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ABSTRACT
High-resolution numerical simulations of the aerosol–cloud feedbacks are performed with a mesoscale
model. The multimodal aerosol species, added to the model, and the cloud species were represented by two
spectral moments. The aerosol sources include particle activation, solute transfer between drops due to
collision and coalescence of drops, and particle regeneration. A summertime case was simulated consisting
of a cold frontal cloud system and a postfrontal stratus. Experiments with both simple and mechanistic
activation parameterization of aerosol and with one and two aerosol modes were performed. Verification
was made of the stratus properties against measurements taken during the Radiation Aerosol and Cloud
Experiment (RACE).
The results demonstrate a significant sensitivity of the stratus and of the frontal system to the aerosol and
a moderate impact on the particle spectrum of drop collision–coalescence. The stratus simulation with
mechanistic activation and unimodal aerosol showed the best agreement of droplet concentration with the
observations, and the simulations with mechanistic activation and a bimodal aerosol and with simple
activation underestimated the droplet concentration. A similar high sensitivity was found for the frontal
precipitation intensity. Drop collision–coalescence in the frontal system was found to have an impact on the
particle mean radius whose magnitude amounted to 10% and 15% for one and multiple cloud cycles,
respectively. This impact was also found to be highly variable in space. The modified particle spectrum,
following activation in clouds, was found to increase droplet concentration.

1. Introduction
It is recognized that changes in the atmospheric aerosol that can modify the properties of shallow midlatitude boundary layer clouds can have a pronounced impact on the global radiative budget because of the large
coverage (Klein and Hartmann 1993; Ramanathan et
al. 1989) of this type of cloud and their large susceptibility to aerosol changes (Platnick and Twomey 1994).
Modeling studies of aerosol–cloud interactions in
boundary layer clouds have followed a variety of approaches. Three-dimensional large-eddy simulation
(LES) models, run on scales of the order of a few hundred meters, simulate explicitly the boundary layer
cloud characteristics (e.g., Kogan et al. 1995; Feingold
et al. 1996a, 1997) through a coupling of a dynamical
model that resolves the large eddies with a microphysi-
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cal model that resolves (sectional representation) the
cloud condensation nuclei (CCN) and drop spectra.
These studies have substantially increased the understanding of the many feedbacks in the aerosol–cloud
system, but the cloud dimensions are limited. This
problem is resolved in global and regional climate models, which provide estimates of the indirect aerosol forcing on scales of one to a few hundred kilometers (e.g.,
Ghan et al. 1997; Lohmann et al. 1999, 2002; Lohmann
et al. 2000; Gong et al. 2003). In these models, uncertainties in the cloud fields due to the poor spatial resolution may be larger than the changes induced by
changes in the aerosol. Each of these approaches is
valid and useful in increasing the understanding of different aspects of the problem. The current approach is
to use a mesoscale numerical weather prediction
model, run on scales of the order of a few kilometers.
Mesoscale models assimilate real data (horizontal
winds, pressure, temperature, humidity) from largescale analyses and, for example by nesting, provide
small-scale physical fields that are consistent with the
dynamical balance of the model. As a result, they can
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be expected to provide a realistic distribution of the
clouds on small scales (a few kilometers). Hence, these
models allow all components of the aerosol–cloud system to be equally well represented. It is now possible to
run such models with sufficiently small grid spacing to
resolve the cloud system, and it becomes important to
address whether mesoscale models correctly represent
the boundary layer cloud properties and the interaction
of the clouds with aerosols at these scales.
In a numerical model, it is desirable to capture two
characteristics of the midlatitude low stratus cloud.
First, the model needs to be able to capture the largescale dynamics (e.g., surface divergence, midtropospheric subsidence) and thermodynamics (e.g., capping
inversion, air–sea temperature contrast), which trigger
and maintain the low stratus cloud. Second, the model
needs to be able to produce an accurate portrayal of the
unbroken stratus deck (e.g., cloud base and cloud thickness), as well as of the bulk cloud properties (LWC,
droplet number, drizzle), which should be within the
bounds established by experiment. When one is concerned with a drizzling boundary layer (BL), the weight
placed on the microphysics is great, and simple schemes
are not able to capture the cloud and the boundary
layer evolution adequately (Feingold et al. 1996a). In
particular, including detailed representation of drop
collection (autoconversion) at low LWC and differential (size dependent) drop sedimentation in weak updrafts (0.1–1 m s⫺1) is crucial to adequately simulate
drizzling stratocumuli (Feingold et al. 1998). The use of
advanced microphysical schemes is also critically important for adequate representation of the aerosol effects on the clouds. CCN concentration determines the
colloidal stability of clouds and the possibility of drizzle
formation (e.g., Feingold et al. 1996a). Drop collection
reduces the number of particles available to act as CCN
and creates larger aerosol particles upon cloud dissipation (Hudson 1993; Flossmann 1994; Feingold et al.
1996b). The modified aerosol spectrum affects the
droplet concentrations and drizzle in subsequent cloud
cycles (Bower et al. 1997; Feingold and Kreidenweis
2000).
Mesoscale models have demonstrated potential in
simulating a drizzling cloud-topped boundary layer. Using a mesoscale model at high resolution (2 km)
equipped with two-moment microphysics, Mechem and
Kogan (2003) successfully simulated drizzle-induced
transition from pure, unbroken stratocumulus to
boundary layer cumulus over a period of a few hours.
This was the first study to have demonstrated mesoscale organization arising from the effects of drizzle.
The previous work leads to the conclusion that it is
fully legitimate to use a mesoscale model with an
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advanced bulk double-moment cloud microphysical
scheme, similar to those devised by Feingold et al.
(1998) or by Cohard and Pinty (2000a), as a means to
investigate the aerosol–cloud interactions in boundary
layer clouds. The current study includes all components
of the aerosol–cloud system by coupling the mesoscale dynamics with explicit bulk double-moment
aerosol and microphysics, represented by a set of
continuity equations for mass and number concentration. Multimodal representation of the particle spectrum (background, activated, and regenerated aerosol)
and multimodal representation of the drop spectrum
(cloud droplets and large drops) are introduced in
the Canadian Mesoscale Compressible Community
(MC2) model (Benoit et al. 1997). The aerosol and
drop spectra are assumed to follow lognormal and generalized gamma distributions, respectively. Aerosol
sources and sinks include particle activation, solute
transfer between drops due to stochastic collision and
coalescence of drops, and particle regeneration. The
microphysical sources and sinks include condensation/
evaporation, stochastic collision and coalescence of
drops and collisionnal breakup and sedimentation of
large drops.
The cases considered in this study are a summertime
postfrontal stratus and a cold frontal cloud system that
occurred on 1 September 1995 in the Bay of Fundy on
the eastern coast of Canada. The stratus case is ideal
because it was observed during the Radiation Aerosol
and Cloud Experiment (RACE). The frontal cloud case
allows evaluating the aerosol effects on precipitation
and provides a mechanism—via the drop collision and
coalescence process—for aerosol processing. The aircraft in situ measurements during RACE, which consist
of aerosol spectra and stratus cloud thermodynamic
and microphysical parameters, provide a useful dataset
for model initialization and validation.
The objectives of this study are, via high-resolution
(3 km in the horizontal, 50 m in the vertical) numerical
simulations, to 1) validate the simulation of the stratus
cloud, 2) determine the sensitivity of the stratus and the
frontal cloud system to the aerosol representation and
to the choice of activation parameterization, and 3)
evaluate the impact of collision–coalescence processing
on the particle mean radius and on the droplet concentration.
The paper is organized as follows. Section 2 provides
an overview of the case selected for discussion. Section
3 describes the model modifications and the nesting
strategy. Section 4 presents the results and discusses
their validity and implications. Finally, section 5 summarizes the main findings and provides conclusions.
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2. Model
a. Model description
The MC2 is a 3D, fully elastic, nonhydrostatic, limited-area model based on the Navier–Stokes equations
(Benoit et al. 1997). The model numerics is described in
Robert et al. (1985) and Tanguay et al. (1990). The
physics package is described in Mailhot et al. (1998)
and includes radiation processes 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 and are represented
by the Kain and Fritsch (1990, 1993) convective parameterization and the Kong and Yau (1997) explicit
mixed-phase microphysical parameterization. The microphysics, which is one-moment and bulk, was replaced with a double-moment microphysics.
The double-moment microphysics adopted in this
study follows closely Cohard and Pinty (2000a). The
parameterization partitions the condensed water between relatively small cloud droplets and large drops
(⬎80 m in diameter), also loosely referred to as raindrops, both described by generalized gamma distributions. Four prognostic variables, the zeroth (droplet
concentration, Ni) and the third (mixing ratio, Qi) spectral moments describe the two distributions. The microphysical sources and sinks follow closely their original
formulation except for the representation of the
breadth parameter for large drops and the droplet activation. Milbrandt and Yau (2005a,b) proposed a diagnostic expression for the large drop breadth parameter as an increasing function of the raindrop massmean diameter, which has been adopted in the current
study. Droplet nucleation, the mechanism via which the
aerosol controls the cloud droplet concentration, is central to the current investigation and has been replaced
by a more advanced parameterization, as detailed below.

