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ABSTRACT
The feedbacks between aerosols, cloud microphysics, and cloud chemistry are investigated in a mesoscale
model. A simple bulk aqueous-phase sulfur chemistry scheme was fully coupled to the existing aerosol and
microphysics schemes. The representation of aerosol and microphysics follows the explicit bulk doublemoment approach. A case of summertime stratocumulus cloud system is simulated at high resolution (3-km
grid spacing), and the evolution of an observed continental aerosol spectrum that changes during the course
of the simulation as a result of cloud processing is examined.
The results demonstrate that the bulk approach to the aerosol and droplet spectra correctly represents the
feedbacks in the coupled system. The simulations capture the characteristic bimodal aerosol size spectrum
resulting from cloud processing, with the first mode consisting of particles that did not participate as cloud
condensation nuclei and the second mode, in the region of 0.08–0.12-m radii, comprising the particles that
were affected by processing. New information is revealed about the impact of the two main processing
pathways and about the spatial distribution of the processed aerosol. One cycle of physical processing
produced a relatively modest impact of 3%–5% on the processed particle mean radius of the order that was
comparable to the impact of chemical processing, while continuous physical recycling produced a much
larger impact as high as 30%–50%. A strong constraint on the chemical processing was found to be the
initial chemistry input and the assumption of bulk chemical composition. Simple tests with a more slowly
depleting primary oxidant (H2O2) and including the droplet chemical heterogeneity effect favor stronger
sulfate production, by, respectively, the H2O2 and O3 oxidation reaction, and both show a larger impact on
the processed particle mean radius of similar magnitude, 10%–20%. Spatially, the impact of processing is
found initially in the downdraft regions below cloud and at later times at substantial distances downwind.
It is shown that cloud processing can either enhance or suppress the number of activated drops in subsequent cycles.

1. Introduction
There is increasing evidence that not only the atmospheric aerosols, particularly those particles serving as
cloud condensation nuclei (CCN), impact clouds, but
that clouds also modify the abundance and characteristics of CCN. Clouds impact the CCN size distribution
through different mechanisms, such as drop collisions,
followed by coalescence (e.g., Hudson 1993; Garrett
and Hobbs 1995) and aqueous-phase oxidation of sulfur
dioxide principally by hydrogen peroxide and ozone
(e.g., Penkett et al. 1979; Hegg and Hobbs 1982; Cha-
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meides 1984; Liu et al. 1996; O’Dowd et al. 1999a),
thought to be the primary means for the cloud processing of CCN. The collision–coalescence mechanism reduces the total number of the droplet population so
that on subsequent droplet evaporation, provided each
droplet produces a single particle (Mitra et al. 1992),
the available solute mass is redistributed among fewer,
and therefore larger, particles. The aqueous oxidation
pathway deposits mass in droplets in addition to the
mass of solute entering the cloud through nucleation.
Because the larger mass of solute is distributed among
the same number of drops, on subsequent droplet
evaporation the regenerated particles would have
larger sizes. Thus, both mechanisms increase the efficiency for activation of the CCN during subsequent
cycles. Other cloud-processing mechanisms, such as impaction scavenging (e.g., Flossmann et al. 1985; Floss-
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man 1994) and new particle formation via homogeneous nucleation near the tops of marine clouds
(e.g., Hegg et al. 1990), have also been proposed, but
have been recognized as having a secondary importance.
The cloud-processing mechanisms cited above may
act, to varying degrees, in all clouds. Over the past
decade, observational and numerical studies have extensively examined the effects of the various mechanisms in stratocumulus-topped marine boundary layer.
Observations of the marine boundary layer over the
Atlantic Ocean show strong evidence of bimodal aerosol spectra (Hoppel et al. 1990) that have been attributed to in-cloud processing of the activated fraction of
particles. Similar evidence has since been found in
other studies over both oceans (e.g., Hegg and Hobbs
1982) and continents (e.g., Liu et al. 1993). Subsequent
modeling studies have reproduced this bimodality and
provided further credence to this theory. A range of
theoretical models has been employed, including kinematic and adiabatic parcel models (e.g., Bower and
Choularton 1993; Gurciullo and Pandis 1997), 1D and
2D Eulerian parcel models (e.g., Flossmann 1994;
Wurzler et al. 2000), and 2D and 3D eddy-resolving
models (Kogan et al. 1994; Feingold et al. 1996, 1998;
Zhang et al. 1999; Feingold and Kreidenweis 2000,
2002), in order to address these issues. These models
allow for explicit (sectional) representation of the aerosol and droplet spectrum and can be run at very fine
spatial scales, of the order of a few tens of meters, and
temporal scales, of the order of a few seconds. They
have been proven to be useful tools for examining the
relative roles of various processes, and sources of sinks
of aerosol. The roles of the oxidation of sulfur dioxide
to sulfate (e.g., Bower and Choularton 1993; Flossmann
1994; Feingold et al. 1998; Feingold and Kreidenweis
2002) and collision–coalescence (Flossmann 1994; Feingold et al. 1996) have both been evaluated. It has been
shown that the outcome of processing as well as the
relative importance of the two mechanisms depends
strongly on cloud LWC, input aerosol concentration,
size and composition, trace gas concentrations, and
contact time with a cloud, which is closely tied to
boundary layer dynamics and cloud type.
This paper, therefore, follows similar works in its attempt to evaluate the collision–coalescence and aqueous chemistry processing in the stratocumulus-topped
boundary layer, but differs in that it 1) considers continental conditions, with generally high CCN concentration present in the system, and 2) employs a mesoscale model in order to address these issues. When
the resolution is degraded to “mesoscale” grid spacing
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(3–27 km, the horizontal grid interval used in this
study), it is no longer clear whether the feedbacks between the aerosol, cloud microphysics, and cloud chemistry will be correctly represented, because mesoscale
models allow for only explicit bulk representation of
the components of the coupled system. Our approach is
to develop and apply a mesoscale model that can be
used to develop estimates of the magnitude of the effects of collision–coalescence and aqueous chemistry
processing, considered separately from other processes,
and for specific input conditions that are representative
of the continental stratocumulus boundary layer. The
spatial and temporal variability of these effects are also
evaluated. Then, the associated feedbacks on clouddroplet concentration in subsequent cycles are examined. The analysis is concentrated on the fine 3-km
mesh and is analyzed in the context of consistency, with
the conclusions derived from prior large-eddy simulation (LES)-based studies. As for the finer LES scales, at
the mesoscale grid spacing it is also desirable to produce realistic particle growth resulting from the physical and chemical processing mechanisms. This represents a challenging test for the bulk aerosol and microphysical parameterization schemes used in our
mesoscale model. The accurate portrayal of cloud microphysical properties is also crucial.
The 3D mesoscale dynamical framework chosen is
that of the Canadian Mesoscale Compressible Community (MC2) model (Benoit et al. 1997). In Ivanova and
Leighton (2008, hereafter Part I), an explicit doublemoment representation of the aerosol and cloud component of the coupled system has been introduced in
the model. The aerosol sources and sinks consist of
particle activation, solute transfer between drops resulting from stochastic collision and coalescence of
drops, and particle regeneration. To evaluate the
chemical processing of gases and aerosols, the study
extends the model further by introducing continuity
equations for selected chemical species—sulfur dioxide
(SO2), ammonia (NH3), hydrogen peroxide (H2O2),
and sulfur from oxidation [S(VI)]. Nitric acid (HNO3),
carbon dioxide (CO2), and ozone (O3) are assigned
fixed concentrations. The aqueous-phase sulfur oxidation by H2O2 and O3 is fully coupled to the aerosol and
the microphysics. The dissolution of the gaseous species
in the aqueous phase follows Henry’s law.
The case selected in the present study is that of summertime stratocumulus cloud south of Lake Erie that
occurred around 1800 UTC 11 July 2001 in a steady
northwesterly airflow in the presence of standing forcing resulting from the water–land contrast. Such conditions, in which the effect of processing is likely to be
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evident immediately downstream of the cloud, are favorable for field experiments. Observational studies in
the region have shown evidence for sulfate production
in stratocumulus clouds (e.g., Liu et al. 1993). It has
been also shown that the region is often exposed to high
aerosol loading caused by the anthropogenic pollution
originating from industrialized regions in eastern and
central North America (e.g., Liu et al. 1996; Isaac et al.
1998). Numerical simulations of the cloud are performed at a resolution of 3 km in the horizontal and 70
m in the vertical.
The objectives of the study are 1) to evaluate the
magnitude and examine the spatial variation of the
CCN spectrum modifications attributable to collision–
coalescence and aqueous chemistry processing during
the development and evolution of the stratocumulus
cloud system, and 2) to illustrate the sensitivity of the
coupled system to an aerosol spectrum that changes
during the course of the simulation as a result of processing and to evaluate the resultant impact on the
cloud-droplet concentration in subsequent cycles. The
main part of the paper is organized as follows. The
model modifications are described in section 2, the stratocumulus case under discussion is presented in section
3, and the modeling strategy and initial conditions are
described in section 4. The results are presented in
section 5, followed by summary and conclusions in section 6.

