueous-phase reactions and their cor-
responding rate constants are given in Tables S1 to S8 i2.2.2 Surface-limited uptake process
the Supplement. Aqueous reactions for sulfates, nitrates,
H202, O3, OH and related radicals have been taken fromAs an alternative to the approaches described above that use a
Jacob (1986), Pandis and Seinfeld (1989), Lelieveld anddetailed gas-phase and aqueous-phase chemical mechanism,
Crutzen (1990) and Liu et al. (1997); Aqueous reactions fora simpler method has also been used by Fu et al. (2008) and
water-soluble organic compounds are based on recently puli-in et al. (2012) to describe the uptake of a gas and its fur-
lished box modeling studies (Lim et al., 2005; Herrmann etther reaction inside particles. In this method, the loss of gas-
al., 2005; Ervens and Volkamer, 2010; Lim et al., 2010); phase glyoxal or methylglyoxal on aqueous particles or cloud
Aqueous reactions for Fe are drawn from Deguillaume etdroplets is parameterized using the following equation:
al. (2010) and the Chemical Aqueous Phase Radical Mecha-

nism (CAPRAM) 2.4 (Ervens et al., 2003). dc 1
d—tgz—l—‘r-y-A-<v>-Cg, (2)
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whereA is the total surface area of aqueous sulfate aerosolsiptake parameter used in Case 1 was adopted from Waxman
[m?m~3], Cq is the concentration of gas-phase glyoxal or et al. (2013), who used a box model to test several chemical
methylglyoxal,y is the reactive uptake coefficient, repre- mechanisms, in order to fit the observed glyoxal concentra-
senting the probability that a molecule impacting the par-tions in Mexico City. The best fit chemical mechanism that
ticle surface undergoes reaction. The valueyoised in  they found includes an uptake parametey ¢f 3.3x 103

Fu et al. (2008) and Lin et al. (2012) was assumed to beas well as the reaction of OH with glyoxal in dilute water.
2.9x 1072 for both glyoxal and methylglyoxal uptake on Therefore we also included the uptake parameter together
agueous sulfate and cloud droplets: x is the mean molec-  with the OH chemistry in dilute water.

ular speed of glyoxal or methylglyoxal in the gas phase given In Case 2, all agSOA formation was simulated using the
by (8RT / MW)~1/2 where MW is the molecule weight of multiphase reaction scheme. The chemical reactions in cloud

glyoxal or methylglyoxal. water were the same as those used for cloud water in Case 1.
The parameterized reactions proposed by Ervens and Volka-
2.3 Casesetup mer (2010) (Table S4 in the Supplement) were used for the

formation of agSOA in aerosol water replacing the reactions

As described above, there are still large uncertainties in simfrom Table S3 and the uptake coefficients used in Case 1.
ulating agSOA formation in both cloud water and aerosol Case 3 also used the multiphase reaction scheme, but used
water. We thus set up six cases to study the sensitivity othe bulk reactions adopted from Lim et al. (2010) to predict
agSOA formation to different methods representing gas-the formation of agSOA in both cloud and aerosol water. The
particle mass transfer and subsequent reactions (i.e., multdetailed bulk phase reactions of organic species used in this
phase reaction scheme vs. surface-limited uptake methodgase are listed in Table S5 in the Supplement. In this case,
to the different chemical schemes in cloud and aerosol watewe include the further oxidation of oligomers by aqueous-
reactions, to the cloud water content, and to the inclusion ofphase OH (see the reaction R38, R42, R53, and R54 in Ta-
Fe chemistry in the cloud. The descriptions of these six caseble S5). These further reactions were not included in Case 1,
are presented here (also summarized in Table 1), and conbecause the uptake parameter represents the probability that
parisons of sensitivity test simulations with Case 1 as well asa molecule impacting the aerosol surface will result in uptake
with observations are shown in Sect. 3. and formation of a species which does not evaporate, and this

In Case 1, we used the detailed multiphase reactioralready implicitly takes into account any chemical reactions
scheme (Eqg. 1a, b) to predict the production of glyoxylic that include the loss of oligomers inside the aerosol.
acid, oxalic acid and pyruvic acid in both cloud water and For Case 4, we employed the same chemical mechanism as
aerosol water together with the kinetic uptake of glyoxal andin Case 1, but used the cloud field output (in-cloud liquid wa-
methylglyoxal in both cloud and aerosol water described inter content and grid-box cloud fraction) from AM3, the atmo-
Sect. 2.2.1. In addition, in aerosol water we used the surfacespheric component of the coupled general circulation model
limited uptake method (Eqg. 2) to predict the formation of (CM3) developed at the NOAA Geophysical Fluid Dynam-
oligomers from glyoxal and methylglyoxal. The aqgueous- ics Laboratory (GFDL) (Donner et al., 2011) in place of the
phase reactions of organic species used in this case are sShoWCAR CCM2 parameterization. Cloud water is a prognostic
in Table S3 in the Supplement. Reaction rate constants wereariable in the GFDL AM3 while it is diagnosed in CCM2.
adopted from Jacob (1986), Pandis and Seinfeld (1989), Lim In Case 5, we added Fe chemistry in cloud water (Table S6
et al. (2005), Herrmann (2003), and Herrmann et al. (2005)in the Supplement) to the chemistry used in Case 1. The
For simplicity, we did not consider the effect of ionic strength only source of aqueous Fe in the model is the dissolution
of cloud water on the solubility of organics, though this is of dust aerosol particles incorporated into cloud droplets. We
expected to increase aqSOA formation (Myriokefalitakis etassumed that 3.5 % of the mass of dust aerosol is composed
al., 2011). We adopted a reactive uptake coefficigndf of Fe (Taylor and McLennan, 1985), only 5 % of which could
3.3x 1073 from Waxman et al. (2013) to simulate the for- be dissolved into cloud water (Ito and Xu, 2014). The ini-
mation of oligomers due to glyoxal in the aerosol water. Thetial speciation of Fe(ll)/Fe(lll) was set to 4 (Deguillaume et
uptake coefficient of methylglyoxal was scaled to that of gly- al., 2010). This scheme cannot describe the spatial and time
oxal by the ratio of their effective Henry’s law constants (Ta- variations in dissolved Fe that are predicted in models that
ble S7 in the Supplement). This scaling is based on the reainclude a kinetic description of Fe dissolution (Johnson and
soning that the glyoxal and methylglyoxal uptake by aerosolMeskhidze, 2013; Ito and Feng, 2010) but is able to provide a
water correlates with their water solubility and that glyoxal first-order approximation of the dissolved Fe content in cloud
and methylglyoxal have similar chemical reactivity and un- water (Table S9 in the Supplement).
dergo similar reactions in aerosol water (Lim et al., 2013). For Case 6, we used the surface-limited uptake process
It might appear that the chemistry for Case 1 double countdo simulate all agSOA formation in both cloud and aerosol
the loss rate of glyoxal since it includes both a loss rate bywater, following the method of Fu et al. (2008) and Lin et
reaction with OH as well as a loss rate due to a surface real. (2012).
action characterized by an uptake parameter. However, the
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Table 2. Global aqgSOA budget analyses for all cases.
Case name Species hame Chemical production  Chemical destruction  Net production  Dry deposition  Wet deposition Burden
(Tgyr 1 (Tgyrh) (Tgyrh (Tgyrh (Tgyr'h) (Tg)
Glyoxylic acid 159 135 2.4 0.1 2.3 18102
Pyruvic acid 7.2 1071 55x 1071 1.7x 1071 1.0x 1072 16x1071  1.1x10°3
Case 1 Oxalic acid 16.5 6.1 10.4 0.5 9.9 6x110~2
Glyoxal oligomer 6.9 - 6.9 0.4 6.5 9:21072
Methylglyoxal oligomer 2.3 101 - 2.3x 1071 2.4x10°2 20x1001  23x10°3
Glyoxylic acid 16.5 13.9 2.6 0.1 25 18102
Pyruvic acid 7.0¢1071 53x 1071 1.7x 1071 7.8x 1073 16x10°1 1.1x10°3
Case 2 Oxalic acid 16.9 6.3 10.6 0.4 10.2 64102
Glyoxal oligomer 2.8¢1072 - 2.8x 1072 5.1x 1073 23x1072  21x10°3
Methylglyoxal oligomer 1.% 1072 - 1.7x 1072 4.4x10°3 13x1072  97x10°%
Glyoxylic acid 14.8 12.3 25 0.1 2.4 1:81072
Pyruvic acid 6.0< 1071 4.4x101 1.6x 1071 7.8x1073 15x10°1 1.1x10°3
Case 3 Oxalic acid 15.0 5.0 10.0 0.3 9.7 61102
Glyoxal oligomer 1.1x 1071 7.5%x 1072 3.4x 1072 2.6x 1073 31x1072  27x10°3
Methylglyoxal oligomer 1.5¢10°3 - 15x 1073 8.2x 107° 14x103  1.2x10°%
Glyoxylic acid 8.4 7.4 1.0 0.1 0.9 14102
Pyruvic acid 45¢10°1 3.6x10°1 9.0x 1072 6.0x 1073 8.0x102 1.2x10°3
Case 4 Oxalic acid 9.0 4.9 41 0.3 3.8 56102
Glyoxal oligomer 9.7 - 9.7 0.9 8.8 131071
Methylglyoxal oligomer 4.0¢10°1 - 4.0x 1071 5.7x 1072 34x101  50x10°3
Glyoxylic acid 23.0 20.6 2.4 0.1 2.3 16102
Pyruvic acid 1.8 1.6 0.2 10102 1.9x10°1  1.3x10°3
Case 5 Oxalic acid 27.3 22.9 4.4 0.2 4.4 471072
Glyoxal oligomer 6.6 - 6.6 0.4 6.2 871072
Methylglyoxal oligomer 23101 - 2.3x 1071 2.5x 1072 20x1071  23x10°3
Case 6 Glyoxal oligomer 22.6 - 22.6 1.0 21.6 20101
Methylglyoxal oligomer 36.9 - 36.9 1.6 35.3 3ot

