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[1] While there is a growing understanding from
laboratory studies of aqueous phase chemical processes
that lead to secondary organic aerosol (SOA) formation in
cloud droplets (SOAdrop), the contribution of aqueous phase
chemistry to atmospheric SOA burden is yet unknown.
Using a parcel model including a multiphase chemical
mechanism, we show that SOAdrop carbon yields (Yc) from
isoprene (1) depend strongly on the initial volatile organic
carbon (VOC)/NOx ratio resulting in 42% > Yc > 0.4% over
the atmospherically-relevant range of 0.25 < VOC/NOx <
100; (2) increase with increasing cloud-contact time; (3) are
less affected by cloud liquid water content, pH, and droplet
number. (4) The uncertainty associated with gas/particle-
partitioning of semivolatile organics introduces a relative
error of �50% �DYc < +100 %. The reported yields can be
applied to air quality and climate models as is done with
SOA formed on/in concentrated aerosol particles (SOAaer).
Citation: Ervens, B., A. G. Carlton, B. J. Turpin, K. E. Altieri,

S. M. Kreidenweis, and G. Feingold (2008), Secondary organic

aerosol yields from cloud-processing of isoprene oxidation

products, Geophys. Res. Lett., 35, L02816, doi:10.1029/
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1. Introduction

[2] Uncertainties in estimating aerosol direct and indirect
effects on climate arise due to the complexity of aerosol
properties and their sources and sink processes. While these
are usually well captured in models for inorganic aerosol
constituents, the organic fraction represents a much greater
challenge. Organic aerosols can be classified into primary
(i.e., directly emitted) and secondary organic aerosol (SOA)
where the latter refers to particle mass that is formed from
precursor gases through coupled chemical and thermody-
namic processes. Current aerosol models significantly un-
derestimate SOA mass [de Gouw et al., 2005; Heald et al.,
2005; Volkamer et al., 2006].
[3] The apportionment of sources to total observed SOA

is not well understood due to interactions of biogenic and
anthropogenic gases. Isoprene is a potentially important

SOA precursor as its global emission rate exceeds those
of all other non-methane-hydrocarbons and even a small
yield might enhance predicted SOA mass considerably [Lim
et al., 2005; Henze and Seinfeld, 2006; Lane and Pandis,
2007]. Substantial research has been performed in smog
chambers on SOA formation on/in aerosol particles
(SOAaer) through gas phase reactions followed by gas-to-
particle conversion of products, i.e., through nucleation,
condensation, and/or sorption, perhaps followed by aerosol
phase reactions. Isoprene SOAaer yields range from 1–3%
with the highest values in NOx-free experiments [Kroll et
al., 2005; Ng et al., 2007].
[4] Clouds constitute a condensed phase volume that is

larger by several orders of magnitude than that represented
by haze particles, i.e. particles that are composed of solute
and water (size range 0.1–1 mm) at a relative humidity
(RH) < 100%; this larger volume enables increased uptake
of water-soluble organics. In the aqueous phase, organics
are oxidized into low-volatility products that remain in the
particle upon drop evaporation. Modeling [Ervens et al.,
2004a; Lim et al., 2005; Chen et al., 2007], laboratory
[Altieri et al., 2006; Carlton et al., 2007], and field
[Sorooshian et al., 2006] studies suggest that this sequence
of processes represents an additional SOA source in the
atmosphere (SOAdrop).
[5] We present results from cloud parcel model studies

using a chemical multiphase mechanism that includes most
recent laboratory data for aqueous phase reactions of water-
soluble isoprene oxidation products [Altieri et al., 2006;
Carlton et al., 2006, 2007]. Simulations were performed for
a wide range of initial VOC (volatile organic carbon, here:
isoprene)/NOx ratios, chemical (pH), thermodynamic (par-
titioning of semivolatile organics), and cloud properties
(cloud-contact time t, average liquid water content LWCav,
aerosol number concentration Na).