2. Model
a. Model description and previous modifications
MC2 is a 3D, fully elastic, nonhydrostatic limitedarea model based on the Navier–Stokes equations
(Benoit et al. 1997). The model numerical schemes are
described by Robert et al. (1985) and Tanguay et al.
(1990). The physics package is described in Mailhot et
al. (1995, 1998), and includes radiation processes that
are fully interactive with clouds (Garand and Mailhot
1990), planetary boundary layer processes based on turbulent kinetic energy (Benoit et al. 1989), implicit vertical diffusion, and condensation processes.
The condensation processes are central to the current
investigation. Part I of this study applied a bulk doublemoment treatment of the aerosol and cloud-droplet
spectra in order to investigate the sensitivity of the
aerosol–cloud interactions to the processes activation
and collision–coalescence. A set of continuity equations
for the aerosol species has been introduced (see Part I).
The species include three dry aerosol modes (denoted
by subscript A) and four activated aerosol modes. The
dry modes follow a lognormal distribution

冋

册

dNA
NA
ln2共aⲐam兲
exp ⫺
,
⫽ nL共lna兲 ⫽
d lna
2 ln2A
公2 lnA
共1兲
with total number concentration NA, geometric mean
number radius am, and geometric standard deviation
A. The number density NA (zero-order moment) and
the mass density QA (third-order moment),

冕
⬁

4
QA ⫽ A
3

0

nL共lna兲a3 d lna

冉

冊

4
9
⫽ Aa3m exp ln2A NA,
3
2

共2兲

where A is the aerosol density, are the predicted quantities, while the spectral breadth A remains fixed. The
geometric mean number radius am can be easily derived
from NA, QA, and A.
The activated modes include three modes of aerosol
in cloud droplets (denoted by subscript AC) and one
mode of aerosol in large drops (subscripts AR) that
follow respectively the cloud-droplet and the largedrop spectrum. Similarly to the dry aerosol modes, the
activated number and mass densities, NAC,i, QAC,i (I ⫽
1, 3), NAR, and QAR, are the predicted quantities. The
spectral breadths of the “AC” and the “AR” modes
remain fixed and are equal to, respectively, the clouddroplet spectral breadth and the large-drop spectral
breadth.
The cloud microphysical parameterization, which
closely follows Cohard and Pinty (2000), except for minor modifications described in Milbrandt and Yau
(2005), partitions the condensed water between relatively small cloud droplets and large drops (⬎80 m in
diameter), also loosely referred to as raindrops, both of
which are assumed to follow generalized gamma distributions (see Part I). Droplet number densities NC and
NR and mixing ratios QC and QR comprise a set of four
prognostic quantities.
The aerosol sources and sinks include nucleation
scavenging, solute transfer between drops by collision
and coalescence of drops, and regeneration of particles
following droplet evaporation. The microphysical
sources and sinks include reversible condensation–
evaporation, drop collision followed by coalescence
(i.e., autoconversion, accretion, and self-collection),
and large-drop sedimentation, including ventilation effects. The original formulation of droplet nucleation,
the mechanism via which the aerosol controls the droplet number, has been replaced by the formulation of
Abdul-Razzak and Ghan (2000), which uses the predicted aerosol species as the initial aerosol.
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b. Current modifications
A major extension of the model for the purposes of
the present study is the introduction of a set of continuity equations for total (gas phase ⫹ dissolved) concentrations of SO2, NH3, and H2O2, and the concentration of S(VI) resulting from oxidation. The equations
are written in symbolic form as follows:
⭸QSO2
⭸t
⭸QNH3
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The symbols  and  represent aqueous-phase sulfur
oxidation by O3 and H2O2, respectively. The symbol ␦
represents particle regeneration and results in the formation of (NH4)2SO4 particles following drop evaporation. The symbols  and  represent solute transfer
between drop categories resulting from accretion of
cloud droplets by large drops and cloud-droplet selfcollection, respectively. The subscript NMT refers to
nonmicrophysical tendencies (advection and diffusion).
Other chemical species, in particular, HNO3, CO2, and
O3, are also present in the system, but their concentrations are fixed. This brings the total number of continuity equations for aerosol and chemical species to 18.
The aqueous-phase sulfur chemistry follows a standard bulk approach (e.g., Tremblay and Leighton
1986). The solubility and dissociation equilibrium constants used for the cloud chemistry are taken from Cha2⫺
meides (1984). The concentrations of NH⫹
4 and SO4
ions in the chemistry calculations are treated independently, thus allowing for a variable ratio between the
two, which affects the droplet acidity, solubility and
dissociation of SO2, and oxidation of S(IV) via the O3
reaction. The rate of oxidation of soluble S(IV) species
2⫺
⫺
(SO2, HSO⫺
3 , SO3 ) to S(VI) species (H2SO4, HSO4 ,
2⫺
SO4 ) via the reactions with H2O2 and O3 [Eqs. (3), (5),
and (6)] is given by
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where [·] denotes the aqueous species concentrations
(mole L⫺1), K ⫽ 13 m⫺1 at 298 K, and k0, k1, k2, and k3
are the oxidation rate constants and were taken from
Hoffmann and Calvert (1985). Here [H⫹] is obtained
from a closure of the electroneutrality equation, pro⫺
vided that [OH⫺] K [H⫹], [SO2⫺
3 ] K [HSO3 ], and
2⫺
⫺
[CO3 ] K [HCO3 ], which is a reasonable approximation for acidic solutions. The aqueous chemistry module is active when the cloud water mixing ratio exceeds
a threshold value of 1 ⫻ 10⫺3 g kg⫺1. This avoids problems associated with the chemistry of nonideal highionic-strength solutions, as suggested by Bower and
Choularton (1993).
The assumption of the bulk chemical composition of
drops is tested following the approach of Yuen et al.
(1996), which includes the droplet chemical heterogeneity effect in a crude way. The authors propose a
simple regression equation for the heterogeneous oxidation rate with a set of prognostic variables that includes the bulk sulfur oxidation rate, the concentrations
of S(VI), SO2, H2O2, O3, NH3, and HNO3, the updraft
velocity, and the height above the cloud base to capture
the time dependence of sulfate production (see original
paper for values of the regression coefficients).
The tendencies for transfer of S(VI) from oxidation
[Eq. (6)] by autoconversion  and accretion  are represented in a manner similar to that of solute from
nucleation, that is,