3 Results and discussion vic acid, oxalic acid, and two classes of oligomers formed
from glyoxal and methylglyoxal. Among these five aqueous
Table 2 shows the global budget of each of the agSOA comSOA components, oxalic acid accounts for about 51.7 % of
ponents (i.e., glyoxylic acid, pyruvic acid, oxalic acid, and the total aqueous SOA source, glyoxal oligomers account for
oligomers) (if available) for these six cases. We note thatabout 34.3 %, glyoxylic acid for about 11.9 %, methylglyoxal
the predicted oligomers in the model can consist of differentoligomers for 1.1 %, and pyruvic acid for 1.0 %. While all
numbers of monomers (e.g., dimers, trimers and tetramerspligomers are assumed to be formed in aerosol water, organic
so that the total oligomers shown in different cases in Table 2acids can be formed in both cloud and aerosol water. How-
do not necessarily consist of identical species. We will focusever, the contribution of aerosol water to the formation of or-
on the detailed budget and global distributions of agSOA forganic acids is very small. The net production rate of glyoxylic
Case 1 in Sects. 3.1 and 3.2, and the difference between thcid in the aerosol water accounts for only 0.013 Tglyr
case and other cases in Sects. 3.3-3.6. of the total 2.4 Tgyr! net production rate; similarly, only
2.53x 10~*Tgyr! of the total 0.17 Tg yr! pyruvic acid is
formed in aerosol water; for oxalic acid, the net production
rate in the aerosol water (after consumption by reaction with
For Case 1, the net global agSOA production rate totals 20.2H) is —0.43 Tgyr*, compared to the total net production
Tgyr-L, over 95% of which is removed by wet deposition rate of 10.4 Tgyr? in cloud water.

while the rest is removed by dry deposition. This rate is com- The global average reaction rates for these organic acids
parable to the SOA production rate of 28.0 Tg¥formed in cloud water for Case 1 are listed in Table 3. The glyoxylic
from gas—particle partitioning and the rate of 26.0 Tglyr acid production rate is 15.8 Tgyt, which is derived from
formed from epoxide predicted in the model. The global an-the oxidation of glyoxal, glycolaldehyde, methylglyoxal and
nual mean aqSOA burden equals to 0.18 Tg, correspondingcetic acid. Glyoxal oxidation accounts for 77.2 %, while the
to a global mean life time of about 3.0 days due to deposi-OXidation of glycolaldehyde, methylglyoxal and acetic acid
tion. Five aqSOA species are predicted: glyoxylic acid, pyru-account for 13.9%, 0.7 %, and 8.2 %, respectively. Of the

3.1 Global budget
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Table 3. Predicted global average production rates in cloud water by the individual reactions for‘Case 1

Source Reactionrate  Sink Reaction rate
(Tgyr™) (Tgyr)
Glyoxal+ OH/NOs 12'2_2 Reaction with OH 12.7
.. Methylglyoxal+OH/NO3;  6.5x 10
Glyoxylic acid . .
Acetic acid+ OH 1.3 Reactionwith N@ ~ 7.2x 101
Glycolaldehyde+OH 2.2 ex
Oxalic acid Glyoxylic acid+OH 14.6 Reaction with OH 3.5
Glyoxylic acid+ NO3 8.7x10°1  Reaction with NQ 1.1
o Methylglyoxal+ OH 7.0x10°1  Reaction with OH 5.x10°1
Pyruvic acid ) . . 3
Methylglyoxal+ NO3 1.5x 10 Reaction with NG  1.4x 10

* Organic acids formed in cloud water account for around 67 % of total agSOA formation rate, while the rest is attributed to the
oligomer formation in aerosol water.