2. Model Description

2.1. Cloud Parcel Model

[6] The cloud parcel model has been described in prior
studies [Feingold and Heymsfield, 1992; Feingold et al.,
1998; Ervens et al., 2004a]. Briefly, the model considers the
growth of a population of aerosol particles (lognormal size
distribution with number concentration Na = 100 cm�3,
apportioned to ten logarithmically-spaced size classes
0.01 mm–1.2 mm) by water vapor uptake and their activa-
tion into cloud droplets in an adiabatic rising air parcel.
45 trajectories that describe passages of an air parcel through
stratocumulus clouds, derived from three-dimensional
Eulerian large-eddy-simulations, during the course of one
hour are used as drivers for the parcels. These trajectories
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reflect the characteristic dynamical and microphysical fea-
tures of observed stratocumulus-topped layers [Stevens et
al., 1996]. They cover ranges of 0.5 < t [min h�1] < 51,
0.002 < LWCav [g m�3] < 0.3, 75% � RH, maximum in-
cloud supersaturations of 0.8 < Smax [%] < 1.4 and one to
three cloud passages per hour. The accumulation of SOAdrop

mass from multiple cloud cycles is simulated by repeating
each of the 1-h-trajectory five times (starting at 10:00 am).
By repeating trajectories over five hours it is assumed that
the cloud-capped boundary layer does not evolve over the
5-h-period. It is assumed that in-cloud mass formation
does not modify the cloud-nucleating properties of the initial
aerosol population in subsequent cloud cycles in contrast to
previous studies that focused on cloud-processing effects on
cloud microphysics [Feingold and Kreidenweis, 2000;
Ervens et al., 2004b]. Chemical gas phase and uptake
processes are simulated for the full simulation time; aqueous
phase processes are considered if the total LWC> 10�3 gm�3

and the ionic strength < 0.01 M in an individual drop class.
We do not simulate chemical processes in/on particles that
exist in the absence of, or interstitially within clouds.

2.2. Chemical Mechanism and Initialization

[7] The gas phase mechanism represents a subset of the
NCAR Master mechanism, Version 2.4 [Madronich and
Calvert, 1990; Stroud et al., 2003] tailored to describe
isoprene oxidation by ozone and OH. In the absence of
clouds, we assume physical (i.e., non-reactive) partitioning
that is prescribed by constant partitioning ratios P (=
particulate/total mass) of semivolatile organics based on
atmospheric measurements (Table 1). The particulate frac-
tions predicted by P might include some material stripped
from oligomers during chemical analysis as well as some
error due to organic sampling artifacts. The value for
glyoxal (P = 0.46) for LWC � 10�4 g m�3 (which
corresponds to water masses associated with particles at
the lowest RH recorded on the parcels) is in agreement with
the ‘effective Henry’s law constant’ of glyoxal that has been
determined in laboratory studies of concentrated aqueous
particles (K*H = 2.2 � 108 M atm�1 [Volkamer et al., 2007]).
The consistent results from laboratory and field data for
P(glyoxal) give confidence that the ratios in Table 1 are
reasonable approximations.
[8] Partitioning between the gas and droplet phases is

described by mass accommodation coefficients, gas phase
diffusion and Henry’s law constants [Ervens et al., 2004a].
The aqueous phase reaction scheme includes both sulfate
and organic mass formation and is based on our previous

studies [Ervens et al., 2004a] with modifications of pyruvic
acid and glyoxal oxidation, including the formation of large
multifunctional compounds (LMC) from glyoxal (Figure 1)
[Lim et al., 2005; Altieri et al., 2006; Carlton et al., 2006,
2007]. While it has been demonstrated that aqueous pyruvic
acid and methylglyoxal oxidation also yield oligomers
[Altieri et al., 2006, 2007], these are not included because
their formation mechanism is not well enough understood.
(The complete reaction scheme is available as auxiliary
material, Tables S1, S2, S3, S4, and S5).1