b. Model modifications
1) SYSTEM
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OF EQUATIONS

Separate continuity equations, 14 in total, were
added to the MC2 model for three modes of dry aerosol
(subscript A), each assumed to follow lognormal distribution
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with total number concentration NA, geometric-mean
radius am, and geometric standard deviation A, and
four modes of activated aerosol including three categories in cloud drops (subscript AC) and one category in
large drops (subscript AR). Each aerosol mode is described by a pair of equations for the mixing ratio and
the number density X ⫽ (Q, N), which can be written in
symbolic form as follows:
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where S is equal to 兺 3i⫽1  Q
for Q and N,
i and ⫺
respectively. The symbol  represents sinks and sources
due to nucleation. The symbols , , and  represent
the different mechanisms for solute transfer between
drop categories. The symbols ␦ and  represent particle
regeneration for modes AC and AR, respectively, and
the symbol  represents sedimentation of solute in
large drops. The subscript NMT refers to nonmicrophysical tendencies (advection, diffusion, numerics).
The details concerning the sources and sinks are presented in the following section.

2) NUCLEATION
In Cohard and Pinty (2000a), the droplet nucleation
process follows the approach of Cohard et al. (1998).
This approach consists of constructing a four-parameter
activity spectrum (i.e., Twomey 1959) for a prescribed
aerosol spectrum by fitting results from a size-resolved
(bin) nucleation model. The aerosol spectrum that this
approach considers is unimodal lognormal, either continental (ammonium sulfate) or maritime (sea salt) with
lognormal parameters NA, am, and A, respectively 842
cm⫺3, 21.8 nm, and 3.19 for the continental case or 67
cm⫺3, 133 nm, and 1.62 for the maritime case. This
simple approach cannot account for changes of the
spectrum due to the cloud processes thus a parameter-
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ization that allows a varying aerosol spectrum is better
suited for the purposes of this study.
Abdul-Razzak et al. (2000) proposed an activation
parameterization for a multimodal, lognormal, internally mixed aerosol of varying spectral parameters and
composition. The method for obtaining NCCN,i and
QCCN,i for each mode i consists of integration of the
aerosol spectrum with lower limit the size of the smallest particle activated using the Kohler theory. It is
shown that NCCN,i and QCCN,i are expressed in terms of
four dimensionless parameters, which depend on the
updraft velocity, diffusion of heat and moisture onto
the particle, the thermodynamic variables in the saturation ratio balance equation, and the parameters of
the aerosol distribution.
Within a model grid box, nucleation is calculated either when a cloud forms within a layer (new cloud) or
when air flows into the cloud (preexisting cloud), as
proposed by Ghan et al. (1997). The nucleation rate,
therefore, is expressed as

X
i ⫽

XCCNi
⌬t

“new cloud”

X
i ⫽ ⫺ · XCCNiV “preexisting cloud,”

共7兲
共8兲

where V ⫽ (u, , w) is the 3D velocity vector. For
“preexisting cloud” droplet formation on the sides and
top of clouds is neglected, thus droplets formation takes
place only at cloud base and the nucleation rate reduces
to ⫺XCCNiwb /⌬z, where ⌬z is model layer thickness, w
is vertical velocity, and the subscript b denotes cloud
base. This treatment contrasts with the Cohard et al.
(1998) treatment, in which new droplet formation can
occur within cloud interior.