glyoxylic acid, 85.4 % is destroyed by reaction with OH and of the total glyoxal is consumed in the gas phase, while
NOs and the rest is deposited to the surface in wet deposi24.4 % is oxidized in cloud water and taken up by aque-
tion. For oxalic acid, the total cloud water production rate ous aerosol. The rest is deposited to the surface. The to-
is equal to 15.5 Tgyrt, which is similar to the estimate of tal source of methylglyoxal is 167.3 Tgyt. Of this only
14.5Tgyr! in Liu et al. (2012) but smaller than the esti- 0.88 Tgyr?! is absorbed and oxidized in cloud water and
mate of 21.2 Tgyr! in Simulation S1.1 of Myriokefalitakis  in aqueous aerosol. Most of the methylglyoxal is destroyed
et al. (2011), which excluded the effect of the ionic strengthin the gas phase or deposited to the surface. The net chem-
of cloud water on glyoxal, glycolaldehyde and methylgly- ical production of glycolaldehyde in the gas phase is about
oxal, as we do here. The reaction of glyoxylic acid with OH 17.8 Tgyr !, of which 29.8% is dissolved in cloud water
is a large contributor (94 %) to the total oxalic acid produc- and reacts with OH and N{O For acetic acid, the uptake
tion while the reaction with N@ contributes the rest. Ox- rate by clouds is 0.82 Tgy", which can be compared to
alic acid is removed from the atmosphere through its reactiorits total source strength of 60.9 Tgyr. The uptake rate of
with OH and NQ radicals in the aqueous phase (29.6 %) andacetic acid is smaller than the estimate of 6.96 Tdgyby
by wet and dry deposition (71.4 %). The chemical destructionLiu et al. (2012). This is because of the smaller total at-
rate of oxalic acid is 4.6 Tgyr. This is smaller than the es- mospheric source strength of acetic acid (60.9 Tgws.
timate in Simulation S1.1 of Myriokefalitakis et al. (2011) 78 Tgyr1), the larger portion of gas-phase consumption of
but larger than that estimated by Liu et al. (2012). Subtract-acetic acid (43% vs. 32%), and the smaller Henry's law
ing the chemical destruction rate from the production rate,constant (3500 molt!atm vs. 8800 mol 1 atm?1) in
the global net production rate of oxalic acid is 10.9 Tglyr  our model compared to those in Liu et al. (2012). Aqueous
which is slightly smaller than the value of 13.2 Tgyrin aerosol contributes a negligible amount to the sinks of both
Simulation S1.1 of Myriokefalitakis et al. (2011) and the esti- glycolaldehyde and acetic acid.
mate of 13.5 Tgyrlin Liu et al. (2012). The only sources of
pyruvic acid are the reactions of methylglyoxal with OH and 3.2 Global distribution and seasonal variability
NOs. Over half (72.9 %) of the pyruvic acid is removed by
reactions with OH and Néxadicals. For glyoxal and methyl-  Figure 1 presents the global annual mean surface mass con-
glyoxal oligomers, no chemical destruction is included in the centrations (at approximately 970 hPa) of total agSOA, totall
model, so these are only removed by wet and dry depositionorganic acids (i.e., glyoxylic acid, pyruvic acid, and oxalic
The above analysis shows the importance of glyoxal, gly-acid) which are formed mainly in cloud water, and oligomers
colaldehyde, methylglyoxal and acetic acid as precursorgormed in aqueous aerosol. The zonal mean vertical distribu-
leading to aqueous SOA formation. The global budgets oftions are also shown. The total agSOA concentrations show
these four species for Case 1 are summarized in Table 4arge values over tropical Africa, the Amazon Basin, east-
While all of the glyoxal, glycolaldehyde and methylglyoxal ern Asia, the eastern United States and Europe. The SOA
is generated by the oxidation of VOCs in the gas and aquedistributions are determined by their precursor (mainly gly-
ous phase, around half of the acetic acid is directly emit-oxal) distributions, oxidant (which is primarily dissolved OH
ted into the atmosphere through biomass burning. The globaladicals) distributions, and the availability of cloud water or
glyoxal production in the gas phase is equal to 69.6 Tgyr  aerosol water. The maximum SOA concentrations over trop-
while reactions in cloud water contribute 3.4 Tgyrfrom ical Africa and the Amazon Basin reflect the large biogenic
the oxidation of dissolved glycolaldehyde. About 68.5% VOC emissions and the resulting glyoxal concentration to a
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Table 4.Global budgets of agSOA precursors (Tg¥) for Case 1.

Glyoxal Methylglyoxal Glycolaldehyde Acetic Acid

Emission 0 0 0 31.4
Gas-phase production 69.6 167.3 81.5 295
Aqueous-phase production 3.4 0 0 %801
Gas-phase consumption 47.7 158.0 63.7 25.9
Aqueous-phase consumption 17.0 0.88 5.3 1.2
Deposition 8.3 9.3 125 34.2

great extent. The different patterns shown for organic acideft side and the right side of Eq. (2) globally and annually,
concentrations (Fig. 1¢) and for methylglyoxal and glyoxal and thus obtained a global averaged annual mean reactive
derived oligomer concentrations (Fig. 1e) are due to the dif-uptake probability from the following equation:

ferent patterns of cloud and aerosol water content (Fig. 2).

Aerosol water content is due to sulfate, which peaks over the dc 1

industrial regions in the Northern Hemisphere because the’ = () d_zg)/(Z_Z A <v>-Cy). 3
largest source of sulfate is from anthropogenic emissions. In
contrast, most of the cloud water is located over the tropic
and the Southern Hemisphere. This contrast is also reflecteaqueous aerosol is 1.4110°5, while the 7 for the uptake

in the vertical zonal mean distributions of organic acids and . . X
9 of methylglyoxal into aqueous aerosol is 1420-°. This

oligomers (Fig. 1d and f). There is a hot spot in organic acids .
over the tropics, most of which are formed in cloud water, value for glyoxal uptake is much smaller than the value of

3
while the peak is located over the Northern Hemisphere 1‘0r3'30>< 10" suggested by Waxman et al. (2013) or the value

the oligomers, all of which are formed in aqueous aerosols. of 2_.90>< 10~ derived by Liggio et al. .(2005)' The value
The column burdens of organic acids and oligomers inderlved here for m5ethylglyoxal uptake is comparable to the
winter (December, January, and February) and in summe}lalue 0f 2.92< 107 that we used for methylglyoxal uptake

(June, July, and August) are presented in Fig. 3. During thd" Case 1. The reason for the discrepancy between measure-

winter, the column burden of organic acids peaks over trop-ment studies (i.e., Waxman et al., 2013 and Liggio et al.,

ical land areas because of the huge biogenic emissions i%OOS) and the values derived here might be that the actual

these regions. During the summer, a secondary column buPéi::ﬁe?ft:]h:nL:E;kgega;?jmste:b'gnr?;n(.);ensnderu'r\j(lar.egczogi IS
den maximum arises over the Northern Hemisphere land ar: vedin u 9! (ie., Mexi "y

eas, which can be attributed to the enhanced photochemist f) the case of Waxman et al., 2013) or/and that the bulk phase

and biogenic emissions over these regions in the summe .eactions adopted from Eryens and Volkamer (2010) may not
The combination of enhanced photochemistry and larger bio!nCIUde the full set of reactions of glyo>§al that the uptake pa-
genic emissions can increase the production of agSOA prer_ameter method_ accounts for. n par'qcular, the smaller up-

ake parameter in rural regions than in urban regions might

cursors (e.g., glyoxal) and aqueous OH radicals, the Iattefj . . . .
due to increased photolysis 0bB, in cloud water. For the e due to weaker particle acidity and lower dissolved organic
e(};ompound concentration in rural regions. The glyoxal uptake

shows larger values that are spread over a wider area tharr"flte is observed to be higher in more acidic particles (Liggio

those in the winter over the Northern Hemisphere (see theet al., ZIOO‘?' Th_e r?gtl)redctonce;]r?trﬁted Iprganlcfcomptqundstln
right panels in Fig. 3). aerosol water might lead to a higher oligomer formation rate

(Tan et al., 2009). Also, the bulk phase reactions do not in-
clude any surface reactions of glyoxal that the uptake param-
3.3 Surface-limited uptake method vs. multiphase eter method would include. We note that the derived uptake

reaction scheme parameter of the order of1 102 is a globally averaged up-

take parameter. Of course, the spatial agSOA burden which

As shown in Table 2, the production rates of oligomers in would be predicted using this global average uptake param-
Case 1 are higher than those in Case 2, which suggests thater would be different than that predicted using the explicit
the value of the reactive uptake coefficientadopted from  aqueous formation mechanism. While deriving lab stud-
Waxman et al. (2013) is higher than that implied by the sim-ies is useful, this method for determinipgassumes that all
ulation with the Ervens and Volkamer (2010) aqueous-phasef the gas incorporated into the aqueous phase stays in this
aerosol chemical mechanism. Indeed, we can derive a globglhase. The explicit chemistry scheme is more demanding of
averaged from Eq. (2) for the uptake of glyoxal or methyl- computer time than the use of a single but it is able to
glyoxal into aqueous aerosol from Case 2. We integrated theapture the dynamic evolution of agSOA formation.

