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Abstract. Interest in the potential formation of secondary or-
ganic aerosol (SOA) through reactions of organic compounds
in condensed aqueous phases is growing. In this study,
the potential formation of SOA from irreversible aqueous-
phase reactions of organic species in clouds was investi-
gated. A new proposed aqueous-phase chemistry mecha-
nism (AqChem) is coupled with the existing gas-phase Cal-
tech Atmospheric Chemistry Mechanism (CACM) and the
Model to Predict the Multiphase Partitioning of Organics
(MPMPO) that simulate SOA formation. AqChem treats ir-
reversible organic reactions that lead mainly to the forma-
tion of carboxylic acids, which are usually less volatile than
the corresponding aldehydic compounds. Zero-dimensional
model simulations were performed for tropospheric condi-
tions with clouds present for three consecutive hours per day.
Zero-dimensional model simulations show that 48-h aver-
age SOA formation is increased by 27% for a rural scenario
with strong monoterpene emissions and 7% for an urban sce-
nario with strong emissions of aromatic compounds, respec-
tively, when irreversible organic reactions in clouds are con-
sidered. AqChem was also incorporated into the Commu-
nity Multiscale Air Quality Model (CMAQ) version 4.4 with
CACM/MPMPO and applied to a previously studied photo-
chemical episode (3–4 August 2004) focusing on the eastern
United States. The CMAQ study indicates that the maxi-
mum contribution of SOA formation from irreversible reac-
tions of organics in clouds is 0.28µg m−3 for 24-h average
concentrations and 0.60µg m−3 for one-hour average con-
centrations at certain locations. On average, domain-wide
surface SOA predictions for the episode are increased by 9%
when irreversible, in-cloud processing of organics is consid-
ered. Because aldehydes of carbon number greater than four
are assumed to convert fully to the corresponding carboxylic
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acids upon reaction with OH in cloud droplets and this as-
sumption may overestimate carboxylic acid formation from
this reaction route, the present study provides an upper bound
estimate of SOA formation via this pathway.

1 Introduction

Atmospheric particulate matter (PM) is associated with ad-
verse human health effects (Pope and Dockery, 2006), de-
creases in visibility (Malm, 1989), and global climate forc-
ing (Charlson et al., 1992; Jones et al., 1994). Organic
aerosol (OA) is a ubiquitous and important constituent of at-
mospheric PM (Murphy et al., 1998; Turpin et al., 2000).
OA consists of primary OA (POA), which is emitted directly
from various sources, and secondary OA (SOA), which is
formed in the atmosphere from the oxidation of volatile or-
ganic compounds (VOCs).

The processes leading to SOA formation typically are
viewed as gas-phase oxidation of VOCs followed by
nucleation/gas-particle partitioning of low-volatility prod-
ucts (Pankow, 1994; Odum et al., 1996; Griffin et al., 1999).
Oligomer and/or polymer formation in the aerosol phase also
has been shown to be important with regard to SOA forma-
tion (Jang et al., 2002; Kalberer et al., 2004). Besides these
processes, it also has been hypothesized that fog/cloud pro-
cessing, which leads to substantial sulfate formation, could
also be a source for SOA (Blando and Turpin, 2000). The
process of SOA formation from aqueous-phase processing of
organic compounds in clouds involves formation of potential
low-volatility products through aqueous-phase reactions of
organics, followed by subsequent gas-particle partitioning of
the low-volatility products post evaporation of the hydrome-
teor (Blando and Turpin, 2000; Kanakidou et al., 2005). Re-
cent experimental and modeling studies indeed demonstrated
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5344 J. Chen et al.: Modeling in-cloud SOA formation

Fig. 1. Schematic of organic reactions in clouds:(a) organics of
carbon number less than four (based on Ervens et al., 2004 and
Lim et al., 2005);(b) organics of carbon number greater than four
(based on Aumont et al., 2000) (S2–S7 and S10 are surrogates in
the MPMPO module).

that SOA potentially can be formed from aqueous-phase pro-
cessing of organic compounds in clouds (Altieri et al., 2006;
Carlton et al., 2006; Loeffler et al., 2006). Ambient parti-
cle size distribution measurements also showed the occur-
rence of droplet-mode organics (Blando et al., 1998; Yao
et al., 2002), which, similarly to droplet-mode sulfate, most
likely are formed from cloud processing of organic materials
(Blando and Turpin, 2000). Several modeling studies (War-
neck, 2003; Ervens et al., 2004; Lim et al., 2005; Sorooshian
et al., 2006; Sorooshian et al., 2007) have simulated success-
fully the formation of low-molecular weight dicarboxylic
acid from cloud processing of organics. Such dicarboxylic
acids have been found in atmospheric aerosols in various re-
gions (Kawamura and Ikushima, 1993; Decesari et al., 2000).
In addition, Claeys et al. (2004) showed that multiphase acid-

catalyzed organic reactions with hydrogen peroxide provided
a new route for SOA formation from isoprene and hypothe-
sized that such a mechanism also could provide a pathway
for SOA formation from monoterpenes and their oxidation
products. Most recently, Heald et al. (2006) analyzed the
covariance of water soluble particulate organics with other
species in the free troposphere over the eastern United States,
with the results suggesting aqueous-phase SOA generation
involving biogenic precursors.