3) SOLUTE

TRANSFER

A bulk multimodal representation of solute within
drops has been chosen, which treats solute originating
from each dry aerosol mode separately. The idea is that
collisions and coalescences among the various drop size
categories cause a redistribution of the scavenged aerosol in such a manner that the main aerosol mass, which
is typically contained in the large drops, is always associated with the main water mass (Flossmann et al.
1985). Thus the collection kernel for drops determines
the mass fraction of solute transferred to large drops. In
practice, this assumption implies that 1) the size distribution of the solute in drops follows the drop size distribution, and 2) the ratio of the mass of solute to the
mass of water is constant with radius. The rates for
conversion of solute by autoconversion , accretion ,
and self collection  can be written as follows:
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The symbol  Q
C is the tendency of cloud mixing ratio
due to autoconversion, and the symbol  N
C is the tendency of cloud number density due to self collection.
N
The symbols  Q
C and  C are, respectively, the tendencies of cloud mixing ratio and number density due to
accretion between cloud droplets and large drops. The
symbol  N
R is the tendency of large drop number density
due to self collection. For details on the microphysical
tendencies see Cohard and Pinty (2000a).

4) PARTICLE

REGENERATION

The reconstruction of the regenerated spectrum following drop evaporation follows the principle that one
particle is regenerated for every evaporated drop. This
approach is supported by laboratory experiments of the
drop-to-particles conversion process by Mitra et al.
(1992). The total particle mass and number are regenerated in a global sense rather than in each bin. The
bulk approach, like the more detailed studies resolving
the aerosol and droplet spectra (e.g., Ackerman et al.
1995; Feingold et al. 1996a), conserves aerosol mass
and, if particles do not interact, number density and
hence regenerates the correct mass-mean radius. Particle regeneration results in formation of two modes,
from evaporation of cloud droplets and large drops.
The regenerated modes are assumed the same spectral
shape and breadth as the initial mode. The particle regeneration tendencies can be written as follows:

␦Q
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NAC,i
; ␦N
, i ⫽ 1, 3;
i ⫽
⌬t
⌬t
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The regenerated aerosol modes can be activated in subsequently forming clouds and thus can undergo multiple processing cycles. Particle regeneration following
partial drop evaporation is not considered at the
present time.

5) SEDIMENTATION

OF SOLUTE IN LARGE DROPS

Solute in large drops sediments with the terminal fall
speed of large drops, which depends on drop diameter

Unauthenticated | Downloaded 01/09/23 08:02 PM UTC

FEBRUARY 2008

293

IVANOVA AND LEIGHTON

FIG. 1. NOAA-14 satellite AVHRR visible image taken at 1733 UTC 1 Sep 1995.

D (Ferrier 1994). The sedimentation rate for the mass
and number concentration of solute in large drops is
given by the vertical flux convergence for falling drops:

Q ⫽

1 ⭸共QARVQT兲
⭸共NRVNT兲
; N ⫽
,

⭸z
⭸z

共14兲

where VQT and VNT are respectively the mass-weighted
and the concentration-weighted terminal fall speeds
(Milbrandt and Yau 2005a,b).

3. Case overview and modeling strategy
a. Satellite imagery and flight plan
Visible image from the Advanced Very High Resolution Radiometer (AVHRR) on board the National
Oceanic and Atmospheric Administration NOAA-14
satellite taken at 1733 UTC 1 September 1995 (Fig. 1)
reveals the stratus cloud of interest. The cloud can be
seen extending from the coast of New Brunswick
(northwestern coast of the Bay of Fundy) to the Bay of
Fundy. Over the coast the cloud was thicker and relatively inhomogeneous, while over the Bay the cloud
was thinner and unbroken. A narrow band of clear air
along the Bay separated the cloudiness on the New
Brunswick side from that near Nova Scotia. The presence of broken convective-like cloudiness in the north-

western part of the domain (Maine and New Brunswick) indicates the presence of convective instability in
the cold air mass following the passage of the front.
In situ measurements of the stratus cloud were collected between 1720 and 1910 UTC during flight 13C of
the RACE campaign (Banic et al. 1996). The sampling
platform was a National Research Council of Canada
Twin Otter aircraft, with an operating airspeed of 50–70
m s⫺1. The flight pattern consisted of vertical soundings
(ascent profile AB at ⬃1730 UTC and descent profile
at point B at ⬃1820 UTC, Fig. 2) and level flights (segment BC, Fig. 2). The cloud-base and cloud-top heights
were found to be 665 and 1210 m, respectively, for the
ascent profile and 873 and 1112 m for the descent profile. The track-average values (five penetrations) were
829 and 1108 m, respectively.

b. Synoptic situation and air soundings
The synoptic conditions in the Bay of Fundy were
obtained from the Canadian Meteorological Center
(CMC) regional analyses (horizontal resolutions 50 km,
16 levels). They show a cold frontal system passing over
the Bay of Fundy at 1200 UTC (Fig. 3) and producing
several millimeters of precipitation. We choose to simulate the aerosol processing and cloud microphysical
properties at two times. The first time at 0900 UTC
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FIG. 3. CMC surface analysis at 1200 UTC 1 Sep 1995. Surface
fronts are indicated and the location of the Bay of Fundy is shown
with an arrow.

FIG. 2. (a) Horizontal flight pattern and (b) time series of aircraft altitude in solid line; cloud-base and cloud-top heights are
indicated with triangles pointing up and down, respectively, and
their track-average values (829 and 1108 m, respectively) are indicated in dashed line. Shaded areas highlight the flight-track segment BC.

corresponds to the time of the frontal passage over
Maine and New Brunswick and the second time at 1800
UTC represents a time after the frontal passage when
postfrontal stratus cloud is present in the cold frontal
sector. The 0900 UTC time is suitable for studying aerosol processing at the moment that the frontal system is
strongest, while the 1800 UTC time is the time of aircraft sampling and therefore can be used for studying
the stratus cloud microphysical properties. The synoptic chart of the regional CMC analyses suggests that the
conditions at both low and mid levels are favorable to
the formation of low stratus in the postfrontal sector: at
0000 UTC the 850 hPa shows, prior to the frontal passage, warm temperature advection from the southwest;
at 1200 UTC the 850 hPa shows, in the frontal sector,
Q-vector convergence indicating upward motion
(Bluestein 1992), while the 500 hPa shows Q-vector
divergence pointing to midtropospheric subsidence.
Low-level ascent together with midlevel subsidence
leads to the capping inversion with warm dry air aloft
that is characteristic of stratus cloud.
Indeed, the vertical air soundings taken by the aircraft of temperature and dewpoint temperature (Fig. 4)

show a strong temperature inversion at the stratus
cloud top. The capping inversion plays a central role to
the existence of stratus by keeping moisture evaporated
from the sea surface within the boundary layer. Moderate updrafts (typically ⬍1 m s⫺1) cause the moisture
to reach saturation and trigger cloud formation. Once
the cloud has formed convection is easily maintained by
strong radiative cooling at cloud top.