SQ共VI兲 ⫽

Q
Q
C
C
QS共VI兲 and SQ共VI兲 ⫽
Q
.
QC
QC S共VI兲

共9兲

Equations (9) represent source terms in the continuity for solute in large drops [Eq. (6) in Part I]. The
tendencies for the transfer of solute from nucleation
N
scavenging by autoconversion  Q
i and  i (i ⫽ 1, 3),
Q
N
accretion  i and  i (i ⫽ 1, 3), and self-collection  N,
remain the same as in Part I [Eqs. (9)–(11) therein).
Following the complete evaporation of drops, regeneration of aerosol occurs following the principle that
one particle is regenerated from every evaporated drop
(Mitra et al. 1992). Two separate modes form—mode 2
and mode 3, respectively—from the evaporation of
cloud droplets and large drops [see Eqs. (3) and (4) in
Part I]. The regenerated modes are assumed to have the
same spectral shape (lognormal) and the same spectral
breadth as that of the initial mode [mode 1; see Eqs. (1)
and (2) in Part I], but their number and mass densities
equal, respectively, the number density of the evapo-
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rated drops and the mass density of the solute contained in these drops. The regeneration tendencies for
S(VI) from oxidation [see Eqs. (4) and (6)] can be written as

␦SQ共VI兲 ⫽

QS共VI兲
⌬t

Q
⫽
and ␦NH
3

Q关NH⫹
4 兴
⌬t

.

共10兲

Equations (10) represent source terms in the continuity for the regenerated mode that forms from the
evaporation of cloud droplets [Eq. (3) in Part I]. If the
regenerated modes are not allowed to activate, that is,
X
if the nucleation rates  X
2 and  3 for mixing ratio and
number density X ⫽ (Q, N ) are set to zero, and, in
addition, if the solute transfer rates by autoconversion
X
Q
X
Q
S(VI) and  i (i ⫽ 1, 3), accretion  S(VI) and  i (i ⫽ 1,
N
3), and self-collection  are set to zero, no processing
occurs. The regenerated spectrum in this case is unimodal (mode 2), remains unaffected by droplet interactions, and represents the tail of the initial spectrum that
had been scavenged in clouds. The mean radius of the
regenerated spectrum without processing (not the initial mean radius) serves as a basis for estimating the
particle growth resulting from cloud processing. The
single-processing cycle is termed when the regenerated
modes are not allowed to activate, but the transfer of
solute and droplets, in the case of physical processing,
occurs from the cloud-droplet to the large-drop category or, alternatively, the aqueous-phase production
of solute occurs in the case of chemical processing.
Similarly to the case without processing, the regenerated spectrum in this case is unimodal. Multiple processing occurs when the regenerated modes activate
and the transfer of solute and droplets occurs from the
cloud-droplet to the large-drop category. The regenerated spectrum in this case is bimodal; the aerosol scavenged in cloud from mode 1 and mode 2 regenerates
into mode 2, and the aerosol scavenged in cloud from
mode 3, as well as that scavenged in rain, regenerate
into mode 3 (Fig. 1). In the case of multiple recycling,
the processing can occur two or more times.

3. Case overview and modeling strategy
a. Satellite imagery and synoptic situation
Visible image from the Geostationary Operational
Environmental Satellite-8 (GOES-8) at 1815 UTC 11
July 2001 (Fig. 2a) reveals thin stratocumulus cloudiness south of Lake Erie, the cloud system of interest in
this study. The well-defined boundary between the
cloudy and clear regions following the coast of Lake
Erie indicates the water–land contrast as the primary
forcing mechanism. The formation of stratocumulus

FIG. 1. Schematic representation of particle regeneration. See
text for explanation.

clouds resulting from the water–land contrast is common in the region of the Great Lakes in the summertime. The large-scale synoptic conditions associated
with the occurrence of the stratocumulus cloud system
were obtained from the Canadian Meteorological Center (CMC) regional analyses (36-km horizontal resolution; 16 levels), and were characterized by an almost
stationary cyclone centered northeast of Lake Erie
(Fig. 3). The low-level geostrophic flow over Lake Erie
was northwesterly and steady, as evident from the
analyses and confirmed by the simulations (Fig. 2b).
The standing forcing and the steady winds provide a
simple dynamical situation in which the impact of the
cloud on the aerosol is likely to be evident immediately
downstream of the cloud.

b. Aerosol measurements
Rupakheti et al. (2005) reported that aerosol distributions in the region of the Great Lakes are often characterized by two distinct modes. The chemical composition of the two modes was found to vary, depending
on the airmass history. For example, urban and industrial emissions advected from the south result in higher
fractions of organics and sulfate (nitrate is relatively
low), while cleaner northwesterly airflow carries aerosol with relatively high fractions of nitrate and organics
(sulfate is relatively low). The aerosol spectrum selected in the current study is characteristic of the polluted case in Rupakheti et al. (2005) that was measured
between 1000 and 2100 local time (LT) 15 April 2001 at
a rural site in Egbert, southern Ontario (their Fig. 13b),
Canada. Figure 4 reproduces the number size distribution between 1000 and 1100 LT on that day. The ob-
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FIG. 2. (a) Visible image from GOES-8 satellite at 1815 UTC 11 Jul 2001 over the Great
Lakes. (b) Simulated cloud LWP (g m⫺2) and horizontal wind (m s⫺1) at 1000-m altitude valid
at 1800 UTC and for all experiments, including one cloud cycle (S0, S1, O1, O2, OZ1, OZ1A).

served spectrum can be represented with bimodal lognormal distribution with parameters NA, am, and A,
respectively, 4982 cm⫺3, 0.044 m, and 1.83, for the first
mode, and 5 cm⫺3, 0.3 m, and 1.9 for the second mode.
Rupakheti et al. (2005) investigates the hypothesis that

the bimodal particle spectrum may be a result of chemical processing via photochemical oxidation. The
present study raises the possibility of a weak secondary
source of large particles resulting from the aqueous
physical and chemical processing of sulfate aerosol.

Unauthenticated | Downloaded 01/09/23 07:48 PM UTC

FEBRUARY 2008

315

IVANOVA AND LEIGHTON

FIG. 3. Canadian Meteorological Center surface analyses at 1200 UTC 11 Jul 2001. The arrow indicates Lake Erie.

c. Nesting procedure
One-way triple nesting was performed starting from
27- down to 3-km resolution (a nesting factor of 3). The
27-km simulation started at 0000 UTC 11 July 2001 and
used initial and boundary condition from CMC regional
analyses. The 9- and 3-km simulations started, respectively, 3 and 6 h later and were initialized from the
previous model run. All simulations ended at 0000
UTC 12 July 2001. At the coarser resolutions, the convective parameterization (Kain and Fritsch 1990, 1993)
and one-moment microphysics (Kong and Yau 1997)
were applied. At the finest resolution, all of the clouds
were explicit and were represented by both the doublemoment microphysics (Cohard and Pinty 2000) and
mechanistic activation parameterization (AbdulRazzak and Ghan 2000). The total number of grid
points used in the horizontal and the vertical was 400 ⫻
380 ⫻ 60. The model lid was at 25 km. Below 2.5 km
there were 38 vertical levels with 70-m grid spacing,
while above 2.5 km the vertical spacing increased linearly with height to nearly 2500 m for the topmost
layer. The time step was 30 s. Within the model time
step, time splitting is applied for the chemistry calculations, which were performed with a time step of 1 s after

a 3-h model spinup to allow for the model to generate
clouds. All results are presented at 3-km resolution. To
ensure that the numerical simulation of the cloud is
physically reasonable, the structure of the boundary
layer produced by the model is examined. However, the
case does not attempt to serve as a case study of the
event, but to provide a physically plausible framework
for investigation of the processes of interest.