Given the increasing interest in potential SOA forma-
tion through the aqueous-phase processing of organic com-
pounds, this paper evaluates the significance of SOA for-
mation from aqueous-phase reactions of organics in cloud
droplets through a modeling study. The study involves
the development of an aqueous-phase chemistry mechanism
(AqChem) that specifically includes treatment of potential
organic reactions that lead to production of semi-volatile or-
ganic compounds. Because of our incomplete knowledge on
the aqueous-phase chemistry for organics (Kanakidou et al.,
2005; Gelencser and Varga, 2005), AqChem treats organic
reactions based on previous work by Ervens et al. (2004)
and Lim et al. (2005) for organics of carbon number up to
four and the simple protocol used by Aumont et al. (2000)
for organics of carbon number greater than four. Poten-
tial reversible oligomerization reactions (Altieri et al., 2006)
are not included because of a current lack of a quantitative
description of these phenomena. AqChem utilizes an ex-
isting gas-phase chemistry mechanism, the Caltech Atmo-
spheric Chemistry Mechanism (CACM) (Griffin et al., 2002)
that provides the prediction of gas-phase production of or-
ganic compounds. It is also linked with a SOA module, the
Model to Predict the Multi-phase Partitioning of Organics
(MPMPO) (Griffin et al., 2003), such that the partitioning
between the gas and aerosol phases of semi-volatile organic
products from aqueous-phase reactions is determined ther-
modynamically. AqChem was used in a zero-dimensional
model as well as a three-dimensional model to study the mag-
nitude of potential SOA formation in clouds.

2 Methods

2.1 Development of the AqChem mechanism

AqChem was developed based on previous work (Aumont
et al., 2000; Warneck, 2003; Ervens et al., 2004; Lim et al.,
2005) and to work specifically with the CACM mechanism
and the MPMPO module. The main purpose of AqChem
is to treat the irreversible organic reactions that potentially
lead to the production of semi-volatile organic compounds in
clouds.

In AqChem, the reactions for organics of carbon number
up to four that are treated in the CACM mechanism were
adopted from previous work by Ervens et al. (2004) and Lim
et al. (2005) and are shown schematically in Fig. 1a. The
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main purpose of the reaction scheme for organics of carbon
number up to four is to provide formation routes for oxalic
and pyruvic acids. Briefly, organics in the cloud phase are
assumed to be oxidized only by hydroxyl radical (OH). Gly-
coaldehyde and glyoxal are converted to oxalic acid via gly-
oxylic acid (Ervens et al., 2004; Lim et al., 2005). Methyl-
glyoxal is converted to pyruvic acid, which decomposes to
form acetic acid. Ethanol and acetaldehyde are converted to
acetic acid as well. A portion of acetic acid is converted to
oxalic acid, while the rest decomposes to formaldehyde (Lim
et al., 2005). No reactions are treated for methyl vinyl ketone
and methacrolein in the aqueous phase because of their low
solubility in water (Ervens et al., 2004).

Within CACM, there are approximately 140 semi-volatile
organic compounds of carbon number greater than four
(Griffin et al., 2002; Chen and Griffin, 2005). Instead of
treating potential aqueous-phase chemistry for these organic
compounds individually, an organic surrogate approach simi-
lar to that used in MPMPO was adopted here. In the MPMPO
module, each semi-volatile organic compound is lumped into
one of 11 organic surrogate species (Griffin et al., 2003; Grif-
fin et al., 2005; Chen et al., 2006). MPMPO calculates the
partitioning between the gas and aerosol phases for these 11
surrogate species. Similarly, AqChem treats the aqueous-
phase chemistry for four of the 11 surrogates because of
their potential to lead to less volatile organic products (e.g.,
carboxylic acids). These four surrogate species are surro-
gate 3 (S3, 3-hydroxy-2, 4-dimethyl-2, 4-hexadiendial), sur-
rogate 5 (S5, 2-hydroxyl-3-isopropyl-6-keto-heptanal), sur-
rogate 7 (S7, 2,4-dimethyl-3-formyl-benzoic acid), and sur-
rogate 10 (S10, 1-methyl-1-hydroxy-2-nitrato-4-isopropyl-
cyclohexane) in the MPMPO module (Griffin et al., 2003;
Griffin et al., 2005). In this way, although only four aqueous-
phase chemical reactions were added for organic compounds
of carbon number greater than four, 58 organic compounds
that are lumped into these four surrogates in the MPMPO un-
dergo further reactions in the aqueous phase. The products of
aqueous-phase reactions for these four MPMPO surrogates
were based on the protocol used by Aumont et al. (2000).
Aumont et al. (2000) assumed that (1) OH is the only oxi-
dant; (2) an aldehyde moiety is converted to a carboxylic acid
moiety; and (3) the carbon skeleton is not changed during
oxidation. Following the protocol of Aumont et al. (2000),
the oxidation of S3 by OH leads to the formation of 3-
hydroxy-2, 4-dimethyl-2, 4-hexadienalic acid (S3PD). The
oxidation product of S5 is 2-hydroxyl-3-isopropyl-6-keto-
heptanoic acid (S5PD). S7 is converted to 3, 5-dimethyl-1, 4-
dibenzoic acid (S7PD). Oxidation of S10 by OH in the aque-
ous phase leads to a product (S10PD, 1-methyl-1-hydroxy-
2-nitrato-3-oxo-4-isopropyl-cyclohexane) that has one more
ketone group than surrogate 10. The assumption of full con-
version of aldehydes of carbon number greater than four to
their corresponding acids likely represents an upper-bound
estimate of the yields of carboxylic acids from this reaction
pathway (Carlton et al., 2006). The aqueous-phase oxidation

Fig. 2. Flow diagram for SOA modeling with/without consideration
of the aqueous-phase chemistry in clouds.

rates by OH for these surrogate species were estimated based
on the method of Dutot et al. (2003). The reaction scheme for
these surrogate species is shown in Fig. 1b.

AqChem also includes a compact treatment of aqueous-
phase hydrogen-oxygen and sulfur chemistry mainly based
on Ervens et al. (2003) and Ervens et al. (2004). Such a
compact treatment includes the important reactions for de-
termining aqueous OH levels and aqueous sulfate formation
but is computationally less demanding than detailed treat-
ments, which is especially important for three-dimensional
air quality simulations. Tables 1 and 2 list the irreversible
and equilibrium reactions, respectively, that are included in
AqChem. Gas and aqueous-phase mass transfer was treated
according to the resistance model of Schwartz (1986) by con-
sidering mass accommodation coefficient (α), gas-phase dif-
fusion constants (Dg), and Henry’s law constants (KH ) for
each soluble species, values of which are shown in Table 3.