he derived global averagegdfor the uptake of glyoxal into
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Figure 1. Annual mean simulated concentrations of total ag®AB), organic acids (the sum of glyoxylic acid, pyruvic acid, and oxalic
acid) (C, D), and oligomers from glyoxal and methylglyox&, F). The left column shows the global distributions at the level of 971 hPa in
the model; the right column depicts the zonal mean distributions. All plots are for Case 1. Units3pugm

3.4 The effect of cloud water content centration in Case 1 is more than a factor of 4 larger than
that in Case 4, the linear effect of the change in cloud wa-
The global near-surface distribution of grid-box averagedter content would be expected to dominate the change in the
cloud water content for Case 4 is shown in Fig. 4a while agSOA production rate. At higher altitudes (approximately
Fig. 4b shows the zonal annual mean distribution. The cloudoetween 900 hPa and 200 hPa) where the ratio of cloud water
water content in Case 1 (Fig. 2) is higher than that in Case £ontent between in Case 1 and in Case 4 is less than 4, the
almost everywhere below about 900 hPa, leading to largeeffect of the change in precursor concentrations (mainly due
global organic acids sources and burdens (Table 2). The awo the change of wet deposition rates as we show below) may
eraged cloud water content and the net SOA production ratelominate the change in the agSOA production rate.
in cloud water below about 900 hPa in Case 1 is 2.7 times The lifetime of oxalic acid with respect to deposition in
and 4 times higher than those in Case 4, respectively. FigCase 4 is longer than that in Case 1 (4.9 days in Case 4 vs.
ure 4c shows the ratio of cloud water content in Case 1 ta2.1 days in Case 1), because in Case 4 more oxalic acid is
that in Case 4 while Fig. 4d shows the ratio of the agSOAproduced at high altitudes or high latitudes and less (by a
production rate in cloud water. Both the pattern and value offactor of over 10) is formed at low altitudes in tropical re-
these ratios are generally similar below about 900 hPa, bugions (Fig. 4d). Oxalic acid can be precipitated out more
above 900 hPa neither the pattern nor the value is similareasily in the tropics than in other regions because precipi-
He et al. (2013) studied the relationship between the aquetation amounts are larger, especially that due to convective
ous SOA formation and cloud water content and proposed grecipitation. For similar reasons, we predict a longer life-
parameterization in which its formation rate is linear in the time of sulfate aerosol in Case 4 than that in Case 1. In
cloud water content and correlates nonlinearly (concavely)addition, a slightly larger aqueous-phase production rate of
with the total glyoxal and methylglyoxal precursor carbon sulfate aerosol (93.3 Tgyt) is also found in Case 4 com-
chemical loss. At lower altitudes where the cloud water con-pared to that in Case 1 (91.6 Tg¥. This results from the
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Figure 2. Annual mean grid-box averaged cloud liquid water content (LWC) in mg mt approximately 971 hP&) and zonal mean
content(B), and annual mean aerosol LWC in pgfat approximately 971 hPi&C) and zonal mean conte(d). Plots are for Case 1, but
are the same for all cases except Case 4 (compare Fig. 4).
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Figure 3. Seasonally averaged column concentrations (mg)ef organic acids (left column) and oligomers (right column) in December,
January, and February (DJF) (top row) and in June, July and August (JJA) (bottom row). All plots are for Case 1.

more abundant cloud water in Case 4 in the Northern Hemi-creases both the chemical production and destruction of car-
sphere, where most of sulfate is formed. The longer lifetimeboxylic acids in cloud water (Table 2). The increase of the
and larger aqueous production rate of sulfate causes a largehemical production rate is due to the increase of the aque-
sulfate burden and thus a larger oligomer formation rate inous OH radical source. Figure 5 depicts the global distribu-

sulfate aerosol water. tion of annual mean aqueous OH radical concentrations near
971 hPa for Case 1 and Case 5. The largest increase of aque-
3.5 The effect of Fe chemistry in cloud water ous OH radicals due to the inclusion of Fe chemistry occurs

over regions where there are abundant dust aerosols. Arakaki

Inclusion of Fe chemistry in cloud water decreases the globakt ). (2013) estimated the steady-state concentrations of OH
average net production of oxalate by 57.6 %, although it in-
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Figure 4. Annual mean grid-box averaged cloud liquid water content (LWC) in mg from the GFDL AM3 cloud field at approximately

971 hPgA) and zonal mean conte(®) for Case 4. The zonal mean distributions for the ratio of grid-box averaged cloud LWC in Case 1 to
that in Case 4 is shown ifC); the zonal mean distributions for the ratio of the source of agSOA formed in cloud water in Case 1 to that in
Case 4. is shown i(D)

in cloud water sampled over remote North American con-where there are large amounts of dust aerosol (Fig. 5). The
tinental regions. The estimated average OH concentratiomnhancement of aqueous OH radicals leads to an increase
is 7.2x 107 mol L~1. The predicted average OH concen- of 10.8 Tgyr ! in the oxalate chemical production rate and
tration in this region is 9.& 10-*molL~1 in Case 5 and partly accounts for an increase of 16.8 Tg¥in the oxalate
8.8x 10~ mol L1 in Case 1. Thus the modeled OH con- chemical destruction rate. Another reason for the increase in
centrations in cloud water for both cases are higher than thosthe oxalate chemical destruction rate is the fast photolysis
estimated by Arakaki et at. (2013). Arakaki et al. (2013) alsoof the Fe oxalate complex [FefO4)2]~, which transforms
estimated that the averaged total OH production rate in cIoud:zof‘ to COy. The larger increase in the chemical destruc-
water is 1.9< 10-2mol L~1s 1 and OH loss rate constantis tion rate compared to the chemical production rate results in
2.6x 10°s~1. In the model, the averaged total OH produc- a decrease in the net chemical production rate (6.0 T§yr
tion rate in this region is 1.06 10 8molL1s1in Case 5 of oxalate, and thus a decrease in the burden as well. Fe
and 1.03x 108 molL~1s 1 in Case 1. The OH loss rate is oxalate complex photolysis accounts for 21.7 Tglyof ox-
1.18x 10°s 1in Case 5and 1.1¥ 10°s 1 in Case 1. This  alate destruction, while the destruction rate through OH and
comparison suggests that an overestimation of OH sourcellO3 reactions is 1.20 Tgyrt. This significant sink of ox-
is the major reason for the higher OH concentration in thealate by Fe-complex photolysis is consistent with the finding
model. Arakaki et al. (2013) attributed the higher OH con- by Sorooshian et al. (2013) who observed that oxalate con-
centration in cloud water predicted in most box models tocentrations are negatively correlated with observed Fe con-
their underestimation of OH loss rates. This is not the casecentrations. Sorooshian et al. (2013) used a box model to
in our model. Our OH loss rate of about x21.0° s~ com- simulate oxalate formation with and without Fe chemistry.
pares to values obtained in those box models that range frorithey found that the oxalate concentration would decrease
2.0x10%s 1 to 7.7x 10*s1 (Table S2 in Arakaki et al., when increasing the dissolved Fe concentration, but gradu-
2013). ally levels off at 15% of the concentration predicted with-
The global aqueous OH radical source in the tropospher@ut consideration of Fe chemistry. Our model results show
(below approximately 200 hPa) in Case 5 is 2.6 times largeithat the oxalate concentration with Fe chemistry is about
than that in Case 1 because of the formation of OH radical#}4 % of that predicted without Fe. The inclusion of Fe chem-
through the reaction of Fe(ll) with 4D, and the photoly- istry decreases the formation rate of glyoxal oligomers from
sis of Fe(lll) oxalate complexes. The largest increase occur§.9 Tgyr ! in Case 1 to 6.6 Tgyr! in Case 5, which is due
over the Sahara desert, northwestern China and Mongolito the increased absorption rate of glyoxal in cloud water and
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Figure 5. The predicted aqueous OH concentration (units in mdi)Lin cloud water near 971 hPa in Case 1 (without Fe chemistry) and
Case 5 (with Fe chemistry). The ratio of annual mean cloud water OH radical production rates in Case 5 to that in Case 1 is also shown (2nd
row). The value shown is the logarithm of the ratio.