d. Experimental design and initial conditions
Three groups of experiments are presented—without
processing, with physical processing, and with physical
and chemical processing of aerosol. In the experiments
without processing, the tendencies for solute transfer by autoconversion, accretion, and self-collection
X
Q
Q
N
[ X
i and  i (i ⫽ 1, 3),  S(VI) and  S(VI), and  ], and
Q
the tendencies for sulfur oxidation [S(VI) and Q
S(VI)],
were set to zero. In the experiments with physical processing, only the tendencies for sulfur oxidation were
set to zero. Without processing, two baseline experiments
were performed—one in which the regenerated spectrum was CCN inactive (S0) and one in which the regenerated spectrum was CCN active (M0). The first was
used as the control experiment for evaluating the im-
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and H2O2 ⫽ 1 ppbv, and, as for the aerosol, the values
are assumed to be uniform within the mixing layer and
exponentially decaying with height above. The values
of the remaining species that are fixed are O3 ⫽ 0 (O1
and O2) and 30 ppbv (OZ1 and OZ1A), CO2 ⫽ 350
ppmv, and HNO3 ⫽ 0 ppbv. The initial chemistry values are consistent with other observational (Mcdonald
et al. 1995) and modeling studies (Bower and Choularton 1993; Feingold et al. 1998; Zhang et al. 1999; Feingold and Kreidenweis 2000).

4. Results
a. Stratocumulus cloud distribution

FIG. 4. Aerosol size distribution measured on 15 Apr 2001 between 1000 and 1100 LT at a rural site in Egbert is shown in gray
line (from Fig. 13b in Rupakheti et al. 2005). The superimposed
solid black and dashed black lines show lognormal fits to the two
modes in the observed spectrum.

pact of processing on the aerosol spectrum, and the
second was used for evaluating the impact of processing
on the cloud distribution evolution. With physical processing, two experiments were performed—with one
(S1) and with multiple (M1) collision–coalescence processing cycles. Finally, with physical and chemical processing, four experiments were performed—all of
which had one collision–coalescence processing cycle,
two had sulfur oxidation by H2O2 representing a H2O2limited (O1) and SO2-limited (O2) environment, and
two with sulfur oxidation by H2O2 and O3 not including
and including drop chemical heterogeneity effects
(OZ1 and OZ1A). In all of the experiments, including
one cycle of physical processing (i.e., S1, O1, O2, OZ1,
and OZ1A), the regenerated spectrum was CCN inactive.
The aerosol size distribution in the modeling experiments is initialized from the fine mode in the observed
spectrum (with parameters 4982 cm⫺3, 0.044 m, and
1.83) shown in Fig. 4. The initial spectrum was uniform
horizontally, while vertically (above the height of the
mixing layer) the number concentration decreased exponentially with a scale height of 2 km to a background
concentration of 200 cm⫺3. The aerosol spectrum in the
model is defined in terms of the mass mixing ratio and
number concentration. Heterogeneous chemical composition with varying degrees of mixing represents a
significant computational burden, and thus a pure
(NH4)2SO4 composition was assumed for the aerosol.
The initial values of the interactive gaseous species
are SO2 ⫽ 1 and 5 ppbv (O1 and O2), NH3 ⫽ 1 ppbv,

Both the experiments without processing (i.e., S0)
and those with one cycle of physical processing (i.e., S1,
O1, O2, OZ1, and OZ1A) have identical clouds, because only the original aerosol mode serves as nuclei
for cloud formation. Figure 2 shows the horizontal distribution of cloud LWP at 1800 UTC (Fig. 2b), the time
at which the satellite image of the cloud, shown in the
same figure (Fig. 2a), is taken. In the model, the cloud
horizontal distribution resembles qualitatively that
from the satellite image, particularly the cloudy region
south of Lake Erie and the cloud-free region over the
lake. The model also captures the extensive cloudiness
in the northeastern part of domain (southern Ontario).
The subsequent analysis is performed along the vertical
cross section AB (Fig. 2b) that follows roughly the
northwesterly low-level wind (⬃500 km in length).
Figure 5 and Fig. 6 show the evolution along the cross
section AB of, respectively, the cloud LWC and number density, and the large drop mean radius and number density. Two stages in the cloud life cycle are distinguished—an incipient stage, between 1500 (Fig. 5a)
and 1800 UTC (Fig. 5b), and a mature stage, between
1800 (Fig. 5c) and 2100 UTC (Fig. 5d), when scattered
drizzle is observed at the ground. The cloud vertical
extent is variable; the cloud-base height is 1200–1500 m
and the cloud-top height is 2200–2700 m. The cloud
LWC (0.1–0.5 g m⫺3) and cloud number density (100–
500 cm⫺3) are typical values for stratocumulus cloud
decks. Large drops smaller than drizzle size (100 m in
radius) are seen below cloud base in a number density
of 10–100 dm⫺3 and drizzle drops are seen in even
smaller number densities, less than 0.1 dm⫺3. Evaporation of large drops, which typically takes place in the
cloud downdraft regions, will be a weak source of large
particles.

b. Nonscavenged aerosol and chemical species
In regions of cloud formation, the initial mode number density and mean radius decrease substantially in
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FIG. 5. Cloud LWC (g m⫺3) in shading and cloud-droplet number density (cm⫺3) in contours in experiments S0, S1, O1, and OZ1,
valid at (a) 1500, (b) 1800, (c) 2100, and (d) 2400 UTC. The cross section is taken along line AB in Fig. 2b.

all experiments as a result of nucleation scavenging.
This is illustrated in Fig. 7a, indicating average decreases between 40% and 60% for the particle number
density and between 10% and 30% for the particle
mean radius. The significance of this is that a spectrum
with a smaller mean radius will have higher critical supersaturation for activation, and therefore will be less
prone to activation.
For the experiments including aqueous-phase chemistry, the regions of cloud formation are additionally
associated with decreases in the chemical species total
concentrations (gas ⫹ liquid) resulting from sulfur oxidation. For the H2O2-limited cases (O1, OZ1, and
OZ1A), SO2 and NH3 concentrations decrease without
being consumed, while H2O2 concentration is depleted
entirely, with the depletion occurring after only ⬃40
min of oxidation. The depletion of H2O2 practically
shuts down the SO2 ⫹ H2O2 reaction. An example for
experiment O1 is given in Fig. 7b. For the SO2-limited

case (O2), the depletion of H2O2 is slower and allows
for the SO2 ⫹ H2O2 reaction to be active for a longer
time of the cloud life cycle. The SO2 ⫹ O3 reaction, on
the other hand, depends on cloud water pH (e.g., Chameides 1984), which for both the H2O2- and SO2limited cases is representative of a moderately acidic
situation, with a pH between 4 and 5. An example is
given for the H2O2-limited cases and shows, as expected, a more acidic solution for experiment OZ1,
which has stronger sulfate oxidation than that for experiment O1 (respectively, Figs. 7c and 7d).