After the evaporation of cloud droplets, the partitioning
between the gas and aerosol phases for the oxidation prod-
ucts formed from the aqueous-phase reactions is computed
by the MPMPO module. This is shown schematically in
Fig. 2. If clouds are not present, the amounts of semi-volatile
organic compounds computed from the CACM mechanism
are used directly as input to the MPMPO module to com-
pute SOA formation, as in previous applications (Chen et
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Table 1. Aqueous-phase irreversible reactions included in AqChem.

Num. Reactions ka E/R (K) Ref.b

1 O3 + O−

2 → 2O2 + OH + OH− 1.5e9 2200 2
2 H2O2 + OH → HO2 + H2O 3.0e7 1680 1
3c H2O2 + hv → 2OH 1
4 HO2 + O−

2 → H2O2 + O2 + OH− 9.7e7 1060 1
5 HO2 + HO2 → H2O2 + O2 8.3e5 2720 1
6 OH + HO2 → H2O + O2 1.0e10 1
7 OH + O−

2 → OH− + O2 1.1e10 2120 1
8 O3+ OH → HO2 + O2 1.0e8 1
9c NO−

3 + hv → NO2 + OH + OH− 1

10 S(IV) + O2
Fe3+,Mn2+

−→ S(VI) 2.6e3[Fe3+] + 7.5e2[Mn2+]
+1.0e10[Fe3+][Mn2+]
(if pH ≤ 5.0)
7.5e2[Mn2+]
+ 2.0e10[Fe3+][Mn2+]
(if pH > 5.0)

5,6

11 HSO−

3 + H2O2 + H+
→ SO2−

4 + H2O + 2 H+ 6.9e7 4000 1,4
12 HSO−

3 +O3 → HSO−

4 + O2 3.7e5 5530 1,4
13 SO2·H2O + O3 → HSO−

4 + O2 + H+ 2.4e4 1,4

14 SO2−

3 + O3 → SO2−

4 + O2 1.5e9 5280 1,4
15 HCHO + HSO−3 → HOCH2SO−

3 4.5e2 2660 4

16 HCHO + SO2−

3 → HOCH2SO−

3 + OH− 5.4e6 2530 4

17 HOCH2SO−

3 + OH−
→ CH2(OH)2+ SO2−

3 4.6e3 4880 4
18 HOCH2SO−

3 + OH → HOCHSO−

3 + H2O 3.0e8 4
19 HOCHSO−3 + O2 → HCOOH + HSO−

3 + HO2 2.5e9 4
20 CH3OH + OH→ HCHO + HO2 1.0e9 580 1
21 CH2(OH)2 + OH → HCOOH + HO2 + H2O 1.1e9 1020 1
22 CH3OO + HO2 → CH3OOH + O2 4.3e5 4
23 CH3OO + O−

2 → CH3OOH + OH− + O2 5.0e7 4
24 CH3OOH + OH→ CH3OO + H2O 3.0e7 1680 1
25 CH3OOH + OH→ HO2 + HCOOH 6.0e6 1680 1
26 HCOOH + OH→ CO2 + HO2 + H2O 1.3e8 1000 1
27 HCOO− + OH → CO2 + H2O 1.0e9 1000 1
28 CH3CHO + OH→ CH3COOH + HO2 3.6e9 1
29 CH3CH(OH)2 + OH → CH3COOH + HO2 1.2e9 1
30 CH3CH2OH + OH→ CH3CHO + HO2 1.9e9 1
31 CH2OHCHO + OH→ (CH2(OH)2)2 + HO2 1.2e9 2
32 (CH2(OH)2)2 + OH → CHOCOOH + HO2 1.1e9 1516 1
33 CHOCOOH + OH→ (COOH)2 + HO2 3.6e8 1000 2
34 CHOCOO− + OH → (COOH)2 + HO2 2.9e9 4300 2
35 CH3COOH + OH→ 0.85CHOCOOH + 0.15 CH2(OH)2 1.6e7 3
36 CH3COO− + OH → 0.85CHOCOOH + 0.15 CH2(OH)2 8.5e7 3
37 (COOH)2 + OH → HO2 + 2CO2+ H2O 1.4e6 2
38 HC2O−

4 + OH → HO2 + 2CO2 + H2O 1.9e8 2800 2

39 C2O2−

4 + OH → HO2 + 2CO2 + H2O 1.6e8 4300 2
40 CH3COCHO + OH→ CH3COCOOH + HO2 1.1e9 1600 2
41 CH3COCOOH + OH→ CH3COOH + HO2 + CO2 6.0e7 3
42 CH3COCOO− + OH → CH3COO− + HO2 + CO2 6.0e7 3
43d S3 + OH→ S3PD + HO2 4.98e9 7
44d S5 + OH→ S5PD + HO2 5.76e9 7
45d S7 + OH→ S7PD + HO2 4.26e9 7
46d S7− + OH → S7PD + HO2 4.08e9 7
47d S10 + OH→ S10PD 1.23e10 7

a in appropriate units of M and s−1

b References: 1: Ervens et al. (2003); 2: Ervens et al. (2004); 3: Lim et al. (2005); 4: Warneck (1999); 5. Martin and Good (1991); 6: Zaveri
(1999); 7: Dutot et al. (2003).
c Maximum photolysis rates for reactions 3 and 9 are 6.01e-6 s−1 and 2.41e-7 s−1, respectively, in zero-dimensional model simulations. In
three-dimensional model simulations, photolysis rate for reaction 3 is calculated by multiplying the corresponding gas-phase photolysis rate
by 2.0, and photolysis rate for reaction 9 is calculated by multiplying photolysis rate for reaction 3 by 0.04.
d S3: 3-hydroxy-2, 4-dimethyl-2, 4-hexadiendial; S3PD: 3-hydroxy-2, 4-dimethyl-2, 4-hexadienalic acid; S5: 2-hydroxyl-3-isopropyl-
6-keto-heptanal; S5PD: 2-hydroxyl-3-isopropyl-6-keto-heptanoic acid; S7: 2,4-dimethyl-3-formyl-benzoic acid; S7PD: 3, 5-dimethyl-1,
4-dibenzoic acid; S10: 1-methyl-1-hydroxy-2-nitrato-4-isopropyl- cyclohexane; S10PD: 1-methyl-1, 3-dihydroxy-2-nitrato-4-isopropyl-
cyclohexane
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Table 2. Aqueous-phase equilibrium reactions included in AqChem.