[9] Initial mixing ratios for SO2 (0.2 ppb), O3 (30 ppb),
H2O2 (0.2 ppb), HNO3 (0.2 ppb), and CO2 (360 ppm) are
used in all simulations assuming a closed system, i.e.,
without renewal of gases during a simulation. Two base
cases, both representing relatively clean scenarios, are
defined: (1) low VOC/NOx-ratio = 5 (isoprene = 1 ppb;
NOx = 1 ppb) and (2) high VOC/NOx-ratio = 100 (isoprene:
4 ppb, NOx = 0.2 ppb).

2.3. Calculation of Yields (Yc)

[10] SOAdrop yields (Yc) are expressed as organic carbon
(OC) mass since its concentration is the most commonly
measured organic quantity in atmospheric particles. In
section 3.7, we discuss how to convert OC to total organic
matter (OM) mass. We report Yc at the minimum liquid
water content (�10�6 g m�3, RH � 75%) for each
trajectory, i.e., after cloud evaporation, where

Yc ¼
SOAmass ng Cm�3½ �

Initial carbon mass gas phase isopreneð Þ ng Cm�3½ � � 100%

ð1Þ

[11] We compare two sets of model simulations: (1)
‘Uptake only’ predicts Yc from the partitioning of semi-
volatile organics (Table 1) that are formed by gas phase
reactions and partition into particles (described by P) or are
dissolved into droplets in the presence of clouds. These
yields might not agree with SOAaer in chamber experiments
because our mechanism neither includes partitioning of
organic peroxides (or other products not listed in Table 1)
nor aerosol phase reactions. (2) The ‘multiphase scheme’
extends the ‘uptake only’ approach by chemical reactions in
cloud droplets (Figure 1).

3. Results and Discussion

3.1. ‘Uptake-Only’ Simulations

[12] The yields Yc using the ‘uptake only’ scheme exhibit
small inter-trajectory variability with Yc = 3.1 ± 0.2% and
0.32 ± 0.04% for low and high VOC/NOx-ratios, respec-
tively. The significant increase with increasing NOx is due
to the favored formation of water-soluble organics in VOC-
limited scenarios [Ng et al., 2007]. The presence of clouds
does not affect the gas phase source strengths of condens-
able species (Table 1) and, thus, in the following sections
we only discuss results from the multiphase scheme.

3.2. LWCav and t
[13] The predicted yields for the multiphase scheme are

higher (up to a factor of 3) than the ‘uptake only’ yields and

Table 1. Partitioning Ratios P for Semivolatile Organics if LWC <

10�3 g m�3

Species P Reference

Formic Acid 0.05 Baboukas et al. [2000]
Acetic Acid 0.17 Baboukas et al. [2000]
Glycolic Acid 0.75 Lim et al. [2005]
Glyoxylic Acid 0.75 Lim et al. [2005]
Oxalic Acid 0.90 Lim et al. [2005]
Pyruvic Acid 0.70 Lim et al. [2005]
Glycolaldehyde 0.36 Matsunaga et al. [2004]
Glyoxal 0.46 Matsunaga et al. [2004]
Hydroxyacetone 0.36 Matsunaga et al. [2004]
Methylglyoxal 0.36 Matsunaga et al. [2004]