c. Partitioning of sulfate in cloud water
Figure 8 shows the partitioning of sulfate in the aqueous phase from the nucleation in cloud droplets (Fig.
8a) and in large drops (Fig. 8b), and from the oxidation
(Figs. 8c,d). The total amount of sulfate in cloud droplets (up to 5 g m⫺3) is much larger than that in large
drops (no more than 0.1 g m⫺3). This suggests that the
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particle mode formed by cloud-drop evaporation will
have a larger mass density (and also a higher number
density) than the particle mode formed by large-drop
evaporation; this will be confirmed in section 4d. The
contribution of nucleation scavenging and sulfur oxidation to the total sulfate in cloud droplets is also useful to
examine. Generally, the sulfate from nucleation scavenging (Fig. 8a) is larger than that from oxidation, up to
1–2 g m⫺3 (Figs. 8c,d); however, the opposite also
occurs in parts of the cloud. This result implies that
both the collision–coalescence and oxidation pathways
could equally contribute to the growth of the regenerated particles, depending on where in the cloud the
conditions for droplet evaporation are favorable. The
contribution of the oxidation pathway varies for the
different chemical scenarios. For example, the H2O2limited case O1 produces smaller amounts of sulfate
(Fig. 8c) than the O2 and OZ1 cases (Fig. 8d), which
favor stronger sulfur oxidation.

d. Physical processing of aerosol

FIG. 6. Large-drop geometric mean radius (m) in shading and
number density (L⫺1) in contours in experiments S0, S1, O1, and
OZ1, valid at (a) 1800, (b) 2100, and (c) 2400 UTC. (At 1500 UTC,
there are no large drops.) The black contour shows the cloud
boundary. The cross section is taken along line AB in Fig. 2b.

In experiments M1 and S1, drop collision and coalescence (i.e., drop self-collection, autoconversion, and
accretion) results in growth of the activated aerosol
particles resulting from the reduction in the clouddroplet number density. In experiment M1, in which
the aerosol spectrum undergoes multiple processing
cycles via the collision–coalescence pathway, a bimodal
aerosol spectrum is produced with the two modes resulting, respectively, from cloud-droplet and large-drop
evaporation. Figure 9 and Fig. 10 show the evolution of
the two regenerated modes along the vertical cross section AB and reveal the magnitude and the spatial distribution of the regenerated aerosol.
The mean radius of the first regenerated mode
(mode 2) is in the range of 0.08–0.12 m (Fig. 9) and is
in fairly good agreement with the mean radius of the
processed mode observed by Hoppel et al. (1990, 0.1–
0.2 m), but is smaller than the mean radius of the large
mode observed by Rupakheti et al. (2005, 0.5 m; see
Fig. 4). The first regenerated mode is a nonnegligible
source of CCN for subsequent cloud formation with its
number density of 300–600 cm⫺3 (also shown in Fig. 9).
The second-regenerated-mode (mode 3) mean radius
and number density are, respectively, 0.2–0.7 m and
⬃0.1 cm⫺3 (Fig. 10). Because of the low number density
of this mode (10 times lower than the typical number
density of CCN), it is an insignificant source of CCN for
subsequent cloud and drizzle formation. Thus, for the
nondrizzling stratocumulus cloud examined in this
study, the regeneration of aerosol from cloud droplets
is more important than the regeneration of the aerosol
from large drops. This is explained by the inefficient
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FIG. 7. Various aerosol and chemical species: (a) initial mode aerosol geometric mean radius (nm) and number density (cm⫺3) for
experiments S0, S1, and O1; (b) total concentrations (gas ⫹ liquid) of H2O2 (ppbv) in shading, and SO2 (ppbv) and NH3 (ppbv) in
contours for experiment O1; and (c), (d) pH for experiments O1 and OZ1. The solid contour in (a) and (b) shows the cloud boundary.
All panels are valid at 2100 UTC. The cross section is taken along line AB in Fig. 2b.

formation of drizzle-sized drops in this cloud. It must be
noted that the observational evidence supports the existence of such anomalously low aerosol concentration
as the concentration of the second regenerated mode in
our study. For example, recent field studies over the
northern and southern Pacific report very low aerosol
concentrations in so-called pockets of open cloudiness
(POCs) or Albrecht’s “rifts,” which are remnants of
strongly drizzling marine boundary layers (Stevens et
al. 2005). The low aerosol concentration in these low
cloud fraction regions is thought to result from drizzle.
Spatially, particle regeneration takes place, as expected, in the cloud downdraft regions favoring droplets evaporation. This is evident from the time evolution of the regenerated aerosol shown in Figs. 9 and 10.
During the incipient stage of the cloud, extensive regions of particle regeneration are seen in the subcloud

air. Later on during the mature cloud stage, little regenerated aerosol is seen below the cloud, and instead
the aerosol regenerated during the incipient stage is
shifted downwind of the cloud. This indicates that particle regeneration is favored during the cloud incipient
stage, and also that advection can carry the regenerated
aerosol at substantial distances from the processing
cloud.
It is useful to examine the impact of the collision–
coalescence pathway to the particle growth individually
for one (S1) and multiple (M1) cloud-processing cycles.
The impact of one processing cycle is evaluated relative
to experiment S0, in which the regenerated spectrum is
identical to the activated part of the original spectrum,
because in this experiment drop collision–coalescence
does not impact the activated particles. A snapshot of
the increase of the mean radius of the first regenerated
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FIG. 8. Partitioning of sulfate (g m⫺3) in aqueous phase (a) from nucleation in cloud water (for all experiments with one cloud cycle),
(b) from nucleation in rainwater (for all experiments with one cloud cycle), and (c), (d) from oxidation in cloud water for experiments
O1 and OZ1, respectively. The solid contour in (b) shows the cloud boundary. All panels are valid at 2100 UTC. The cross section is
taken along line AB in Fig. 2b.

mode along the cross section AB at 2100 UTC is shown
in Fig. 11. A single cloud-processing cycle (Fig. 11a)
leads to a moderate particle growth of 3%–5% (3–5
nm) from the mean particle radius without processing;
the associated decrease in the particle number density
(also shown in Fig. 11a) is of the order of 10%–30%
(100–300 cm⫺3). The spatial extent of the regions of
particle growth obtained by one cycle of physical processing is limited. This is explained by the limited extent
of the regions of efficient drop collision and coalescence producing this growth. Continuous recycling of
the aerosol (Fig. 11b), on the other hand, results in a
much larger increase in the first-regenerated-mode
mean radius of up to 30%–50% (30–50 nm) from the
mean radius obtained with one cloud cycle. The mean
radius increase is accompanied by a proportionally
larger number density decrease of up to 80%–90%

(1000–2000 cm⫺3) from the number density obtained
with one cloud cycle (Fig. 11b). The secondregenerated-mode mean radius shows an insignificant
growth of no more than 1% (Fig. 11c) resulting from
the impact of continuous recycling (oxidation has no
effect).

e. Chemical processing of aerosol
For the experiments examining the chemical processing of aerosol, the production of sulfate by aqueous
chemical reactions, in addition to the solute already
present in drops from nucleation scavenging, results in
the growth of the activated aerosol particles. The impact of the chemical-processing pathway is examined
individually for the SO2 ⫹ H2O2 (experiments O1 and
O2) and SO2 ⫹ O3 (experiments OZ1 and OZ1A) oxidation reactions.
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FIG. 9. First-regenerated-mode geometric mean radius (in terms of number, nm) in shading and number concentration (cm⫺3) in
contours for experiment M1, valid at (a) 1500, (b) 1800, (c) 2100, and (d) 2400 UTC. The solid contour shows the cloud boundary. The
cross section is taken along line AB in Fig. 2b.