Num. Equilibrium reactions K (M) E/R (K) Ref.a

1 H2O ↔ H+ + OH− 1.8e-16 6800 1
2 CO2·H2O ↔ HCO+

3 + H− 7.7e-7 -1000 2

3 HCO+

3 ↔ CO2−

3 + H− 4.84e-11 -1760 2
4 HO2 ↔ H+ + O−

2 1.6e-5 1
5 HNO4 ↔ H+ + NO−

4 1.0e-5 1
6 HNO3 ↔ H+ + NO−

3 22.0 –1800 1
7 HONO↔ H++ NO−

2 5.3e-4 1760 1
8 NH3·H2O ↔ NH4+ + OH− 1.75e-5 560 1
9 SO2·H2O ↔ HSO−

3 + H+ 1.73e-2 -1940 1

10 HSO−

3 ↔ SO2−

3 + H+ 6.22e-8 –1960 1
11 H2SO4 ↔ HSO−

4 + H+ 1000 1

12 HSO−

4 ↔ SO2−

4 + H+ 1.02e-2 –2700 1
13 HCHO + H2O ↔ CH2 (OH)2 36.0 –4030 1
14 HCOOH↔ HCOO− + H+ 1.77e-4 –12 1
15 CH3CHO + H2O ↔ CH3CH(OH)2 2.46e-2 –2500 1
16 CH3COOH↔ H+ + CH3COO− 1.75e-5 –46 1
17 CHOCOOH↔ CHOCOO− + H+ 6.6e-4 2
18 COOHCOOH↔ HC2O−

4 + H+ 6.4e-2 1

19 HC2O−

4 ↔ C2O2−

4 + H+ 5.25e-5 1
20 CH3COCOOH↔ CH3COCOO− + H+ 4.07e-3 2
21 S7↔ S7− + H+ 7.335e-5 3
22b S3PD↔ S3PD− + H+ 3.7e-5 3
23b S5PD↔ S5PD− + H+ 6.52e-4 3
24b S7PD↔ S7PD− + H+ 1.7e-3 3

a References: 1: Ervens et al. (2003); 2: Ervens et al. (2004); 3: Pun et al. (2002).
b See Table 1 for molecular definition of S7, S3PD, S5PD, and S7PD.

al., 2006). If clouds are present, AqChem is first called
to simulate the cloud processing of organics, followed by
a call to MPMPO to calculate SOA formation. The or-
ganic oxidation products in clouds were lumped into exist-
ing surrogates in the MPMPO module. Oxalic and pyruvic
acids were lumped into surrogate 1 (oxalic acid) of MPMPO.
S3PD, S5PD, S7PD, and S10PD were lumped into surrogate
2 (S2, 2-methyl-5-formyl-2, 4-hexadiendioic acid), surrogate
4 (S4, 2-hydroxy-3-isopropyl-5-keto-3-hexenoic acid), sur-
rogate 6 (S6, 3, 5-dimethyl-2-nitro-4-hydroxy-benzoic acid),
and surrogate 5 (S5, 2-hydroxy-3-isopropyl-6-keto-heptanal)
of MPMPO, respectively. Overall, the aqueous products
S3PD, S5PD, S7PD, and S10PD are less volatile than their
precursors, as in the treatment used by Gelencser and Varga
(2005). Vapor pressure andKH estimates for the surrogate
species in MPMPO can be found in Pun et al. (2002) and
Griffin et al. (2005).

The kinetic processor KPP2.1 (Damian et al., 2002;
Daescu et al., 2003; Sandu et al., 2003) was used to pro-
cess AqChem and generate the associated numerical codes.
A Rosenbrock solver in KPP2.1 was used to solve the differ-
ential equations associated with the mechanism (Sandu et al.,
1997).

2.2 Zero-dimensional model simulations

A zero-dimensional model was constructed to investigate po-
tential SOA formation due to irreversible aqueous-phase or-
ganic chemistry under scenarios for which clouds are present
for three consecutive hours per day (Lim et al., 2005). The
zero-dimensional model considers emissions, dry deposition,
and gas- and aqueous-phase chemistry for chemical species.
The mass balance of the gas- and aqueous-phase species is
described by (Pandis and Seinfeld, 1989; Lim et al., 2005)

dCg

dt
= Qg − Sg +

E

Z
−

vdCg

Z
− LkCg +

LkCa

KH RT
(1)

dCa

dt
= Qa − Sa + kCg −

kCa

KH RT
(2)

whereCg is the gas-phase concentration (mole L−1 of air),
Ca is the aqueous-phase concentration (M),Qg (mole L−1

of air s−1) andQa (M sec−1) are the gas-phase and aqueous-
phase production rate, respectively,Sg (mole L−1 of air s−1)

and Sa (M s−1) are the gas-phase and aqueous-phase loss
rate, respectively,E (mole dm−2 s−1) is the emission rate of
the gas-phase species,Z (dm) is the boundary layer height,

www.atmos-chem-phys.net/7/5343/2007/ Atmos. Chem. Phys., 7, 5343–5355, 2007
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Table 3. Uptake parameters for gas-phase species in AqChem.