1Auxiliary materials are available in the HTML. doi:10.1029/
2007GL031828.
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vary depending on t and LWCav (Figure 2). Yc and t exhibit
a significant positive correlation (r2 = 0.72; r2 = 0.69)
whereas the correlation between Yc and LWCav is weaker
(r2 � 0.55; Figure S2). The aqueous phase is subsaturated
with regards to organic reactants; thus, SOA formation is
less sensitive to LWCav than to t. These trends differ from
in-cloud sulfate formation [Feingold et al., 1998]: Whereas
sulfate represents a chemical end-product and is formed at
high reaction rates (from SO2 oxidation by H2O2 or O3) in a
one-step process, organics are transformed at smaller rates
in a multi-step sequence into low-volatility products and
finally to CO2, outgassing of which leads to a decrease in
SOAdrop mass.
[14] Our findings are consistent with a recent aircraft

study that suggests a dependence of oxalate (not total
SOAdrop) mass and oxalate/sulfate ratios on both the cloud
volume fraction (/ t) and maximum LWC [Sorooshian et
al., 2007]. However, the latter study was performed using
trajectories based on observed cloud depth and fractions (t
� 30 min h�1) and characterized by higher LWC (0.04 g
m�3 < LWCav < 1 g m�3).

3.3. VOC/NOx Ratios

[15] As for ‘uptake only,’ multiphase simulations with a
stepwise decrease in VOC/NOx (increasing NOx) show
consistently increasing Yc over an atmospherically-relevant
range (VOC/NOx = 50, 20, 10, 2, 1, and 0.25) with
maximum values that are approaching a maximum limit
(Table 2 and Figure S1). The dependence of Yc on VOC/
NOx, t [min h�1] and LWCav [g m�3] (empirical) is given
by:

Yc ¼ a0 þ a1 � t þ a2 � LWCav ð2Þ

with a0 = 0.30, a1 = 0.004, a2 = 397, and a0 = 2.6, a1 = 0.07,
a2 = 3821 for high and low VOC/NOx, respectively. The

parameters a0, a1, and a2 show a consistent trend with
varying VOC/NOx-ratios (Table S6 and Figure S3). Model
sensitivity analyses suggest that VOC/NOx is a good
predictor of Yc for a range of absolute atmospheric VOC
and NOx concentrations: At fixed VOC/NOx, Yc does not
change by more than �10% compared to the base case
(Table 2).

3.4. pH

[16] The pH is calculated in each drop class using the
electroneutrality condition. This iterative procedure repre-
sents a significant numerical burden and a simplified
treatment is desirable. In the base case simulations, the
pH spans a range of �2 < pH < �6 throughout the drop
spectrum. Comparison of Yc assuming a constant pH of 2 or
6, respectively, for all droplets, shows that pH affects Yc
significantly only at long t and low VOC/NOx (Table 2).
The weak dependence of Yc on pH can be explained by the
simultaneous increase in the rate constants of SOAdrop

formation and loss reactions with pH [Ervens et al., 2003]
leading to similar steady-state SOAdrop over a wide range of
pH. In a recent laboratory study in moderately acidic
solution (4.2 < pH < 4.5) oligomeric structures from
methylglyoxal have been identified that are similar to those
in concentrated (acidic) particles [Altieri et al., 2007] but the
general pH dependence of oligomer formation in dilute
solution is not well understood.

3.5. Initial Particle Concentration (Na)

[17] Many aerosol/cloud models treat sulfate formation in
bulk cloud water (all drops combined), and the newly-
formed mass is distributed among the size classes after each
model time-step. To examine whether this simplified
approach can be used in the modeling of SOAdrop, we
varied the initial aerosol number concentration (from Na =
100 cm�3 to 5000 cm�3), and, thus, the resulting drop
number concentration (/ Na) while LWCav remains the
same along each trajectory. Again, the results show that
the cases with the longest t and lowest VOC/NOx are most
sensitive to the variation in input data (Table 2). For most
conditions, however, SOAdrop formation is not limited by

Figure 1. Chemical multiphase mechanism for the oxida-
tion of isoprene oxidation products; double arrows, uptake
processes; single arrows, OH-reactions [Ervens et al.,
2004a; Lim et al., 2005; Altieri et al., 2006; Carlton et
al., 2006, 2007]; shadowed area: aqueous phase.