c. Cloud microphysical measurements
The LWC was measured by a Particle Measuring System (PMS)1 King probe, and the droplet size distribution was measured by Fast Scattering Spectrometer
Probe (FSSP-100)2 in the diameter range 1.31–28.58
m. Vertical profiles of LWC, droplet number density,
and mean volume radius, derived from the FSSP, are
shown in Fig. 5. The ascent profile (1730 UTC) shows
large variations in the cloud LWC and number density
with a region of 50 m where LWC and number density
are very low (⬍0.03 g m⫺3 and ⬍20 cm⫺3). The peak
LWC is 0.9 g m⫺3 in the upper layer and 0.3 g m⫺3 in
the lower layer, and the peak drop number density was
⬃700 cm⫺3 in both layers. The corresponding peak
droplet mean volume diameter was about 8 m for the

1

Particle Measuring Systems, Inc., Boulder, Colorado.
Detailed information about the FSSP can be found in Dye and
Baumgardner (1984), Baumgardner et al. (1985), Brenguier
(1989), and Baumgardner and Spowart (1990).
2
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FIG. 4. Vertical sounding of temperature and dewpoint temperature observed by aircraft in solid line and simulated by expt
CTRL in dashed line: (a) the ascent profile (1730 UTC) and (b)
the descent profile (1820 UTC). The simulated profiles are valid
at 1800 UTC.

lower layer and 14 m for the upper layer. The descent
profile (1820 UTC) indicates a characteristic triangular
LWC profile (Noonkester 1984) and a uniform drop
number density profile, commonly observed in nonprecipitating stratiform clouds. The peak values of
LWC and drop concentration were smaller than during
ascent, about 0.5 g m⫺3 and 350 cm⫺3. The increase in
LWC with height was accounted for by an increase in
the mean volume radius rather than an increase in concentration. Such systematic behavior suggests that the
condensation process dominates droplet growth. These
observations are similar to those described by Slingo et
al. (1982) and Nicholls (1984) for a similar layer of
marine stratocumulus.

FIG. 5. Variation with height of (a) LWC (g m⫺3), (b) droplet
concentration (cm⫺3), and (c) volume-mean diameter (m) on
the ascent (1730 UTC) in black and on the descent (1820 UTC) in
gray. LWC is from King probe and droplet number and volumemean diameter are from the FSSP; each point represents a 1-s
average.
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TABLE 1. Variation with height of the lognormal parameters of
the aerosol spectra shown in Fig. 6a. The standard deviation of the
accumulation mode is A,1 ⫽ 1.7 and that of the coarse mode is
A,2 ⫽ 1.21.

FIG. 6. (a) Aerosol size spectra (cm⫺3 log R⫺1) between 0- and
1500-m altitudes (averaged over every 100 m) collected by
PCASP in black and by FSSP (FSSP values were taken at RH ⬍
85%) in gray. The solid lines indicate the spectra at the surface
and at the top, and the dashed lines indicate the spectra at 800-m
altitude (cloud base). (b) The continental spectrum in expt CTRL
in black overlaid by lognormal fits to the observed spectra at
800-m altitude (a) in gray that are used to initialize expts M1
and M2.

d. Aerosol measurements
Aerosol particles were measured by PMS Passive
Cavity Aerosol Spectrometer Probe (PCASP) in diameter range 0.1–2.8 m and by FSSP in diameter range
1.3–28.6 m. Owing to the limited size range of PCASP,
particles smaller than 0.1 m in radius remain undetected. These small particles do not add much to the mass
concentration but they contribute significantly to the
number concentration. From the FSSP probe, which is
designed to measure cloud droplets, only data collected
at RH below 85% are considered to ensure that the
particles are relatively dry. The fact that the PCASP
dries the particles whereas the FSSP does not can be a
source of discrepancy between the spectra from the two
probes. Another source of discrepancy is the uncertainty in the sizing of the first FSSP channel.
The particle spectra from the two probes, averaged
over every 100-m altitude, are shown in Fig. 6a. Two
modes are evident, an accumulation and a coarse mode
both exhibiting variability in the particle concentration
with altitude, especially the coarse mode. In the vicinity
of the cloud base (⬃800 m), the observed modes are

Altitude
(m)

NA,1
(cm⫺3)

am,1
(nm)

NA,2
(cm⫺3)

am,2
(m)

0
100
200
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600–25 000

4000
4000
3500
3000
2500
2000
1800
1400
1200
1000
800
600
500
400
300
300
200

50
50
50
50
50
50
55
55
55
55
60
60
60
60
60
60
60

90
90
30
20
15
12
10
8
6.5
5
3.3
2
1
0.04
0.05
0.05
0.0

1.1
1.1
1.05
1.05
1.05
1.05
1.05
1.05
1.05
1.05
1
1
1
1
0.95
0.9
—

characterized by lognormal parameters NA, am, and A:
respectively 1200 cm⫺3, 0.050 m, and 1.7 for the fine
mode and 6.5 cm⫺3, 1.05 m, and 1.21 for the coarse
mode (Fig. 6b). Table 1 lists the lognormal parameters
of the observed modes at all altitudes. These parameters are used to initialize the modeling experiments.
Unfortunately, measurements of aerosol chemical composition are not available. The high concentration of
the first mode suggests an important anthropogenic
contribution, possibly originating from the North
American continent. The second mode is most probably due to sea salt aerosol.

e. Modeling strategy
The extended version of the MC2 model is employed. Three domains are used to study the 1 September 1995 stratus cloud and frontal system with horizontal resolution of 27, 9, and 3 km using one-way nesting.
The coarse-mesh simulation derives its initial and lateral boundary conditions (horizontal winds, temperature, humidity, and geopotential height) from the CMC
operational regional analyses (50-km resolution, 16
pressure levels). The initial and boundary conditions
for the fine-mesh simulations include in addition vertical velocity and are obtained by interpolation from the
previous coarse-mesh simulation. To allow for development of clouds the model was spun up for at least 3
hours. The model parameters are listed in Table 2. The
solar and IR radiation schemes are invoked every 1 h.
At the finest resolution there were 40 vertical levels

Unauthenticated | Downloaded 01/09/23 08:02 PM UTC

FEBRUARY 2008

297

IVANOVA AND LEIGHTON

TABLE 2. The simulation period, grid size ⌬x, time step, and condensation scheme used in the simulations.
Grid size
(km)