thus less glyoxal uptake in agueous aerosol. The absorptiowater decreases to 44.4% in Case 4 when using the GFDL
rate of glyoxal in cloud water is increased because the in-AM3 cloud field because of the decrease in the cloud water
creased OH radicals in cloud water cause more glyoxal to b&ontent in the tropics together with the increased cloud water
consumed so that more gas-phase glyoxal can be taken up lmpntent in the Northern Hemisphere. In Case 5, which in-

clouds. cludes Fe chemistry in cloud water, the SOA production rate
in cloud water explains 52.9 % of total agSOA production
3.6 SOA formation in clouds vs. SOA formation in rate (see the Sect. 3.5. for details).

aerosol water
3.7 Discussion of uncertainties

On a global average basis, the fraction of SOA formed in
cloud water varies from case to case, ranging from 44.4 %Nhile we have discussed a number of uncertainties concern-
in Case 4 to 103.2% in Case 3 (Table 5). SOA formed ining the production of aqSOA, there are additional uncertain-
cloud water accounts for about 70% and 80 % of total ag-ties that need to be explored. Liu et al. (2012) used a global
SOA in Case 1 and Case 6, respectively; the net SOA promodel to study the sensitivity of their predicted aqgSOA in-
duction rate in aerosol water is less than zero in Case 2 andloud to cloud lifetime, cloud droplet size and cloud frac-
Case 3, which means that agSOA is consumed in aerosol wdion. They found that the predicted aqSOA was sensitive to
ter. This is because the oxalic acid formed in cloud waterthe cloud lifetime and cloud fraction while it depended only
subsequently dissolves into the aerosol water after cloud waweakly on the cloud droplet size. Waxman et al. (2013) stud-
ter evaporates and then further reacts with the high concenied the sensitivity of agSOA formation in aerosol to aerosol
tration of dissolved OH radicals inside the aerosol water, assize distributions. Little size dependence was reported for the
shown in Sect. 3.1. The rate of destruction of oxalic acid bycase using the multiphase reaction scheme, but the uptake
reaction with OH is larger than that of the rate of production method showed a strong sensitivity to size distribution be-
from the reaction of glyoxylic acid with OH. Nevertheless, cause of changes in the surface to volume ratio.
oligomers can still form in the aerosol water, with a produc- Furukawa and Takahashi (2011) used X-ray absorption
tion rate of 4.5 102 Tgyr ! and 3.6x 102 Tgyr 1 for fine structure spectroscopy (XAFS) to show that most of the
Case 2 and Case 3, respectively. The amount of oligomersxalate within aerosol particles is present as metal-oxalate
formed in aerosol water is similar for Case 2 and Case 3, coneomplexes, especially as Ca and Zn oxalate complexes. Xing
sistent with the finding by Ervens et al. (2011), who showedet al. (2013) also suggest the formation of a stable Zn oxalate
that their parameterized reaction system produces a similacomplex in the aerosol phase in urban aerosols over China.
amount of SOA as that of Lim et al. (2010) in box model These complexes are weakly water soluble and very stable,
simulations. The relative importance of SOA formed in cloud which prevents oxalate from being oxidized by OH in aerosol
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Table 5.aqSOA formation in cloud water vs. agSOA formation in aerosol water.

SOA production  SOA production Total agSOA  Fraction of SOA

rate in cloud water rate in aerosol  production rate production

(Tgyr'l)  water (Tgyr?l) (Tgyr1) in cloud water
Casel 13.4 6.7 20.1 66.7 %
Case 2 13.8 -04 13.4 103.0%
Case 3 13.1 —-0.4 12.7 103.2%
Case 4 6.8 8.5 15.3 44.4%
Case 5 7.3 6.5 13.8 52.9%
Case 6 46.8 12.6 59.4 78.8%

water. We did not include these effects in our model due to The comparison of Case 2 and Case 3 with Case 1
the lack of detailed information, but it is clear that their inclu- shows that the use of only the multiphase reaction scheme
sion could increase the amount of oxalate in aerosol water. for aerosol water decreases the global total agSOA burden
Many studies have suggested a 2—3 order of magnitudéy around 50 %. In the case which increases the effective
enhancement in the effective Henry’s law constant for gly-Henry’'s law constant by 3 orders of magnitude, the agSOA
oxal for aerosol conditions compared to cloud conditionsburden remains lower than that predicted in Case 1 by 42 %.
(Kroll et al., 2005; Volkamer et al., 2009; Kampf et al., The replacement of the diagnostic cloud field with the GFDL
2013). To test the potential effect of this enhancement, weAM3 cloud field causes the burden to increase by 16 %. In the
added a sensitivity test based on Case 3 but increased thease which includes Fe chemistry in cloud water, the burden
effective Henry’s law constants of glyoxal and methylgly- is predicted to be smaller than that in Case 1 by 11 %. The
oxal for aerosol water by 3 orders of magnitude. In this use of the uptake parameter method for both cloud water and
sensitivity case, the chemical production rate of glyoxal aerosol water in Case 6 predicts a burden 185 % larger than
oligomer is 4.65< 10-1 Tgyr~1, and the chemical destruc- Case 1.
tion rate is 1.95< 10~ Tgyr~1, leading to a net production
rate that is roughly a factor of 10 larger than that in Case 3,
1.95x 10-1 Tgyr-1. The net production rate for methylgly- 4 Comparison with measurements
oxal oligomer is increased by more than a factor of 10, to
8.68x 1072 TgyrL. These increases in net production rates|n this section, we compare model results to measured ox-
lead to an increase in oligomer burden by a factor of 4.4.alate, aerosol mass spectrometer (AMS) measurements of
However, these enhanced net production rates and global busOA, and SOA O/C ratios. Oxalate is a major component
dens are still smaller than those predicted in the Case 1 whiclf agSOA formed in cloud water, and thus the comparison
adds the Waxman et al. (2013) uptake method for the producef oxalate with observations gives us a direct evaluation of
tion of agSOA in aqueous aerosol. the modeled aqSOA, while comparison of SOA measured by
The formation and loss of oxalate by agueous-phase OHAMS data and O/ C ratios can indirectly constrain the mod-
depends strongly on the pH value (see Reactions (R2)-(R6gled agSOA.
in Table S3), because the rate constants for the oxidation of
glyoxylic acid and oxalic acid are smaller than those of their4.1 Oxalate
anions (i.e., glyoxylate and oxalate) and the relative abun-
dance of these acids and their anions depends on pH valueBigure 6 compares the modeled oxalic acid near 971 hPa
We present the predicted annual mean cloud water pH neawith the measured oxalate compiled in Table S3 of Myrioke-
971 hPa in Fig. S1 in the Supplement and compare our prefalitakis et al. (2011). We only show this comparison for
dicted pH values with observations from the literature (Ta-Case 1, Case 4, and Case 5, since the oxalic acid concen-
ble S10 in the Supplement). The results agree with observatrations in the other cases are similar to those in Case 1 (Ta-
tions at some locations, but show that the model is too acididle 2). Although oxalate measurements are sparse around the
in other locations. We would expect the oxalate concentraworld, the observations listed here cover values over most
tions to vary little if pH values were increased, because bothcontinents: United States, Europe, China, Amazon Basin and
the formation rate and the destruction rate of oxalate wouldAfrica. These measurements have time sampling durations
increase. This weak dependence of agSOA formed in cloudvhich span several days up to 2years. For this comparison,
water has been observed in a parcel model that included the monthly simulation data were sampled for the specific
multiphase reaction mechanism similar to that which we usenonth and at the specific location corresponding to the mea-
in this work (Ervens et al., 2008). surements. It should be noted that due to the coarse reso-
lution used in the model (4by 5°), we do not expect the
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model to be able to predict the high concentrations seen in Case 1
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significantly underestimates the measured oxalate concentra- © obsemed Oamlate g ) 0 Ob;e‘;fvefgi alaii° (n;$;,3>5°°