Speciesa KH,298 K(M atm−1) 1H/R (K) α Dg (m2 s−1) Ref.b

CO2 3.11e-2 –2423 2.0e-4 1.55e-5 1
NH3 60.7 –3920 0.04 2.3e-5 1
O3 1.14e-2 –2300 0.05 1.48e-5 1
HO2 9.0e3 0.01 1.04-5 1
OH 25.0 –5280 0.05 1.53e-5 1
H2O2 1.02e5 –6340 0.11 1.46e-5 1
HNO3 2.1e5 –8700 0.054 1.32e-5 1
HONO 49.0 –4880 0.5 1.30e-5 1
HNO4 3.0e4 0.1 1.30e-5 1
SO2 1.24 –3247 3.5e-2 1.28e-5 1
H2SO4 2.1e5 0.07 1.30e-5 1
HCHO 2.5 0.02 1.64e-5 1
CH3OH 220 –5390 0.015 1.16e-5 1
CH3OO 310 3.8e-3 1.35e-5 1
CH3OOH 310 3.8e-3 1.31e-5 1
HCOOH 5530 5630 0.10 1.0e-5 2
CH3CHO 11.4 –6254 0.03 1.22e-5 1
CH3CH2OH 190 –6290 8.2e-3 0.95e-5 1
CH2OHCHO 4.14e4 0.03 1.95e-5 2
CH3COOH 5500 –5890 0.019 1.24e-5 2
COOHCOOH 3.26e6 0.019 1.24e-5 3
CHOCHO 3.0e5 3.8e-3 1.31e-5 2
CHOCOOH 9000 0.1 1.0e-5 2
CH3COCHO 3710 0.023 1.15e-5 2
CH3COCOOH 3.11e5 5100 0.1 1.0e-5 2
S3c 6.01e6 0.05 1.0e-5 4,5
S5c 3.90e7 0.05 1.0e-5 4,5
S7c 4.91e6 0.05 1.0e-5 4,5
S10c 1.18e6 0.05 1.0e-5 4,5

a N2O5 is assumed to be completely dissolved in water and to form two moles of HNO3.
b References: 1: Ervens et al. (2003); 2: Ervens et al. (2004); 3: Lim et al. (2005); 4: Pun et al. (2002); 5: Aumont et al. (2000).
c See Table 1 for molecular definition of S3, S5, S7, and S10.

vd (dm s−1) is the dry deposition velocity,L is the cloud liq-
uid water volume fraction,KH (M atm−1) is the effective
Henry’s law constant,R (L atm mole−1 K−1) is the ideal gas
constant,T (K) is the temperature, andk (s−1) is the mass
transfer coefficient,

k = (
a2

3Dg

+
4a

3vα
)−1 (3)

where α is the mass accommodation coefficient,Dg

(cm2 s−1) is the gas-phase diffusion constant,a is the cloud
droplet radius (cm), andv is the mean molecular speed
(cm s−1).

The zero-dimensional model couples CACM, AqChem,
and MPMPO. Emissions and dry deposition of gas-phase
species were implemented within the gas-phase chemistry
mechanism. As with AqChem, the latest version of CACM
with emissions and dry deposition of species was processed
by KPP2.1, and a Rosenbrock solver was used for solving

the differential equations. If clouds are present, the simu-
lations of gas-phase and aqueous-phase chemistry processes
are split every 12 min, following the treatment in the three-
dimensional model that will be discussed subsequently. If
clouds are not present, only gas-phase chemistry is simulated
every 12 min. At the end of every 12 min, MPMPO is called
to simulate SOA formation.

For the zero-dimensional model simulation, conditions are
based on the study of Lim et al. (2005). The boundary layer
height was assumed to be fixed at 1000 m. Temperature and
relative humidity (RH) are 298 K and 75%, respectively, if
clouds are not present. Clouds were assumed to be present
through the entire boundary layer for hours 13–16 of each
day. Cloud water content was assumed to be 0.5 g m−3, and
cloud droplets were assumed to have a uniform diameter of
10µm (Gelencser and Varga, 2005; Lim et al., 2005). Tem-
perature and RH were assumed to be 288 K and 100%, re-
spectively, when clouds are present. In addition, a constant
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Table 4. Twenty-four-hour average emission rates (moles m−2 s−1)

for two scenarios used in zero-dimensional model simulations.

Species Emissions for Emissions for
Scenario 1 Scenario 2

NO 1.36e-9 3.27e-8
NO2 1.42e-10 3.63e-9
CO 1.33e-8 3.40e-7
HCHO 1.33e-11 6.73e-10
ALD1 a 2.63e-10 1.06e-9
OLELa 1.38e-9 1.49e-9
AROLa 5.56e-11 7.18e-10
AROHa 6.60e-11 1.33e-9
ISOPa 2.64e-9 1.83e-9
TERPa 8.30e-10 1.87e-11
ALKL a 3.04e-9 1.11e-8
SO2 5.06e-11 6.38e-9

a ALD1: lumped small-carbon-number aldehydes; OLEL: lumped
alkenes C3-C6; AROL: lumped low-SOA-yield aromatic species;
AROH: lumped high-SOA-yield aromatic species; ISOP: isoprene;
TERP: monoterpenes; ALKL: lumped alkanes C2-C6.

cloud pH of 4.5 was assumed. Photolysis rates were assumed
to vary semisinusoidally between hour 6 and hour 18 of each
day, with a peak at hour 12. In addition, photolysis rates
were assumed not to be influenced by the presence of clouds,
as was assumed by Ervens et al. (2004) and Lim et al. (2005).

Two emissions scenarios were studied. Scenario 1 features
strong biogenic monoterpene emissions for a rural area, and
Scenario 2 features strong anthropogenic emissions of aro-
matic compounds for an urban area. Emission rates and de-
position velocities of gas-phase hydrocarbons were extracted
from previous three-dimensional model simulations (Chen et
al., 2006; Mao et al., 2006). These are shown in Tables 4
and 5, respectively. In order to simulate SOA formation in
MPMPO, total POA concentrations (fractions of individual
POA species are consistent between the two scenarios and
are based on those used in Chen et al., 2006), aerosol water
content, and aerosol pH for both scenarios were assumed to
be constant at 1.0µg m−3, 30µg m−3, and 3.0, respectively.
This simplified treatment omits considerations of emission,
deposition, and size distribution of aerosols. In addition, the
zero-dimensional model simulations were performed for four
days for each scenario. The first two days were used as ini-
tialization days, while the last two days were used for analy-
sis.