Dimensions
(x, y, z)

27

150 ⫻ 150 ⫻ 35

9

300 ⫻ 230 ⫻ 45

3

400 ⫻ 350 ⫻ 65

Simulated period
1200 UTC 31 Aug 1995–0000
UTC 2 Sep 1995
1800 UTC 31 Aug 1995–0000
UTC Sep 1995
0300 UTC Sep 1995–0000
UTC 2 Sep 1995

below 2000 m with grid spacing of 50 m; above 2000 m
the vertical spacing increased linearly with height to
nearly 2500 m for the topmost layer. The model lid was
at 25 000 m. Results are presented at the finest 3-km
resolution.

f. Aerosol initial conditions and experimental
design
In the case of the mechanistic activation parameterization, the aerosol initial lognormal parameters are
specified from the observed aerosol spectra (see Fig. 6b
and Table 1). In the horizontal, a uniform aerosol distribution was assumed. In the case of the simple activation parameterization, the continental aerosol spectrum (842 cm⫺3, 21.8 nm, and 3.19) is chosen. The differences between the initial aerosol spectra used by the
mechanistic and the simple activation parameterizations, as we shall see, affect the activated CCN number
predicted by the two parameterizations.
The presented results are divided into three parts.
The control experiment (CTRL) employs the simple
activation parameterization. The sensitivity experiments M1 and M2 employ the mechanistic activation
parameterization and are initialized with the unimodal
and the bimodal (with coarse mode) observed aerosol
spectra, respectively. The third set of experiments,
aimed at explaining the effect of collision-coalescence
processing on the particle spectrum, employs the
mechanistic activation and uses the unimodal initial
aerosol spectrum. Experiments were performed, without processing, with one cloud cycle and with multiple
cloud cycles. In the experiment without processing (S0)
the tendencies for conversion of solute by autoconverX
sion and accretion ( X
i and  i ) were set to zero. In the
experiment with one cloud cycle (S1) the tendencies for
activation of the processed modes ( X
i ; i ⫽ 2, 3) were set
to zero. The experiment with multiple cloud cycles is
identical to the sensitivity experiment M1. The numerical experiments are not intended to be case studies of
the event but rather as a physically plausible framework
for investigation of the processes of interest.

Time
step (s)
240
90
30

Condensation scheme
Kain and Fritsch (1990) for convective clouds,
and Kong and Yau (1997) for stratiform clouds
Kain and Fritsch (1990) for convective clouds,
and Kong and Yau (1997) for stratiform clouds
Cohard and Pinty (2000a) for all clouds

4. Results
In this section, the results at 3-km grid spacing are
presented at two times: 0900–1500 UTC, the time of
frontal passage over Maine and New Brunswick; and
1800 UTC, the time after frontal passage when the postfrontal stratus is present in the Bay of Fundy. Since the
aircraft data collected during the RACE campaign
cover only the postfrontal stratus, verification is possible only at the latter time. For the verification, the
aircraft data were averaged over 50-s intervals corresponding approximately to a 3-km flight path. The
single verification time for the model output is justified
by the modest variation of the stratus cloud properties
within the 110-min duration of the flight. The verification is performed for experiments CTRL, M1, and M2.
At the time of the frontal passage, the distribution of
the frontal precipitation in experiments CTRL, M1, and
M2 is examined. Finally, the aerosol processing in the
frontal cloud system is evaluated through the series of
experiments S0, S1, and M1.

a. Stratus cloud thermodynamic and microphysical
properties
The model vertical soundings in experiment CTRL
(Fig. 4) reveal a capping inversion at the top of the
boundary layer, which is in agreement with the aircraft
soundings. The model reproduced closely the inversion
height over land (Fig. 4a); two inversion layers were
simulated over water with the upper layer corresponding to the observed inversion (Fig. 4b). The two soundings indicate inversion strengths comparable to the observed strengths (around 2°–3°C) and larger inversion
thickness (100–200 m versus a few meters in the observations). This discrepancy is due at least partially to
inadequate vertical resolution in the model (50 m in the
boundary layer). The subcloud air in the land sounding
followed roughly the dry-adiabatic temperature lapse
rate, which was consistent with the measurements. In
the water sounding, there was a sea surface inversion,
also consistent with the measurements except 2°C
stronger. The model used sea surface temperature from
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the analyses, which was kept fixed during the simulation. The thermodynamics properties in experiments
M1 and M2 were found to be in comparable agreement
with the observations.
The evaluated microphysical properties are LWC
and droplet number concentration (Fig. 7). In experiment CTRL, the simulated LWC agreed remarkably
well with the observed LWC (Fig. 7a): the values of
LWC over the land (segment AB) were larger, ⬃0.5
g m⫺3, and over the bay (segment BC) smaller, ⬃0.3
g m⫺3. Droplet number density, on the other hand, was
greatly underpredicted (Fig. 7b): the simulated values
were as low as 10–20 cm⫺3 compared to observed values of 300–500 cm⫺3. As a consequence, the drop
mean-volume radius was 20 m versus observed radius
of 7 m. The experiment M1 with mechanistic activation and unimodal aerosol spectrum showed similarly
good agreement with the observation for LWC and,
furthermore, a much better agreement for droplet concentration for both the track-average droplet concentration, ⬃150 cm⫺3, and for the maximum droplet concentration, ⬃300 cm⫺3. The droplet volume-mean radius, 10 m, was closer to the observed radius of 7 m.
In the experiment M2 with mechanistic activation and
bimodal aerosol spectrum the LWC was smaller than
that in experiments CTRL and M1 and droplet concentration was comparable to that in experiment CTRL
(⬍50 cm⫺3). Thus the droplet number density in experiment M1 was in closest agreement to the observations although its magnitude represents only half of the
observed magnitude.
The underestimate of droplet concentration is a direct result of using only gridpoint vertical velocity,
which for horizontal grid spacing of 3 km at best represents the mesoscale component of the circulation.
The mesoscale vertical motion, ⬃0.1 m s⫺1, is much
smaller than the magnitude of the cloud base updraft
measured by the aircraft and averaged over 3-km flight
paths (⬃50 s intervals), ⬃1 m s⫺1. The experiments
CTRL, M1, and M2 were repeated by adding to the
resolved-scale updraft velocity a crude proxy of the
subgrid-scale updraft velocity, derived from the subgrid
scheme (Benoit et al. 1989), of the form A(TKE)1/2
where the constant A is resolution dependent. At the
resolution of 3 km a value of 1 is chosen that gives
updraft velocity at cloud base that is comparable to the
observed magnitude. As expected, the results show increase in cloud droplet number in all experiments (Fig.
8). The increase is most pronounced at cloud base
where nucleation takes place. These results show that
for calculating droplet nucleation in regional-scale
models including subgrid component of the circulation
is important.