tions at two of the three sites in the Amazon Basin. One pos-

sible reason for this underestimation is that the model doeigure 6. Comparison of the oxalate mass concentrations observed
not include the oxalate source from biomass burning eithemt rural and marine sites adopted from Table S3 of Myriokefalitakis
through direct emission or through secondary formation fromet al. (2011) with the oxalic acid concentrations simulated in Case 1,
carbohydrate species in smoke aerosols (e.g., levoglucosafgse 4, and Case 5. Solid lines show thel Tratio, and dashed
during aerosol aging (Gao et al., 2003). At these two sites,"”es show the 12 and 2: 1 ratios. The measurements at the various

biomass burning is the major source of oxalate formationSites were made in different seasons and different years between
. . . 1980 and 2007 and most of them were reported with several days
(Falkovich et al., 2005; Kundu et al., 2010; Graham et al.,

2002). At the sitg where the a_erosol samples were believeﬁfes 2?52“33#{:3“22'tEZ%bmsoe(:S;%iusl_ts are the average values over
to be out of the influence of biomass burning (Talbot et al.,
1988), the modeled oxalate concentration in Case 1 is higher
than the observation, but in Case 4 (using the GFDL AM3
cloud field) the model still underestimates the observation. the site in Sydney, Florida, at which the model still under-
There are only two sites in China and three sites in USpredicts the oxalate source or/and overestimates its sink. For
with oxalate measurements for comparison to the model. Thehe two sites in Africa (red stars in Fig. 6), the model fails to
model underestimates the observations in China, especiallpredict the observations. The modeled oxalate concentration
at the Mangshan site, 40 km north of Beijing, polluted by air in Case 1 is 3 times higher than the observation at the central
mass transported from Beijing (He and Kawamura, 2010).Africa site and is only about 1/5 of measured concentration
This site has a high oxalate concentration of 760ngm at the South Africa site. This might suggest that the cloud
The model cannot represent the local emissions and thus onlyater content in this simulation is inconsistent with the real
captures less than 10 % of the observation. Using the GFDLcloud water content or that the model does not represent the
AM3 cloud field does not improve the model performance. sources and/or sinks of oxalate over this region very well. In
Overestimation of oxalate deposition in the model may alsoCase 4, the model underpredicts the measurements at both of
contribute to this underprediction. The three blue circles inthese two sites.
Fig. 6 show the comparisons for the sites in United States, When including Fe chemistry in cloud water in Case 5, al-
and indicate that the model does reasonably well, except fomost all of the modeled oxalate concentrations are lower than
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the measurements by over a factor of 2. As noted above, thisoncentration to total SOA concentration ranges from 9.5 %
underestimation may be caused by an overestimation of thén Case 2 to 33.5% in Case 6. Zhang et al. (2007) present ob-
photolytic rate of the Fe oxalate complex and/or an underesservational SOA data (measured by aerosol mass spectrome-
timation of oxalate production rate. try, AMS) from a series of surface measurements at multiple
The global oxalate burden in Case S1 reported bysites inthe Northern Hemisphere, which were made in differ-
Myriokefalitakis et al. (2011) is 5 times larger than the bur- ent seasons and different years between 2000 and 2006 and
den reported here for Case 1. This is partly because Myriokewere reported for the average of varying durations, spanning
falitakis et al. (2011) increased the solubility of glyoxal 8 to 36 days. Here, we compare the model data at the cor-
and methylglyoxal in cloud water by 2 orders of magni- responding grid in the corresponding month. Figure 7 shows
tude, which is at the high end of measured values, causinghe comparisons of SOA between observations and predic-
a larger oxalate source. Myriokefalitakis et al. (2011) alsotions in Case 1, Case 2, Case 4, Case 5 and Case 6. The nor-
included a set of additional reactions proposed by Carlton etnalized mean bias (NMB) and correlation coefficieR} for
al. (2007) which were based on experiments that were perthese comparisons are listed in Table 6. We do not show the
formed under higher glyoxal concentration conditions thancomparisons for Case 3 in Fig. 7 because the SOA concen-
those present in real cloud water. These additional reactrations for this case are close to those for Case 2 (Table 2).
tions result in more oxalate formation. Myriokefalitakis et Again, we do not expect the model with its low horizon-
al. (2011) combined these additional reactions into a sin-al resolution to capture the POA emissions at urban sites,
gle reaction (see Reaction (R21) in Table 1 in Myriokefal- nor would we capture high local VOC and N@missions,
itakis et al., 2011). We note that the reaction rate constantvhich have a very complex effect on SOA formation due
of 3.1x 10° Lmol~1s~1 for that combined reaction was a to non-linear chemistry (Stroud et al., 2011). The NMB in
typo (M. Kanakidou, personal communication, 2014). The Case 1 is—32.4 % for rural sites (see the Table 6). The mul-
reaction rate constant should be 3.101°L mol~1s™1. In tiphase reaction scheme used for agSOA in aerosol water in
addition, a longer oxalate lifetime with respect to deposi- Case 2 leads to a larger underestimation (a NMB of around
tion was predicted by these authors. The larger oxalate bur—42.5 %); the use of the GFDL AM3 cloud field allows the
den in Myriokefalitakis et al. (2011) leads to a closer agree-model predictions to more closely match the measurements;
ment with measurements over rural sites. However, the simthe model in Case 6, which adopts the reactive uptake method
ulations in Myriokefalitakis et al. (2011) did not include Fe for both aerosols and clouds, overestimates the observations
chemistry in cloud water which, as we have shown, can deby around 20 %.
crease oxalate concentrations significantly (compare Case 1 In addition to the AMS measurements made in the North-
and Case 5). ern Hemisphere extra-tropics reported in Zhang et al. (2007),
Figure 6 also shows a comparison of oxalate with obserwe also show the comparison with measurements from three
vations at marine sites. Most of the modeled oxalate is lowedifferent campaigns in tropical forested areas (Table 7). As
than the measurements. Myriokefalitakis et al. (2011) con-SOA dominated the total submicron OA in the Amazon
sidered an extra glyoxal source of 20 Tgyover the oceans  Basin (Chen et al., 2009) and in Malaysian Borneo (Robin-
to explain the gap between the glyoxal measured by satellitson et al., 2011), the comparison of OA in these two sites
and that predicted in their model. The underestimation of ox-reflects the model performance of SOA to a large extent.
alate at marine sites in our model would also be improvedCompared with the measurements in west Africa reported
by adding an extra marine source of glyoxal, although theby Capes et al. (2009), the model predicts both a higher
origin of glyoxal in the marine boundary layer is still a mat- SOA concentration and a higher N@oncentration. The
ter of debate (Rinaldi et al., 2011). As shown above and inNOx concentration has been shown to have a large effect
Sect. 3.4, cloud water has an important effect on oxalate foron SOA formation (e.g., Ng et al., 2007), thus, we expect
mation. Therefore it is also valuable to compare the cloudthat improving the N@ predictions might lead to a better
water content in the model with that in the measurementsSOA simulation. There are two measurements available in
However, there are only a few sites where measured oxalatthe Amazon region. Gilardoni et al. (2011) reported aver-
concentrations were reported together with cloud water conage PM 5 organic aerosol concentrations during the wet sea-
tent (e.g., Sorooshian et al., 2006; Wonaschuetz et al., 20125on (February—June) of 1.7 ug larger than the wet sea-
Thus, this comparison is unlikely to be able to discern whichson concentrations measured at the same site by Chen et