2.3 Three-dimensional model simulation

AqChem was incorporated into the Community Multiscale
Air Quality (CMAQ) model version 4.4 with CACM and
MPMPO (Chen et al., 2006). In addition, the computation-
ally efficient version of the MPMPO module (Tulet et al.,

Table 5. Twenty-four-hour average dry deposition velocities
(dm s−1) for two scenarios used in zero-dimensional model sim-
ulations.

Species Dry deposition velocities Dry deposition velocities
for Scenario 1 for Scenario 2

NO 2.52e-3 9.08e-4
NO2 2.03e-3 7.45e-4
O3 2.71e-3 1.46e-3
H2O2 7.41e-3 4.77e-3
NO3 1.48e-2 3.26e-2
HNO3 1.75e-2 3.41e-2
HONO 6.88e-3 3.94e-3
N2O5 1.56e-2 3.00e-2
CO 2.83e-3 1.26e-3
SO2 6.28e-3 3.82e-3
HCHO 6.67e-3 3.20e-3
ALD a 4.03e-3 2.03e-3
ORAa 6.06e-3 3.63e-3
PAN a 1.95e-3 8.89e-4

a ALD for general aldehydes, ORA for general organic acids, and
PAN for general peroxy acyl nitrates.

2006) was used. CMAQ originally employed the RADM
aqueous-phase chemistry mechanism, mainly for the pur-
pose of predicting aqueous-phase sulfate formation in grid
resolved clouds and/or sub-grid convective clouds (Byun and
Ching, 1999). In the CMAQ model, the aqueous-phase
chemistry mechanism is called when the liquid water content
of clouds exceeds 10−5 kg m−3. Cloud droplet diameter was
assumed to be 10µm (Lim et al., 2005). In addition, CMAQ
assumes that accumulation mode particles serve as cloud
condensation nuclei and Aitken mode particles form inter-
stitial aerosol that can be scavenged by clouds. Therefore,
all accumulation mode particles and some fraction of Aitken
mode particles are included in the resulting aqueous phase
of the hydrometeors. Chemical species (e.g., nitrate, oxalic
acid, S3, S5, S7, and S10) of cloud-incorporated particles are
also subject to aqueous-phase chemistry. SOA formation due
to both the gas-phase oxidation and the aqueous-phase oxi-
dation is distributed between accumulation and Aitken mode
particles using the proportion of preexisting OA in these two
modes.

CMAQ with CACM and MPMPO was applied previously
to an episode (3–4 August 2004 with spin-up days of 1–2
August 2004) over the eastern United States (Chen et al.,
2006). In this study, CMAQ with CACM and MPMPO and
with the newly developed AqChem was applied to the same
episode to study the significance of SOA formation from the
consideration of irreversible aqueous-phase organic chem-
istry in clouds. Model inputs (e.g., emissions and meteoro-
logical fields) and model configurations (e.g., model domain
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Fig. 3. SOA predictions from zero-dimensional model simulations:
(a) Scenario 1 (S4: SOA of surrogate species 4 of MPMPO; S5:
SOA of surrogate species 5 of MPMPO)(b) Scenario 2 (S2: SOA
of surrogate species 2 of MPMPO; S6: SOA of surrogate species 6
of MPMPO). “w aq” indicates simulation with consideration of the
aqueous-phase organic chemistry in clouds; “w/o aq” indicates sim-
ulation without consideration of the aqueous-phase organic chem-
istry in clouds.

and vertical layers) for this episode are described in Mao et
al. (2006) and Chen et al. (2006).

3 Results

3.1 Zero-dimensional model simulations

Figure 3a shows the SOA predictions from the zero-
dimensional model simulation for Scenario 1, which features
strong monoterpene emissions for a rural area. Averaged
over 48 h, total SOA prediction considering SOA formation
from cloud-phase organic reactions is 5.7µg m−3, which is
approximately 27% higher than the prediction without con-
sidering aqueous-phase chemistry in clouds. At the end of
simulation, total SOA prediction with aqueous-phase chem-
istry in clouds is 8.7µg m−3, which is 32% more than that
from the simulation without clouds. Compared to the SOA

prediction without consideration of the aqueous-phase chem-
istry, total SOA prediction with aqueous-phase chemistry in-
creases substantially during the hours 13–16 and hours 37–
40, during which clouds are present. This suggests substan-
tial rapid processing of organic compounds in cloud droplets
and that such processing leads to formation of SOA.

As shown in Fig. 3a, the increase of SOA prediction from
aqueous-phase chemistry is due primarily to the increase of
SOA formation from S4 and S5 of MPMPO, which is at-
tributed to the oxidation of S5 to form S5PD (lumped to S4)
and the oxidation of S10 to form S10PD (lumped to S5) in
AqChem, respectively. Because S4 and S5 are less volatile
and more soluble than S5 and S10, respectively, more SOA is
formed. Both S5 and S10 are surrogates for oxidation prod-
ucts of monoterpenes.

Figure 3b shows the SOA production from Scenario 2 us-
ing the same zero-dimensional model. Scenario 2 represents
an urban environment with strong anthropogenic emissions
(e.g., nitrogen oxides (NOx) and aromatic compounds). If
aqueous-phase chemistry in clouds is considered, the SOA
concentrations predicted at the end of the simulation period
and averaged over 48 h are 9.2µg m−3 and 6.3µg m−3, re-
spectively, which are 11% and 7% higher than that from sim-
ulation without consideration of cloud chemistry. Individu-
ally, the increase of SOA prediction by considering aqueous-
phase organic chemistry is due to the increase of SOA con-
tributions from S2, S6, and, to a smaller extent, S1, which is
then attributed to the aqueous-phase conversion of S3, S7,
and organic compounds of carbon number less than four.
S2, S6, and the majority of S1 are surrogates for oxidation
products from aromatic compounds. Based on the aqueous-
phase organic chemistry proposed in this study, the effect of
aqueous-phase chemistry in clouds on SOA formation is less
important for aromatic compounds than it is for monoterpene
species. The reasons for this include smaller OH concen-
trations in Scenario 2, smaller predicted aromatic product
concentrations (from the gas-phase chemistry mechanism)
that are subject to the aqueous-phase processing, and smaller
reactivity with OH in cloud droplets for aromatic products
compared to monoterpene products.