VOLUME 65

FIG. 7. Comparison along flight F13C track segment ABCB of
various fields in expts CTRL, M1, and M2 in dashed lines and in
the observations in solid lines: (a) LWC (g m⫺3), (b) droplet
concentration (cm⫺3), and (c) cloud-base and cloud-top heights
(m). Time along the horizontal axis indicates flight time. The
model values are valid at 1800 UTC. Shaded area highlights the
flight-track segment BCB.

b. Stratus cloud spatial structure
The cloud-base height in experiment CTRL (Fig. 7c)
was found to be similar over land (17.55 h) and over
water (18.15 h) (also segments AB and BC, respectively, in Fig. 10a). This result contrasts the aircraft
observations showing lower cloud base over land (17.55
h) and higher cloud base over Bay of Fundy (18.15 h).
The track-mean cloud-base height in experiment CTRL
(672 m), obtained by averaging the cloud bases along
the entire flight track, was 157 m lower than the observed one (829 m) for an average of five samples. The
cloud-base height in experiment M1 (Figs. 7c and 10b)
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FIG. 8. As in Fig. 7b, but for expts CTRL, M1, and M2, which include subgrid-scale vertical
velocity.

agreed better with the observation: the land–water
variation was consistent with the observed land–water
variation of the cloud base and the track-mean value
(827 m) was in close agreement with the observed
track-mean cloud base. The cloud-top heights in experiments CTRL and M1 (track-mean values 1091 and 1135
m, respectively) were found to agree reasonably with
the observation (track-mean value 1108 m, average of
five samples). The cloud-top height simulation represents improvement from the study of Guan et al.
(2000), employing one-moment microphysics that simulated too low cloud top. Introducing coarse aerosol
mode in experiment M2 (Figs. 7c and 10c) was found to
impact the cloud base and the cloud top. In this experiment, the track-mean cloud base (712 m) lowered by
100 m and the track-mean cloud top (1047 m) lowered
by 90 m from the values obtained in experiment M1.
This result implies possible aerosol–cloud dynamics
feedbacks, but the nature of these feedbacks needs further investigation. A theory that has previously been
explored for lightly drizzling stratocumuli includes stabilization/destabilization of the subcloud layer due to
evaporating drizzle at cloud base (e.g., Feingold et al.
1996b and Jiang et al. 2002).
The experiments demonstrated differences between
the horizontal distribution of cloud number density and
of LWC (Fig. 9). The number density in experiment
CTRL (Fig. 8a) was much smaller than that in experiment M1 (Fig. 9b). These differences are attributed to
the differences between the simple and the mechanistic
parameterizations for aerosol activation and the inherent differences in the initial aerosol spectra in these
experiments. The difference in the LWC distribution
(also shown in Fig. 9) was less pronounced than the

difference in the number–density distribution. All
simulations captured reasonably the cloud horizontal
position and the line of clear air in the middle of the
Bay of Fundy, and all simulations omitted to capture
the banded structure of the cloud over land revealed by
the satellite image (see Fig. 1). The latter drawback is
attributed to the horizontal resolution, which is sufficient to resolve the cloud system but is insufficient to
resolve cloud inhomogeneities of scales of the order of
a few kilometers.
Differences between the experiments were also
found in the vertical distribution of cloud number density (Fig. 10). In experiment CTRL, the cloud number
density profile over land (segment AB) was almost uniform (Fig. 10a), while in experiments M1 and M2 it
exhibited two distinct maxima (Figs. 10b and 10c, respectively). The observed profile over land supports the
presence of the two maxima (Fig. 5b). This implies that
introducing the mechanistic activation produces greater
vertical variability in the droplet concentration field
that is in closer agreement to the observed vertical variability. Over water (segment BC), the droplet number
density profile was relatively uniform in all simulations.
This is in agreement with the observed profile over
water (Fig. 5b) and is characteristic of stratus clouds.
The vertical distribution of cloud LWC (also shown in
Fig. 10) in all experiments agreed reasonably with the
observed vertical distribution of LWC (Fig. 5a). All
experiments demonstrated an almost adiabatic increase
of the LWC with height, characteristic of stratus clouds,
and in all experiments the maximum values of LWC
were larger over land than over water. The observed
profiles of LWC (Fig. 5a) support these findings.
Insignificant concentrations of drizzle drops (⬎100 m)
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F IG . 9. Horizontal distribution of droplet concentration
(cm⫺3) in shading and LWC (g m⫺3) in contours at altitude
1050 m for expts (a) CTRL, (b) M1, and (c) M2, valid at 1800
UTC.

VOLUME 65

FIG. 10. Vertical distribution of droplet concentration (cm⫺3) in
shading and LWC (g m⫺3) in contours along flight-track segment
ABC for expts (a) CTRL, (b) M1, and (c) M2, valid at 1800
UTC.
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(Fig. 11). Over the land segment of the track (AB), the
vertical distribution of LWC for experiments M1 (Fig.
11b) and M2 (Fig. 11c) changed from that in the experiments without the subgrid component implying
cloud microphysical feedback. In addition, the cloud
horizontal and vertical extend changed, in disagreement with the observations, for all experiments including the subgrid component. The results imply that it
may not be sufficient to apply a crude proxy for the
subgrid-scale velocity in regional-scale models to accurately calculate droplet number density and LWC.

c. Frontal precipitation distribution

FIG. 11. As in Fig. 10, but for expts (a) CTRL, (b) M1, and (c)
M2, which include subgrid-scale vertical velocity.

were found in all experiments (⬍0.1 L⫺1). Drizzle
drops evaporated before reaching the surface.
The results including the subgrid-scale vertical velocity show an impact on the vertical structure of the cloud