The results are shown in Fig. 12. For the H2O2limited cases O1 and OZ1, the SO2 ⫹ H2O2 pathway
results in an increase of the first-regenerated-mode
mean radius of 3%–5% (2–3 nm) from the mean radius
obtained with one cloud cycle (Fig. 12a), and the SO2 ⫹
O3 oxidation pathway results in a comparable but
smaller additional increase of 1%–3% (Fig. 12b). The
results imply that the impact of chemical processing is
similar in magnitude to the impact of one cycle of physical processing (Fig. 11a). Furthermore, the spatial regions of particle growth resulting from chemical processing are more extensive than the regions of particle
growth resulting from one cycle of physical processing.
This suggests that the chemical conversion of SO2 to
sulfate can be spatially more ubiquitous than drop collision–coalescence for the case of one processing cycle,
and also that the magnitude of the impact can be larger.
The presented case O1 depletes H2O2, and thus the

obtained impact of chemical processing depends on the
available oxidant. Note that H2O2 gas-phase production is omitted in this study. The sensitivity simulation
O2 is performed with a lower SO2 mixing ratio (1 ppbv)
to mimic the SO2-limited environment. In this case, the
depletion of H2O2 would be slower during the earlier
stages of the cloud life cycle and would allow the SO2 ⫹
H2O2 oxidation reaction to be active over longer time.
The obtained sensitivity of the sulfur oxidation to the
different chemical input is nonnegligible and demonstrates a larger regenerated particle size for the SO2limited case by up to 10%–15% (Fig. 12c) from that
obtained for the H2O2-limited case (Fig. 12a).
The demonstrated impact of the sulfur oxidation
pathway is valid under either the assumption of uniform pH among the drop size spectrum or the homogeneous composition of drops, which is a limitation of
the adopted bulk microphysical treatment. In this case,
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FIG. 10. Same as Fig. 9, but for the second-regenerated-mode geometric mean radius (in terms of number, m) in shading and
number concentration (cm⫺3) in contours for experiment M1.

we showed that the contribution of the SO2 ⫹ H2O2
oxidation reaction for the particle growth (Fig. 12a) is
comparable to, but larger than, the contribution of the
SO2 ⫹ O3 reaction (Fig. 12b). This is consistent with
H2O2 being the dominant oxidant in acidic solutions,
such as those simulated in the present study. To test the
assumption of the homogeneous droplet composition,
the simulation OZ1A has been additionally performed,
which includes droplet inhomogeneity effects in a crude
way, as suggested by Yuen et al. (1996). The results are
shown in Fig. 12d and demonstrate the larger regenerated particle size by the SO2 ⫹ O3 reaction by 10%–
15% from that obtained by this reaction assuming homogeneous composition of drops (Fig. 12b). This implies that the contribution of the SO2 ⫹ O3 reaction can
be as large as that from the SO2 ⫹ H2O2 reaction.
A summary of the impact of physical and chemical
processing obtained by the various experiments is presented in Table 1.

f. Impact of cloud processing on droplet
concentrations
The processed aerosol affects cloud-droplet number
through the activation processes. Obviously, following
activation drop collision and coalescence also can impact the cloud-droplet number. To study the impact of
the processed aerosol on the total activated droplet
number, we run the activation model in stand-alone
mode with a bimodal input aerosol size spectrum consisting of the initial mode considered in our simulations
and the regenerated mode that resulted from cloud processing. The impact of the processed aerosol on the
total activated droplet number is tested for a varying
updraft velocity (0.1–1 m s⫺1), varying mean radius of
the original mode (0.01–0.1 m), and varying number
density of the original mode (1000–4982 cm⫺3). The
processed mode mean radius spans the range of 0.01–
0.5 m that was obtained in our simulations. The pro-
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cessed mode number density was set to 1000 cm⫺3.
Temperature, pressure, and supersaturation are assumed, respectively, to be 280 K, 1000 hPa, and 0%.
The dependence of the activated CCN number on
the processed aerosol mean radius for the varying original mode mean radius is shown in Fig. 13; the number
density of the original mode is set equal to that of the
processed mode (1000 cm⫺3). At the point of the curves
where the radius of the original mode is equal to the
radius of the processed mode (indicated by black dot),
the processing has no effect on the activated CCN number. In this case, as expected, for a specified original
mode mean radius, the activated CCN number increases as the updraft velocity increases between 0.1
(Fig. 13a), 0.5 (Fig. 13b), and 1 m s⫺1 (Fig. 13c); also, for
a specified updraft velocity the activated CCN number
increases as the original mode mean radius increases
between 10, 44, 70, and 100 nm (the four curves on each
panel). An increasing strength of processing is represented by the processed mode mean radii that are
larger than the original mode mean radius. At all updraft velocities it is observed that as the radius of the
original mode increases the effect of the processed
aerosol on the activated drop number reverses; at a
small radius (0.01 m), the processed aerosol has an
enhancing effect on the activated droplet number,
whereas at a large radius (0.1 m) the processed aerosol has a suppressing effect on the activated droplet
number. This behavior is reminiscent of the competition between the sulfate and sea salt as CCN in a marine environment, investigated by Ghan et al. (1998)
and O’Dowd et al. (1999b). The present study extends
the earlier finding to continental environments, where
the processed sulfate particles compete with the unprocessed sulfate particles, and similarly to the competition between sea salt and sulfate, which can increase
and decrease the total number concentration of the activated cloud droplets. The enhancement is due to the
activation of the processed mode, while the suppression
is due to the reduction in maximum cloud supersaturation resulting with competition with the smaller unprocessed mode that has a suppressing effect on activation
of the unprocessed mode. Whether enhancement or
suppression occurs depends on the radius of the original mode. If the radius of the original mode is small,
then the suppressing effect on the activation of the
←
FIG. 11. Increase in the first-regenerated-mode geometric mean
radius (in terms of number, %) resulting from collision–
coalescence (a) from one cloud cycle (S1 ⫺ S0) and (b) from
multiple cloud cycles (M1 ⫺ S1). (c) Increase in the second-regen-

erated-mode geometric mean radius (in terms of number, %)
from multiple cloud cycles (M1 ⫺ S1). Here, (a) and (b) also show
the decrease in total number density (%) in contours. All panels
are valid at 2100 UTC. The black contour shows the cloud boundary. The cross section is taken along line AB in Fig. 2b.
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FIG. 12. Increase in the first-regenerated-mode geometric mean radius (in terms of number, %) due to sulfur oxidation (a) from SO2
⫹ H2O2 reaction for the H2O2-limited case (O1 ⫺ S1), (b) from SO2 ⫹ O3 reaction for the H2O2-limited case (OZ1 ⫺ O1), (c) same
as (a), but for the SO2-limited case (O2 ⫺ S1), and (d) same as (b), but for the heterogeneous chemistry case (OZ1A ⫺ O1). All panels
are valid at 2100 UTC. The black contour shows the cloud boundary. The cross section is taken along line AB in Fig. 2b.

original mode will be negligible because there are a few
activated particles initially. Conversely, if the radius of
the original mode is large, then the suppression effect
on the activation of the original mode will be strong and
will compete with the enhancing effect of the processed
mode. At an intermediate radius of the original mode
(0.044–0.07 m), enhancement of activated drop density occurs when the radius of the processed mode is
slightly larger (no more than 0.1 m), and when this
value is exceeded there is suppression in the activated
drop density. In this continuous space of radii and densities we observe that the increase/decrease of the activated drop number is faster at the initial stages of
processing; as the time goes on and there is further rise
in the processed radius, the rates of increase/decrease
diminish. It is also evident that as the radius of the
processed mode increases all curves asymptote to a

constant value, which varies with updraft velocity but is
the same for all of radii of the original mode. This
asymptotic behavior represents the case when the entire processed mode is activated and the activated drop
number is insensitive to a further increase of the processed radius.
The dependence of the activated CCN number on
the processed aerosol mean radius for a varying original
mode number density is shown in Fig. 14; the updraft
velocity is fixed at 0.5 m s⫺1. At 10-nm radius of the
original mode (Fig. 14a), the sensitivity of the activated
CCN number to the original mode number density is
negligible because a very small fraction of the original
mode is activated. At 44- (Fig. 14b), 70- (Fig. 14c), and
100-nm (Fig. 14d) radius of the original mode, the activated CCN number increases as the original mode
number density increases. For all of the original mode
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TABLE 1. Summary of first-regenerated-mode mean radius increases and number density decreases obtained by various
experiments.
Process (experiment difference)
Initial aerosol spectrum:
CCN spectrum (S0):
Collision–coalescence pathway:
One cloud cycle (S1 ⫺ S0)
Multiple cloud cycles (M1 ⫺ S1)
SO2 ⫹ H2O2 oxidation pathway:
H2O2-limited case (O1 ⫺ S1)
SO2-limited case (O2 ⫺ O1)
SO2 ⫹ O3 oxidation pathway:
Bulk droplet composition (OZ1 ⫺ O1)
Heterogeneous composition (OZ1A ⫺ OZ1)