Figure 2. Maximum SOA yields (Yc [%] ‘multiphase
scheme’) as a function of cloud contact time t and average
liquid water content LWCav for 45 trajectories using the
multiphase scheme. The size of the circles depicts the
variability of Yc. (a) VOC/NOx = 5; (b) VOC/NOx = 100.
(‘Uptake only’ Yc: 3.1% and 0.32% for low and high VOC/
NOx, respectively.) The numbers 1, 2, 3 refer to the selected
trajectories in Table 2 and are used in order to evaluate
sensitivities of Yc to other parameters.

L02816 ERVENS ET AL.: SOA FORMATION IN CLOUD DROPLETS L02816

3 of 5



the air/drop-interface. This finding, together with the weak
dependence on pH, suggests that SOAdrop can be modeled in
bulk cloud water, similar to sulfate, avoiding the solution of
differential equations for individual drop classes.

3.6. Partitioning Coefficients (P)

[18] Sensitivity runs using P = 0.5 � P and 2 � P
(constraining P � 1) reveal that a reduced P translates into
slightly smaller Yc whereas an increased P might enhance Yc
considerably. If the experimental values in Table 1 represent
overestimates due to sampling artifacts (e.g., adsorption of
gases on sampling media [Turpin et al., 2000]), our reported
Yc are slightly overestimated.

3.7. Organic Mass Speciation

[19] Based on the product distribution predicted from our
reaction scheme, the relative mass fractions (related to total
SOAdrop mass [ng m�3] of all organics in Table 1), together
with OM/OC ratios, have been calculated (Figure S4). The
OM/OC ratios for the ‘uptake-only’ simulations are �2.3
whereas they are higher for the ‘multiphase scheme’ (�2.8).
We assumed OM/OC = 2 for LMC based on recent
laboratory studies that suggest smaller OM/OC than for
monomeric compounds [Altieri et al., 2007]. We predict in-
cloud formation of glycolic, glyoxylic and oxalic acids, in
agreement with aircraft measurements of cloud-processed
particles where these acids accounted for several tens of ng
m�3 [Sorooshian et al., 2006, 2007]. LMC contribute up to
10% of the predicted SOAdrop mass. Their fractional con-
tributions decrease with increasing LWCav and t since they
represent intermediates that are quickly converted into
oxalic acid (Figure 1). The large contribution of aldehydes
(�80%) to SOAdrop seems surprising. However, recall that
(1) SOAdrop is reported for wet particles at RH � 75% and
(2) P likely also partially accounts for oligomers. Thus, the
contribution of LMC might be even higher than suggested

in Figure S4 as we only define them according to the
processes in Figure 1.

4. Summary and Conclusions

[20] Organic chemical aqueous phase processes represent
an additional SOA source (SOAdrop). Under high NOx

conditions, water-soluble carbonyl compounds from iso-
prene oxidation are preferentially formed, taken up into
cloud droplets, and further oxidized into low-volatility
organics that remain in atmospheric particles upon cloud
evaporation. Under low NOx conditions (high VOC/NOx),
low-volatility organic peroxides are formed and readily
condense onto particles (SOAaer).
[21] Using a chemical multiphase scheme, we predict

consistent trends of SOAdrop carbon yields Yc from 0.4 to
42% over a range of 100 > VOC/NOx > 0.25 and for a wide
range of additional parameters (Table 2). Sensitivity tests of
LWCav, cloud contact-time t, aerosol (/ droplet) number
concentration, pH, and gas/particle-partitioning of semivola-
tile organics (P) show that the NOx levels are most influential
controlling Yc, followed by t. Enhanced SOA formation from
isoprene in the presence of NOx might help explain findings
from field studies that show that particulate OC is mostly of
biogenic origin but it correlates with anthropogenic tracers [de
Gouw et al., 2005; Weber et al., 2007]. Thus, in regions with
high NOx and isoprene emissions, together with abundant
clouds (e.g., Northeastern US or Southeast Asia) SOAdrop

might significantly contribute to SOA.
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