The distribution of the frontal rain intensity in experiment CTRL at the time of maximum intensity
(0900 UTC) is shown in Fig. 12a. The downstream part
of the system was found to have larger intensities than
the upstream part. In experiment M1, the rain intensity
distribution changed nonuniformly in space (Fig. 12b).
The intensity in the weak part of the system decreased
relative to experiment CTRL, with largest decreases
⬃0.1–1 mm h⫺1 (⬍1 mm daily accumulation), while the
vigorous part of the system remained unaffected. Experiment M2, on the other hand, increased the rain
intensity in the weak part of the system relative to experiment M1 (Fig. 12c), thus producing rain distribution similar to experiment CTRL.
The changes in the rain intensity between the simulations were consistent with changes in the LWP and
droplet number density (Fig. 13). Relative to experiment CTRL, experiment M1 was found to have larger
LWP in the weak part of the system and higher droplet
number density (thus smaller droplet mean size)
throughout. The differences were 0.1–1 mm for the
LWP and 10–300 cm⫺3 for the number density. In experiment M2, the LWP and droplet number density
were found to be similar to experiment CTRL.
The obtained results indicate that the precipitation
intensity is sensitive to details of the aerosol spectrum
such as spread and modality. Thus, using generalized
(average) aerosol spectra in models including aerosol–
precipitation feedbacks can give erroneous rain intensities. The similarity of the rain intensities in experiments CTRL and M2 are explained by the similarity of
the aerosol spectra in the two experiments, both of
which contained large particles (larger than 1 m) that
served as giant CCN.

d. Frontal cloud processing of aerosol by
collision–coalescence
In a cloud in which there is no collision and coalescence between drops (interaction between drops), the
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FIG. 13. Difference (positive values only) between (a) LWP
(mm) and (b) column-average droplet concentration (cm⫺3) in
expts M1 and CTRL, valid at 0900 UTC.

FIG. 12. (a) Rain rate (mm h⫺1) and horizontal wind at 475-m
altitude (m s⫺1) in expt CTRL. (b), (c) Difference (positive values
only) between rain rates (mm h⫺1) in expts CTRL and M1, and in
expts M2 and M1, respectively, valid at 0900 UTC.

number of the particles emerging after cloud dissipation is equal to the number of the particles that enter
the cloud; thus there is no modification of the aerosol
spectrum and the mean radius remains the same. In the
current work, however, the separation of the spectrum

into activated and inactivated parts leads to a larger
mean radius of the activated part and, correspondingly,
smaller radius of the inactivated part.
The set of experiments S0, S1, and M1 examine the
effect of collision–coalescence processing of the aerosol
spectrum. Experiment CTRL that uses a fixed aerosol
spectrum prescribed by the activation parameterization
(mean radius 21.8 nm) does not allow examination of
this effect. The regenerated spectrum in experiment S0,
analyzed at 6, 9, and 12 h of the development of the
frontal cloud (0900–1500 UTC), is shown in Fig. 14. It
was found that at higher levels (above 1 km) the maximum mean radii were 60–70 nm and at the levels close
to the surface (below 1 km), the maximum mean radii
exceeded 70 nm. The number density was 100–300
cm⫺3. The regenerated aerosol was found in the cloud
surroundings as well as in the cloud interstitial air. The
aerosol surrounding the cloud is the main interest of
this work because its properties can be verified by field
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FIG. 14. Geometric-mean radius (nm; in terms of number) in shading and total number concentration (cm⫺3) in contours of the first
processed mode in expt S0, valid at (a) 0900, (b) 1200, and (c) 1500
UTC. The solid contour shows the cloud boundary. The cross
section is taken along line EF (see Fig. 12a).

303

experiment. Nevertheless, the aerosol found in the
cloud interstitial air is also important because it represents a source of CCN, which is more effective CCN
than the initial aerosol by virtue of its larger size. Upon
activation in subsequent cloud cycles, this aerosol can
impact the droplet concentration and precipitation in
the frontal cloud.
If droplet interactions occur, the number density of
the activated part of the spectrum diminishes and its
mean radius increases. This we term cloud processing.
The increases in the mean radius of the first regenerated mode in experiment S1, including one cloud cycle,
after 9 h of processing (1200 UTC) was found to be a
few nannometers (3%–5%), although increases larger
than 5 nm (10%) were also found (Fig. 15a). The corresponding decreases in the particle concentration (also
shown in Fig. 15a) were found to be 100–300 cm⫺3
(10%–60%). The second regenerated mode, released
upon evaporation of large drops, was found to have a
mean radius of 0.1–1 m and particle concentration as
low as 1–10 L⫺1 (Fig. 15b). Note that typical concentration of atmospheric aerosol with mean radius of 1
m that is O(1 cm⫺3); thus the low concentration of this
mode makes it an insignificant source of CCN and unimportant factor for drizzle initiation. The areas of increase in the mean radius were found to be predominantly above the cloud for the first regenerated mode
and above and below the cloud for the second regenerated mode. Efficient collision and coalescence of
cloud droplets is responsible for the occurrence of the
first regenerated mode. Transfer of solute due to accretion of cloud droplets by large drops is responsible for
the occurrence of the second regenerated mode.
To evaluate the particle growth in experiment M1,
including multiple processing cycles, it was necessary to
restrict our analysis to clear regions only. In cloudy
regions, activation serves as a sink of regenerated aerosol counteracting the increase in the mean radius due to
processing. The additional increase of the particle mean
radius due to multiple processing, relative to experiment S1, was found to be up to several nm (5%) for the
first regenerated mode and up to 1 m (30%) for the
second regenerated mode (Fig. 16). The areas of increase were found be confined closely around the
cloud.
In experiment M1, the processed aerosol in addition
to the original aerosol serves as CCN, and the activation of the processed aerosol was found to exert modest
but measurable effect on the frontal precipitation (Fig.
17). In the upstream part of the system over land, a
clear pattern of decrease of precipitation intensity by
up to 0.1 mm h⫺1 was found. In the upstream part of the
system over water and in the downstream more vigor-
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FIG. 15. (a) Percent difference (positive values only) between
geometric-mean radius (in terms of number) in shading and total
number concentration in contours of the first regenerated mode in
expts S1 and S0. (b) Geometric-mean radius (m; in terms of
number) in shading and total number concentration (L⫺1) in contours of the second regenerated mode in expt S1. Panels (a) and
(b) are valid at 1200 UTC. Solid contour shows the cloud boundary. The cross section is taken along line EF (see Fig. 12a).

ous part of the system over land and over water, an
alternating pattern of decreases and increases of precipitation intensity of similar magnitude is seen. To understand this we show the effect of the processed aerosol on raindrop radius along line EF in the Bay of
Fundy. In the places where we have decreases in precipitation intensity in experiment M1, decrease in raindrop radius is seen by 10–30 m (Fig. 18a), and in
places where we have increases in precipitation intensity in experiment M1, increase in raindrop radius of
similar magnitude is seen (Fig. 18b). The alternation