Mean radius (% increase)
44 nm
50–80 nm
0.02–0.03 m (3%–5%)
0.3–0.5 m (20%–50%)

number density values, similar behavior is observed;
enhancing the effect of the processed aerosol is seen at
a small radius of the processed aerosol (only slightly
larger than the original radius; up to 0.1 m), and the
suppressing effect of the processed aerosol is seen at a
larger processed radius (much larger than the original
aerosol; larger than 0.1 nm).
The two competing effects of processing have been
previously identified by Feingold and Kreidenweis
(2002) in processing scenarios characterized by much
smaller particle densities (150–200 cm⫺3) than those in
our simulations. Under such conditions, the authors
showed that when the contrast between the mode associated with processing, typically residing at 0.1 m,
and the mode of the original CCN size distribution is
small (i.e., the original median size is similar to the
processed median size), processing has an enhancing
effect on droplet number. When this contrast is large
(e.g., a median size of 0.05 m) the processing has a
suppressing effect on droplet number because the
larger particles generated by processing generate larger
drops that may accelerate the drizzle process. The results presented here generalize this finding for larger
values of densities of the original size distribution and
larger values of processed radii.
In the case of the Lake Erie stratocumulus cloud
system, resulting from the variability of the original and
processed mode throughout the cloud as well as the
variability of the updraft velocity, it is clear that both
the enhancement and suppression of the droplet density is possible as a result of cloud processing. The
change in cloud-drop density resulting from cloud processing is evaluated from experiment M1, which considers the physical processing mechanism, and experiment M0, which excludes processing but allows, like
experiment M1, activation of the processed aerosol in
subsequent cycles. The results at a selected time of the
cloud evolution (2100 UTC) are presented in Fig. 15,
but similar behavior is observed at the remaining times.

Number density (% decrease)
4982 cm⫺3
100–2000 cm⫺3
100–300 cm⫺3 (10%–30%)
1000–2000 cm⫺3 (70%–90%)

(1%–5%)
(5%–20%)
(1%–3%)
(5%–20%)

It is seen that the regime of the droplet density enhancement is favored in most of the cloud with a magnitude of the enhancement of the order of 100 cm⫺3,
although values as high as 500 cm⫺3 are also observed.
The regime of the droplet density suppression is also
seen to occur, but in smaller regions and with a smaller
magnitude of the suppression.

5. Comparison with other studies
a. Comparison of the CCN particle growth
Field observations of the marine boundary layer over
the Atlantic Ocean show that the aerosol mode believed to be created by aqueous chemistry processing
resides usually at a radius of about 0.1–0.2 m (Hoppel
et al. 1990). Observations of the continental boundary
layer in the region of the Great Lakes (Rupakheti et al.
2005), discussed in section 3, reveals a bimodal aerosol
spectrum with a larger mean radius of 0.5 m of the
second mode associated with processing; however, the
processing mechanism is unclear. The simulations presented in the current study indicate a mean particle
radius resulting from the combined effect of physical
and chemical processing of 0.08–0.12 m, which is in
agreement with Hoppel et al.’s (1990) estimates but is
smaller than the Great Lakes observations. Differences
between the observed and predicted values may be due
to various factors, including production of oxidants,
particularly H2O2, which is omitted in the present
study, as well as chemical heterogeneity among drops,
as opposed to the bulk cloud water composition considered here. Production of H2O2 would allow for the
SO2 ⫹ H2O2 oxidation reaction to be active for longer
than 40 min, which is the time of depletion of H2O2 for
the H2O2-limited case discussed here, and would cause
stronger SO2 conversion. The SO2-limited case presented here is more favorable for sulfate production
and produces a 10%–15% larger regenerated particle
size than the H2O2-limited case because of the slower
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H2O2 depletion in the earlier stages of the cloud life
cycle. Chemical heterogeneity among drops has been
shown by prior studies to lead to differential chemical
conversion in smaller and larger drops that could enhance the SO2 ⫹ O3 reaction relative to that from an
average cloud water composition (Hegg and Larson
1990; Roelofs 1993; Collett et al. 1994; Gurciullo and
Pandis 1997; Kreidenweis et al. 2003). This is caused by
acidity differences that could be as large as 1 pH unit or
more between the smallest and the largest drops (e.g.,
Collett et al. 1994). The case presented here that includes the effect of chemical heterogeneity among
drops in a crude way demonstrates larger regenerated
particle size by as much as 10%–15%, relative to the
case with bulk cloud water composition.

b. Comparison of the relative contribution of
collision–coalescence and aqueous chemistry
processing

FIG. 13. Activated CCN number (cm⫺3) as a function of the
processed mean radius (m) for varying original mode mean radius (as specified on the panels) and original mode number density 1000 cm⫺3. The updraft velocity is (a) 0.1, (b) 0.5, and (c) 1
m s⫺1. Temperature, pressure, and supersaturation are, respectively, 280 K, 1000 hPa, and 0%. The black dot indicates the
corresponding initial processed radius.

A rigorous test of the bulk method introduced in our
mesoscale model is the comparison of the relative contributions of the physical and chemical processing
mechanisms to the mean particle radius increase with
previous studies employing size-resolved aerosol and
droplet spectra, such as LES-based studies. Feingold et
al. (1996) reported a dominant impact of physical processing at large LWC (⬃0.5 g m⫺3), with particle
growth amounting to 10% over the course of 1 h of
processing, and a comparable impact of physical and
chemical processing for small LWC (⬍0.2 g m⫺2), with
particle growth amounting to ⬃1%–2%. The chemistry
input in this study was characterized by conditions of
very low SO2 concentrations (0.055 ppbv) and a lognormal CCN spectrum characteristic of clean maritime air
(NCCN ⱕ 100 cm⫺3 and rCCN ⱕ 0.05 m), which, obviously, differ substantially from the conditions used in
the present study. Hatzianastassiou et al. (1998), however, used a similar CCN spectrum but higher SO2 concentrations (0.5 ppbv), and arrived at similar conclusions. Feingold and Kreidenweis (2002) evaluated aerosol processing in a heavily drizzling stratocumulus
(LWP ⫽ 200 g m⫺2) for conditions of higher SO2 concentrations (1 ppbv) and a varying lognormal CCN
spectrum (NCCN ⫽ 50–200 cm⫺3 and rCCN ⫽ 0.05–0.1
m). For low CCN concentration (⬍100 cm⫺3) and efficient drop collection, that study was in general agreement with the aforementioned studies, indicating a
dominant impact of the physical processing mechanism.
For intermediate CCN concentrations (ⱖ150 cm⫺3),
however, chemical processing dominated the particle
growth, amounting to more than 30% at the time of
maximum LWP with the small-sized CCN spectrum
(rCCN ⬃ 0.05 m) experiencing the largest growth. The
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FIG. 14. Activated CCN number (cm⫺3) as a function of the processed mean radius (m) for varying original
mode aerosol number density (as specified on the panels) and updraft velocity of 0.5 m s⫺1. The original mode
mean radius is (a) 10, (b) 44, (c) 70, and (d) 100 nm. Temperature, pressure, and supersaturation are, respectively,
280 K, 1000 hPa, and 0%. The black dot indicates the corresponding initial processed radius.

large-sized CCN spectrum (rCCN ⬃ 0.1 m) showed
smaller growth because the particle mode created by
the addition of sulfate mass usually resides at a similar
radius (Hoppel et al. 1990) and was not separated substantially from the original mode. The results obtained
in the present study, indicating comparable particle
growth by physical and chemical processing (3%–5%)
for one cloud-processing cycle and dominant particle
growth by physical processing (30%–50%) for multiple
processing cycles, are in general agreement with the
previous studies, but a more definitive comparison is
difficult due to the different conditions among the different studies.