Sensitivity analyses also were performed to study the ef-
fects of RH, temperature in clouds, cloud water content, and
reduced photolysis rates in clouds as compared to clear sky
conditions on the zero-dimensional model results. It was
found that variations in cloud water content have the most
significant effect on the model results, with variations in
other factors only having minor effects. When cloud water
content is reduced from 0.5 g m−3 to 0.1 g m−3, the increase
of SOA prediction considering aqueous-phase organic reac-
tions averaged over 48 hours decreases to 11% for Scenario
1 and 5% for Scenario 2. This suggests clearly that the mag-
nitude of cloud water content needs to be taken into account
when results from various model simulations are compared.
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Fig. 4. Spatial distribution of surface SOA predictions:(a) difference between 24-h average SOA prediction on 3 August 2004, with/without
aqueous-phase organic chemistry simulation in clouds;(b) 24-h average SOA prediction on 3 August 2004, with aqueous-phase organic
chemistry simulation in clouds;(c) difference between 24-h average SOA prediction on 4 August 2004, with/without aqueous-phase organic
chemistry simulation in clouds;(d) 24-h average SOA prediction on 4 August 2004, with aqueous-phase organic chemistry simulation in
clouds.

3.2 Three-dimensional model simulation

Figure 4 shows the difference between 24-h average SOA
predictions at the surface for 3–4 August 2004 (UTC) when
the SOA formation from aqueous-phase organic chemistry in
cloud droplets is considered and not. In addition, the abso-
lute values of SOA predictions at the surface layer for these
two days are also shown if the SOA formation from aqueous-
phase organic chemistry in clouds is considered. Consider-
ation of SOA formation from aqueous-phase organic chem-
istry increases 24-h average SOA predictions. The maximum
difference in 24-h average SOA predictions within the do-
main is 0.28µg/m3 for both days. Averaged over the entire
domain, the relative increases of 24-h average SOA predic-
tions with consideration of SOA formation from aqueous-
phase organic chemistry in clouds are 8.7% and 8.5% for 3
August and 4 August 2004, respectively.

The increase of SOA predictions if aqueous-phase organic
chemistry is considered is due mainly to the cloud processing
of S5 and S10, which leads to the formation of less volatile
products. Both S5 and S10 are lumped species for oxidation
products of monoterpenes. This is consistent with the fact

that the majority of SOA predicted within the domain is from
biogenic monoterpenes (Chen et al., 2006).

The average relative increase across the domain is smaller
than that from the zero-dimensional model simulation for
Scenario 1 in which strong monoterpene emissions are con-
sidered. The zero-dimensional model simulation represents
an ideal situation in which a site is influenced by biogenic
monoterpene emissions and is exposed to clouds for three
hours in the afternoon (12.5% of the time of each day).
Examination of the meteorological inputs for the chosen
episode indicates that resolved clouds occupy approximately
10–20% of the surface area during the episode. In addi-
tion, CMAQ internally calculates sub-grid convective clouds.
Therefore, on average, each grid has the probability of 10–
20% of being exposed to cloud processing, which is close
to the cloud exposure time used in the zero-dimensional
model. However, the average cloud liquid water content dur-
ing the episode is about 0.2 g m−3, which is smaller than
the 0.5 g m−3 used in the zero-dimensional model simula-
tion. If cloud liquid water content in the zero-dimensional
simulation is assumed to be 0.2 g m−3, the SOA prediction
averaged over 48 hours considering aqueous-phase organic

www.atmos-chem-phys.net/7/5343/2007/ Atmos. Chem. Phys., 7, 5343–5355, 2007



5352 J. Chen et al.: Modeling in-cloud SOA formation

Fig. 5. Time profiles of SOA predictions at sites with maximum dif-
ference in 24-h averaged SOA predictions with or without consid-
eration of aqueous-phase organic chemistry in clouds on 3 August
2004 in the northern Gulf of Maine(a) and 4 August 2004 in the
northern Gulf of Maine(b).

chemistry is reduced to approximately 18% larger than that
without aqueous-phase organic chemistry for Scenario 1. In
addition, locations influenced strongly by monoterpene emis-
sions may not be necessarily exposed to cloud processing.
These two reasons are believed to explain a much smaller
relative SOA increase in the three-dimensional model simu-
lation compared to the zero-dimensional model simulations
if SOA formation from aqueous-phase organic chemistry in
clouds is considered.

Figure 5 indicates the time series of the SOA predictions
with or without consideration of SOA formation from the
aqueous-phase organic chemistry in clouds at the two sites
that have the maximum difference in 24-h average SOA pre-
dictions for 3 August and 4 August 2004, respectively. At
these two sites, the relative difference in SOA prediction with
or without consideration of SOA formation from aqueous-
phase organic chemistry is as high as 36% and 43%, respec-
tively, indicating that accounting for SOA formation from
aqueous-phase organic chemistry in clouds could be impor-
tant at these locations. As shown in Fig. 5, the increase of
SOA formation by considering aqueous-phase organic chem-
istry is due mainly to the increase of SOA formation from S4
and S5, which is again attributed to the aqueous-phase ox-

idation of S5 and S10, which are surrogates for oxidation
products of monoterpenes. This implies that the increase
of SOA formation with consideration of aqueous-phase or-
ganic chemistry in clouds is due to the cloud processing of
monoterpene oxidation products. These two sites are influ-
enced by transport of monoterpenes or monoterpene oxida-
tion products from the New England region. In addition,
these two sites are also exposed to resolved clouds almost
throughout the entire episode. Therefore, SOA formation
from aqueous-phase organics can be important when a site is
influenced by biogenic monoterpene emissions or products
and also exposed to cloud processing for significant time pe-
riods.