source might explain the underestimate. al. (2009) by about 60-80%. In comparison with the mea-
surements reported by Gilardoni et al. (2011), our simulated
4.2 AMS measurements concentrations in Case 1 to Case 5 are around 60 % too high.

At the Malaysian Borneo site, the model simulations of SOA
Although there are no measurements available that can se@re higher than the observation by less than 40 % for Case 1
arate agSOA from the SOA formed in the gas phase, weo Case 5. The simulation in Case 6 overestimates the mea-
can compare the modeled total SOA with the observed tosurements by a factor of 3.8 at the West Africa site and by a
tal SOA. The predicted ratio of the global average agSOA
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Table 6. Normalized mean bias (NMB) and correlation coefficieR) between the predicted SOA for the simulations and observations
reported by Zhang et al. (2007). The number of sites in the comparison is in parentheses.

Case name Urban sites | Urban downwind Rural sites
(N =14) sites (V =6) (N =17)
NMB R NMB R NMB R
Case 1 -40.3% 0.69| —37.6% 0.87| —324% 0.24
Case 2 —-492% 0.71| —48.0% 0.90| —425% 0.28
Case 3 —-495% 0.72| —483% 0.89| —429% 0.28
Case 4 -28.1% 0.63| —25.9% 0.80| —13.8% 0.25
Case 5 -41.2% 0.69| —384% 0.85| —33.2% 0.24
Case 6 -125% 0.72| +89% 0.86| +20.0% 0.30

factor of over two at the Amazon and the Malaysian Borneoganic compounds (SVOCs), SOA from aerosol phase reac-

sites.

tions of these condensed SVOCs, SOA from the uptake of

It should be noted that good agreement between obserpoxide on sulfate aerosol, and SOA formed in the aqueous
vations and model predictions does not imply a robust un-phase as described above (agSOA). We used the following
derstanding of underlying processes. However, the relativenethods to estimate the predicted O/C ratio of these SOA
trends in how these comparisons change between differertomponents:

cases (Table 8) help one to understand the benefits of differ-

ent underlying processes and to determine the best currentl.

approach. For the Northern Hemisphere, the uptake method
(Case 1 and Case 6) provides an approach that agrees better
with the observations while the use of the GFDL cloud field
also improves the model performance. In the tropics the use
of the multiphase reaction scheme helps to close the gap be-

tween the simulation and the observations, and including Fe 2.

chemistry also decreases the model bias. On the other hand,
including Fe chemistry degrades the model’s ability to pre-
dict the oxalate concentrations. Thus there is no single ap-
proach that is able to capture all the observations well. Fur-
ther mechanism development and/or aerosol transport model
and general circulation model development of cloud fields
are needed to improve the agreement with observations. For
example, the inclusion of stable Ca and Zn oxalate complex
formation would increase both oxalate and SOA concentra-
tions and thus help to close the gap between the simulation
and the observations, as we noted above in Sect. 3.7.

4.3 O/Cratios

It is useful to compare the O/C ratio of our modeled OA
to observations, since the O/C ratio in aqueous formation
mechanisms is expected to be larger than that in gas-phase
formation mechanisms. Aiken et al. (2008) derived a signifi-
cant correlation between the O/ C ratios of OA and thgir
signal (the ratio oin /z 44 to the total signal in the mass spec-
trum) and Ng et al. (2010) used this correlation to estimate
the O/ C ratio of oxygenated OA (OOA) obtained from a fac-
tor analysis of the Northern Hemisphere AMS data set. Here,
we compare the O/ C ratios estimated in the model with those
reported by Ng et al. (2010) (Fig. 8).

In the model, we have four different SOA components:
SOA from the gas—particle partitioning of semi-volatile or-

www.atmos-chem-phys.net/14/5451/2014/

For the SOA from the gas—particle partitioning of
SVOCs, there are 26 explicit SVOCs that contribute to
the SOA formed from gas—particle partitioning. We cal-
culated the O/C ratio for each species based on their
chemical formulas (see Table S1in Lin et al., 2012).

For the SOA from aerosol phase reactions of condensed
SVOCs, however, it is not as straightforward to calcu-
late O/ C ratio. First, the aerosol phase reactions of con-
densed SVOCs were simply treated in the model as first-
order reactions to form oligomers with an assumed time
constant (nominally 1 day), without any information on
the products from these aerosol phase reactions. How-
ever, Chen et al. (2011) and Liu et al. (2012) suggested
specific aerosol phase reactions for organic hydroperox-
ides and organic nitrate, respectively, both of which are
major components of SVOCs in the model (Lin et al.,
2012). Chen et al. (2011) proposed a set of new aerosol
phase reactions for organic hydroperoxides: decomposi-
tion, followed by radical-radical oligomerization to ex-
plain the smaller measured O/C ratios than those pre-
dicted in their model. This aerosol phase reaction was
shown to remove 1-2 O atoms from organic hydroper-
oxides. Organic nitrate is thought to undergo hydroly-
sis in the particle phase (Liu et al., 2012), which re-
moves 2 O atoms from organic nitrate. Despite the sim-
ple treatment for oligomer formation in the model, we
assume that the oligomers from organic hydroperoxides
and organic nitrate have 1.5 O atoms and 2 O atoms less
than condensed organic hydroperoxides and organic ni-
trate have, respectively, based on Chen et al. (2011)
and Liu et al. (2012). For the oligomers formed from
other condensed SVOCs, we assume they have the same
O/ Cratio as their corresponding SVOCs. An additional
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Table 7. Comparison of simulated OA and NQvith observations in tropical forested regions.

West Africa (below 2 km) Amazon Basin  Malaysian Borneo
(surface) (surface)
NOx SOA Total OA Total OA
(pPY) (HgnT3) (HgnT3) (HgnT3)
Observations 210 (Capeset 1.18(Capeset 0.7 (Chenet 0.74 (Robinson et
al., 2009) al., 2009) al., 2009) al., 2011)
1.70 (Gilardoni et
al., 2011)
Case 1 354 25 2.54 1.10
Case 2 354 2.3 2.19 0.87
Simulations Case 3 352 2.2 2.02 0.80
Case 4 367 2.6 2.86 1.07
Case 5 347 1.9 1.64 0.84
Case 6 352 4.4 4.45 1.57

Table 8. Comparison of the normalized mean bias (NMB) between observations and the model results for different cases.