6. Summary and conclusions
In Part I of this study a bulk multimodal representation of the aerosol component of the coupled aerosol–
cloud system has been introduced in a mesoscale model
based on a set of continuity equations for a multimodal
aerosol (background, activated, and regenerated) of

lognormal distribution. The mass and number densities
of the aerosol size spectrum are predicted quantities.
The cloud processes are also represented by an explicit
double-moment microphysical parameterization. This
treatment, as demonstrated in Part I, enables the accurate determination of the modifications of the aerosol
spectrum by clouds due to nucleation scavenging, solute transfer between drops by collision and coalescence
of drops, and regeneration of particles following droplet evaporation. The present study introduces the
chemistry component of the coupled system based on a
set of continuity equations for selected gaseous species
with sources and sinks, including equilibrium dissolution and dissociation in the aqueous phase and aqueous-phase oxidation of dissolved SO2 by H2O2 and O3.
This allows us to link the chemistry component to the
aerosol and cloud components directly and represent
the feedbacks explicitly. The limitation is the bulk representation of the chemistry, which neglects the pH
variations among different-sized drops.
Our approach is to run the mesoscale model with all
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FIG. 15. (a) Increases and (b) decreases in droplet number
(cm⫺3) in experiment M1 from that in experiment M0. Panels are
valid at 2100 UTC. The black contour shows the cloud boundary.
The cross section is taken along line AB in Fig. 2b.

components of the coupled system, cloud dynamics,
and microphysical, aerosol, and chemical interactions,
in order to develop estimates of the magnitude and the
spatial variation of the CCN spectrum modifications
attributable to collision–coalescence and aqueous
chemical processing and to examine the associated
feedbacks on cloud-droplet concentration in subsequent cycles. The question asked is whether at the “mesoscale” grid spacings (3 km used here) the feedbacks
will be correctly represented using the bulk multimodal
representation of the aerosol and droplet spectra.
The case presented is that of a summertime system of
a continental stratocumulus that occurred on 11 July
2001 south of Lake Erie in the presence of standing
forcing resulting from the water–land contrast, which is
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favorable for field experiments of the cloud processing
of aerosol. The aerosol and chemistry conditions considered are characteristic of the region of the Great
Lakes and are described by generally high concentrations of CCN and SO2 present in the system. Numerical
simulations of the coupled aerosol–cloud–chemistry
system were performed with and without cloud processing of the aerosol. The magnitude and the spatial distribution of the resultant modifications of the CCN size
spectrum were evaluated, and the subsequent effect on
droplet number concentration was examined. The results were analyzed in the context of consistency with
prior observational and modeling studies.
The simulations demonstrate that cloud processing of
aerosol has a marked effect on the aerosol size distribution. Aerosol size spectra that have undergone cloud
processing are characterized by bimodal spectra, with
one mode of particles resulting from those that did not
participate as CCN and a second mode in the region of
0.08–0.12-m radii, comprising those that are affected
by processing. Processing of the aerosol by drop collision–coalescence was found to cause an increase in the
particle mean radius whose magnitude amounts to 3%–
5% from one cloud-processing cycle and 30%–50%
from multiple processing cycles. The added sulfate
mass by aqueous-phase oxidation of SO2 was found to
cause an additional increase via the SO2 ⫹ H2O2 pathway of 3%–5% for the H2O2-limited case and 10%–
20% for the SO2-limited case, and via the SO2 ⫹ O3
pathway of 1%–3% for the bulk chemical composition
case and 10%–20% for the heterogeneous chemical composition case. The results, indicating a comparable impact
of the two processing mechanisms for one cloud-processing cycle and a dominant impact of the physical processing mechanism for multiple cycles, are in general
agreement with previous size-resolving LES studies.
The spatial distribution of the processed aerosol obtained in our simulations indicates that the impact of
processing is found in the downdraft areas below the
cloud that favor droplet evaporation and regeneration
of the aerosol. The processed aerosol, however, can be
transported substantial distances from the processing
cloud. This result is useful in providing guidance for in
situ measurements aimed at detecting the impact of
processing.
It was also found that the initial trace gas concentrations were a strong constraint on the chemical processing. For the chemical scenario presented here, characterized by a high concentration of SO2, oxidation depletes the primary oxidant H2O2 completely beyond
times of about 40 min, and this limits the particle
growth. For the chemical scenario characterized by low
SO2 concentration, the depletion of H2O2 is slower,
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which favors stronger sulfate production and larger particle growth. Given the strong dependence of the oxidation on the initial chemistry input, shown here as well
as in earlier studies, it is clear that if the cloud was
subject to a plentiful supply of fresh oxidant by largescale advection (e.g., resulting from strong vertical velocities) or by gas-phase production, aqueous-phase
sulfur oxidation would produce larger particle growth
than that obtained in the present study.
The effect of the processed aerosol on the total activated CCN number is seen to reverse with increasing
radius of the original, unprocessed mode. At small
original mode mean radius (0.01 m) the processed
aerosol has an enhancing effect on the activated CCN
number, whereas at large original mode mean radius
(0.1 m) the processed aerosol has a suppressing effect
on the activated CCN number. At the intermediate
original mode mean radius (0.044–0.07 m), either enhancement or suppression of the activated CCN number can occur depending on the contrast between the
processed and the original mode mean radius; enhancement of the activated CCN number occurs when the
processed mode mean radius is slightly larger (no more
than 0.1 m), and when this value is exceeded there is
suppression of the activated CCN number. This behavior is similar to the competition between sulfate and sea
salt as CCN investigated by Ghan et al. (1998) and
O’Dowd et al. (1999b), and is explained in terms of the
sensitivity of the activation of the original mode to
cloud supersaturation. The present study extends the
earlier finding for marine environments to continental
environments. Namely, a direct monotonic link between sulfate mass and cloud-droplet concentration is
unlikely not only because of the presence of sea salt
particles in the case of marine environments, as previously shown, but also because of the presence of processed sulfate particle that, similarly to sea salt particles, preferentially activate compared to unprocessed
sulfate nuclei.
The satisfactory comparison of our results with those
from size-resolving model studies indicates that a mesoscale model employing bulk multimodal representation of the aerosol and droplet spectrum can satisfactorily simulate the modifications of the particle spectrum by clouds. However, observational studies are
important for further verification. The results obtained
in simulations such as that described here can be useful
in providing guidance for in situ measurements that are
designed to detect the impact of cloud processing. The
implementation of aerosol processing as well as the obtained estimates of the aerosol spectrum modifications
can also be useful for air quality models. This study also
suggests a viable treatment for climate models.
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