An interesting feature of Fig. 5 is that the increase in the
difference in the SOA predictions usually occurs during af-
ternoon hours. This is a direct result of OH being the only
oxidant considered in the aqueous phase. Typically, OH con-
centrations in clouds reach a peak in the early afternoon (Er-
vens et al., 2003), which facilitates the conversion of organic
compounds in cloud droplets and further formation of SOA.
Differences in SOA prediction with or without consideration
of SOA formation through cloud processing was also exam-
ined for three specific sites: Thompson Farm, New Hamp-
shire (semi-rural), Boston, Massachusetts (urban), and Ap-
pledore Island, Maine (marine area influenced by continental
outflow) and was found to be approximately 5%. These sites
were chosen because of different emissions patterns and rel-
ative influences of primary emissions and secondary chem-
istry.

Figure 6 indicates additional SOA formation due to the in-
cloud organic chemistry at layer 14 of the modeling domain.
In addition, for comparative purposes, the total SOA predic-
tions from the simulations with consideration of SOA forma-
tion from aqueous-phase organic chemistry are also shown
for layer 14. The CMAQ modeling domain includes 21 ver-
tical layers using aσ -pressure system extending from the sur-
face to 10 000 Pa. Although the actual altitude for layer 14
varies, according to the U.S. standard atmosphere, layer 14
corresponds to the altitude between 1800 and 2300 m. Layer
14 thus roughly represents the lower free troposphere. The
maximum additional SOA formation due to aqueous-phase
organic chemistry in clouds is 0.25µg m−3 for both days,
only slightly smaller than the maximum difference at the sur-
face. Similar to the surface layer, the increase of SOA pre-
dictions is due primarily to cloud processing of gas-phase
monoterpene oxidation products, indicating the potential of
SOA formation from an aqueous-phase mechanism involving
biogenic precursors as suggested by Heald et al. (2006). Av-
eraged across the modeling domain for layer 14, the relative
difference in SOA predictions is 19% and 15%, respectively
for 3 August and 4 August, which is much larger than the
relative difference at the surface layer. This is due to the fact
that less SOA is predicted to form from gas-phase oxidation
of organic compounds in the free troposphere (Heald et al.,
2005).
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Fig. 6. Spatial distribution of SOA predictions of layer 14:(a) difference in 24-h average SOA prediction on 3 August 2004, with/without
aqueous-phase organic chemistry simulation in clouds;(b) 24-h average SOA prediction on 3 August 2004, with aqueous-phase organic
chemistry simulation in clouds;(c) difference in 24-h average SOA prediction on 4 August 2004, with/without aqueous-phase organic
chemistry simulation in clouds;(d) 24-h average SOA prediction on 4 August 2004, with aqueous-phase organic chemistry simulation in
clouds.

4 Discussion

An aqueous-phase chemistry mechanism was developed to
study the potential of SOA formation in cloud droplets. The
AqChem mechanism incorporates a compact treatment of
hydrogen-oxygen and sulfur chemistry but treats in more de-
tail organic chemistry based on recent work of Aumont et
al. (2000), Ervens et al. (2004), and Lim et al. (2005) in
an effort to represent the potential irreversible organic re-
actions that may lead to low-volatility products. AqChem
was coupled to the existing CACM mechanism and MPMPO
module. Zero-dimensional model simulations indicated that
consideration of SOA formation from organic chemistry in
cloud droplets could lead to increases of SOA prediction
by approximately 27% and 7% for a rural scenario with
strong monoterpene emissions and an urban scenario with
strong aromatic compound emissions, respectively. Three-
dimensional model simulations showed an average of 8–9%
increase in the SOA predictions at the surface when the
aqueous-phase organic chemistry in clouds is considered.
However, the relative increase of SOA prediction at cer-
tain locations could be much higher than the domain-wide,

average surface increase. Overall, based on the proposed
AqChem, the modeling work in this study suggests that SOA
formation due to aqueous-phase organic chemistry in clouds
could be important at locations that are strongly influenced
by monoterpene emissions and where clouds are present for
significantly long time, especially in the afternoon when pho-
tochemistry is strongest.

A key limitation of this study is the simple treatment of or-
ganic reactions in the aqueous phase for organic compounds
of carbon number greater than four. The assumption that
aldehydes of carbon number greater than four fully convert
to the corresponding carboxylic acids may overestimate the
yield of carboxylic acids from the reaction of aldehydes with
OH in clouds. Thus, the results from the current study repre-
sent an upper-bound estimate of SOA formation via this route
in clouds. Herrmann et al. (2005) presented a much more de-
tailed treatment of organic chemistry in their aqueous-phase
chemistry mechanism, although such a mechanism is prob-
ably too complex for incorporation into three-dimensional
models. More laboratory studies are also needed to charac-
terize the mechanism of aqueous-phase reactions, especially
for intermediate gas-phase oxidation products, which are sol-
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uble in water and have the potential to lead to low-volatility
products.

Another limitation is the lack of treatment of potentially
reversible oligomerization processes, especially for small
molecules like glyoxal and methyl glyoxal (Hastings et al.,
2005; Loeffler et al., 2006). These processes are not included
because of a current lack of a quantitative description.

In addition, future studies need to consider the aqueous-
phase processing of organic compounds in deliquescent par-
ticles. Unlike short-lived clouds, deliquescent particles pro-
vide additional time for processing organic compounds and
could be more likely to lead to SOA, despite having signifi-
cantly smaller water contents (Claeys et al., 2004). To treat
similar processes in deliquescent particles, the present multi-
phase mechanism needs to be revised to consider interactions
of different ions and molecules in the particles.

Despite these limitations, the method used in this study
provides a framework to study SOA formation due to
aqueous-phase processing of organic compounds and under-
scores the potential of SOA formation via cloud processing
of organic compounds. New findings of aqueous-phase or-
ganic chemistry should be incorporated into this framework
when such quantitative information becomes available.
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