AMS measurements AMS Oxalate
atrural sitesin  measurementsin  measurenients
Northern Hemisphefetropical region%
Case 1 —-32.4% 70.7% —63.1%
Case 2 —42.5% 49.7% —61.2%
Case 3 —42.9% 38.7% —62.2%
Case 4 —-13.8% 82.9% —-76.2%
Case 5 —-33.2% 19.3% —-88.2%
Case 6 +20.0% 189.7 % N/A

1 Reported by Zhang et al. (2007);
2 reported by Capes et al. (2009), Gilardoni et al. (2011), and Robinson et al. (2011);
3 compiled by Myriokefalitakis et al. (2011).

complexity is that in the model the 26 SOA species to be 1.5, which is consistent with the measurements by
formed from the oligomerization of condensed SVOCs Lim et al. (2010).

are combined into one species when they are transported )
in the atmosphere. Therefore, we used their global ay-We then averaged the O/C ratios of these four SOA com-

eraged SOA formation rates (listed in Table S1 in Lin ponents by weighting their mass concentrations to obtain the

et al., 2012) rather than their mass concentrations t2verage O/C ratio for total SOA. As shown in Fig. 8, the
weight their relative contributions to the O/C ratio,. medeled O/C ratios are higher than those reported by Ng
Based on these assumptions, we estimate the averagﬁat al. (2010) and have a normalized mean bias of 33%. The

O/ C ratio for the SOA from aerosol phase reactions of "igher O/C ratios estimated in the model might suggest an
condensed SVOCs to be around 0.687. However. valoverestimation of the contribution of aqueous SOA forma-

ues for some of the SVOCs with smaller burdens range§i°” or multiple generation oxidation products to SOA forma-
from 3.0 t0 0.3. tion or a missing aerosol phase reaction of condensed SVOCs
that would lead to products with lower O/ C ratios. Alterna-
3. For SOA from the uptake of epoxide, the O/C ratio is tively, the AMS instrument might underestimate O/ C ratios.
estimated to be 0.6 since the O/ C ratio of epoxide from
isoprene oxidation is 0.6 in the model, and its oligomer-
ization would not be expected to change this ratio (Sur-5 Conclusions

ratt et al., 2010). . . . .
) In this paper, we simulated the formation of SOA in both

4. The O/C ratio for oxalic acid is 2, for glyoxylic acid cloud and aerosol water using multiphase processes with dif-
is 1.5, and for pyruvic acid is 1.0. The O/C ratio for ferent chemical reactions as well as a surface-limited uptake
oligomers from glyoxal and methylglyoxal is assumed process. We also conducted a simulation using the GFDL
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LY et al., 2008). The measurements at the various sites were made in
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Caseg were reported for the average of different durations, spanning 8 to
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s 77 ST Similarly, the oligomer concentrations increase in the sum-
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= 3] oG L Using the surface-limited uptake process scheme with the
0 é,o - reactive uptake parameter adopted from the laboratory stud-
0 3 8 9 12 15 18 ies (Case 6) leads to higher agSOA production rates both in

Ob d SOA 3 . . .
served SOAGue m?) cloud and in aerosol water than using only the multiphase

Figure 7. Comparison of SOA mass concentrations observed aProcess scheme (Cases 2 and 3). The use of a multiphase
the urban, urban downwind and rural sites reported in Zhang eteaction scheme for aerosol water decreases the global total
al. (2007) with those simulated in Case 1, Case 2, Case 4, Case &SOA burden by around 50 % (compare Case 1 and Case 2).
and Case 6. Solid lines show the Lratio, and dashed lines show The use of the uptake parameter method for both cloud water
the 1: 2 and 2 1 ratios. The measurements at the various sites wereand aerosol water in Case 6 predicts a 185 % larger burden
made in different seasons and different years between 2000 anghgn Ccase 1. Anincrease of 3 orders of magnitude for the ef-
2_006 and were reported for the average of different durations, SPaactive Henry’s law constants of glyoxal and methylglyoxal
ning 8 to 36 days. The model r_esults are the average values over ti}ﬁ aerosol water leads to an increase of 1 order of magni-
same months as the observations. . . . . .

tude in oligomer net production rate and an increase in ag-

SOA burden by 8 %. When we changed the diagnostic cloud

field to that simulated by the GFDL AM3 model, the organic
AM3 cloud fields and a simulation including Fe chemistry acid production rate decreased by around 60 % while sulfate
in cloud water. formation rates increased slightly, because the GFDL AM3

The annual average organic acid concentration (i.e., theloud field has a much smaller cloud water content in tropi-

sum of oxalic acid, glyoxylic acid, and pyruvic acid) peaks cal regions but a higher cloud water content in the Northern
over the tropics due to the large biogenic emissions andHemisphere. The replacement of the diagnostic cloud field
abundant cloud water there, while oligomers generally showwith the GFDL AM3 cloud field causes the agSOA burden to
a maxima over industrialized areas in the Northern Hemi-increase by 16 %. The aqSOA formation rate in cloud water
sphere due to formation within aqueous aerosols and thés slightly less than in aerosol water in the simulation with
large sulfate aerosol concentrations located in these regionshe GFDL AM3 cloud field, while in the other simulations
During the summer, large organic acid concentrations arewith the diagnostic cloud field the agSOA formation rate in
also predicted in the Northern Hemisphere resulting fromcloud water dominates that in aerosol water. The introduc-
seasonally enhanced biogenic emissions and photochemistrifon of Fe chemistry in cloud water has a large impact on the
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agueous-phase OH and aqSOA budget, increasing the globébns at all sites. Since the inclusion of the formation of sta-
average tropical aqueous OH radical source by a factor oble metal-oxalate complexes in the model is expected to en-
about 2.6 and decreasing the net source and burden of adpance both oxalate and aqgSOA concentrations, a multiphase
SOA by 31 % and 11 %, respectively. reaction scheme that included this complex formation might
We also compared the oxalic acid predicted from thesework best.
different schemes and chemical mechanisms with measure- Future work is needed to close the gap between simula-
ments obtained in Europe, the Amazon, Africa, China andtions and observations. In particular, more lab and model
the US. Overall, the model tends to underestimate observastudies are needed to improve the representation of chemical
tions, probably because it does not account for the directeactions within the aqueous phase and at the gas—aerosol
emission of oxalic acid from primary sources (e.g., wood interface, since there is still a large inconsistency between
burning, meat cooking, and biomass burning) or the oxalicthe existing uptake parameter method and the multiphase re-
acid formed in the aging process associated with emissionaction schemes derived from lab studies and field measure-
plumes. However, this underestimation might also be due to anents. Also, more work is needed to improve our under-
deposition rate that is too high or to a cloud water content thastanding of oxalate sources and sinks, especially the forma-
is too low in the model. In fact, using the GFDL AM3 cloud tion of stable metal-oxalate complexes, because the model
field in Case 4 improved the model predictions at some sitesended to underestimate observed oxalate concentrations for
in the Northern Hemisphere. Consistent with the findings ofall cases studied. In addition, the high sensitivity of agSOA to
Myriokefalitakis et al. (2011) and Rinaldi et al. (2011), the cloud water content shows the importance of improving the
comparison of oxalate for marine sites suggests that thereepresentation of cloud water content in general circulation
may be a missing source of oxalic acid over the ocean. Whemodels in order to improve agSOA formation.
including Fe chemistry in cloud water, the model underpre-
dicts all of the measured concentrations of oxalate by over a . . . .
factor of 2. The Supplement related to this article is available online
Comparisons of the total SOA (aqSOA combined with at doi:10.5194/acp-14-5451-2014-supplement
the SOA formed in the gas phase) for all cases with the
SOA measured by AMS in the Northern Hemisphere show
reasonable agreement, although the NMB varies between
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