VOLUME 65

FIG. 16. Percent difference (positive values only) between geometric-mean radius (in terms of number) (a) of first regenerated
mode and (b) of second regenerated mode in expts M1 and S1,
valid at 1200 UTC. The solid contour shows the cloud boundary.
The cross section is taken along line EF (see Fig. 12a).

appears to depend on the convective dynamics of the
cloud, because the scale, both horizontal and vertical,
of the raindrop radius change is consistent with convective-scale motions. The effect of the processed aerosol
on cloud droplet number and LWC shows a dominating
pattern of increase in droplet number in experiment M1
of up to 100 cm⫺3 (Fig. 18c) and the areas of rise of
droplet number clearly coincide with the areas of rise in
LWC of up to 0.5 g m⫺3. The reverse pattern of decrease in droplet number and decrease in LWC (Fig.
18d) is seen in more confined areas. The pattern always
holds and appears to be independent of the precipitation rate.
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FIG. 17. Difference (positive values only) between precipitation
rates (mm h⫺1) in expts S1 and M1, valid at 0900 UTC.

5. Discussion and conclusions
Up to this time numerical studies of a coupled aerosol–cloud system using mesoscale models have not been
attempted. Previous studies have only been conducted
in an idealized setting or for cloud systems of limited
spatial dimensions. Present computational resources
enabled us to undertake a high-resolution study of the
aerosol–cloud feedbacks using a mesoscale model. The
modeling domain captured the cloud system during its
entire lifetime and the grid spacing (3 km in the horizontal, 50 m in the vertical) enabled resolution of the
cloud system to a satisfactory degree.
An explicit representation of aerosol–cloud feedbacks has been introduced in the model based on a set
of continuity equations for a multimodal (background,
activated, and regenerated) aerosol of lognormal distribution. Both the mass and the number concentration of
the aerosol are represented in the model. The cloud
processes were also represented by an explicit doublemoment microphysical parameterization. This allowed
us to link directly the cloud properties to the aerosol
properties and represent the feedbacks explicitly. Our
philosophy is to provide a representation of all three
components: cloud dynamics, microphysics, and aerosol
processes. The separation of the aerosol species enables
modifications of the aerosol spectrum by the cloud processes—activation, solute transfer between drops due
to collision and coalescence of drops, and particle regeneration—to be accurately determined. The limitation is the two-moment representation of the aerosol
and cloud, which imposes the condition that the spread
of the distributions remain fixed.
The application part of the study includes simulation
of a summertime case that occurred on 1 September
1995 on the eastern coast of Canada near the Bay of
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Fundy, Nova Scotia: a cold frontal cloud system passed
between 0900 and 1500 UTC followed by postfrontal
stratus at 1800 UTC. Numerical simulations with both
simple and mechanistic activation parameterizations of
aerosol were performed. The initial aerosol size distribution was specified from measurements made during
the Radiation Aerosol and Cloud Experiment
(RACE), and the aerosol composition was assumed homogeneous. The results were examined for sensitivity
to the aerosol spectrum, in particular to the presence of
giant CCN. The simulated stratus cloud properties were
verified against the RACE measurements. The effect of
drops collision and coalescence on the particle spectrum was evaluated for the frontal system.
Simulation of the stratus cloud with simple activation
parameterization and a nonvarying unimodal aerosol
showed reasonable agreement with air sounding observations of temperature and RH and with certain microphysical parameters, such as LWC. Discrepancies, however, were found for the droplet concentration as well
as the cloud base height, which were both significantly
underestimated in the simulation. These discrepancies
were overcome to a great extent in another simulation
with mechanistic activation and unimodal varying aerosol representation where the vertical distribution of the
droplet concentration and the cloud base height were in
excellent agreement with the observations, and the
magnitude of the droplet concentration agreed better
with the observed magnitude. The results obtained in
an additional simulation with the mechanistic activation
that used bimodal varying aerosol (with additional
coarse mode) were comparable to the results obtained
with the simple activation: droplet concentration was
significantly lower than in the simulation with mechanistic activation and unimodal aerosol and the cloud
base was lower. This similarity was attributed to the
initial particle spectrum in the two experiments, both of
which included giant CCN. The lowering of the cloud
base is hypothesized to have resulted from aerosol–
cloud dynamic feedbacks, but the hypothesis requires
further investigation. Such a response appears to be
more complex than the accepted hypothesis associated
with the second indirect effect. In general, the results
suggests that there was an improvement in the simulated stratus properties through the inclusion of the
aerosol effects in the mesoscale model, which is particularly evident as we go from the simple to the mechanistic unimodal activation representation.
Prediction of the droplet concentration with the
mechanistic activation at the mesoscales, however, is
limited. This is due to the nonlinear dependence of the
number of activated CCN on the updraft velocity,
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FIG. 18. (a) Positive difference and (b) negative difference between raindrop radii (m) in shading in expts S1 and M1. (c) Positive
difference and (d) negative difference between LWC (g m⫺3) in shading and droplet concentrations (cm⫺3) in contours in expts M1 and
S1. The cross section is taken along line EF (see Fig. 12a). All panels are valid at 0900 UTC.

which is only described in mesoscale models as a gridaverage quantity. Additional experiments were performed that included for the grid-scale vertical velocity
a crude proxy of the subgrid vertical velocity from the
subgrid scheme. But, while droplet number increased in
closer agreement with the observed magnitude, cloud
structure changed in disagreement with the observations. This indicates that a more advanced parameterization of the subgrid variability of vertical velocity is
required, such as that of Golaz et al. (2002).
The inclusion of aerosol effect in the frontal cloud
system showed a similar effect on the droplet concentration and also showed the effect on the frontal precipitation distribution that was spatially nonuniform.
The simulations with simple and mechanistic activation

including giant CCN produced an increase in the rain
intensity in the upstream and less vigorous part of the
system, but no change in the rain intensity in the region
of strong precipitation. This was due to an increase of
drop size/reduction of droplet concentration by the giant CCN, which was sufficient to affect the rain intensity in the weaker part of the precipitating system but
did not affect the intensity in the location of strong
precipitation. This result suggests an intensitydependent effect of the aerosol on the precipitation,
which implies a spatially varying effect within the cloud
system and has implications for short-term precipitation forecasting. The results also suggest that when using the mechanistic activation it is important to account
for the multimodality of the aerosol spectrum in order
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to get a more accurate prediction of the precipitation
pattern.
The processing of aerosol by drop collision–
coalescence was found to have an impact on particle
mean radius whose magnitude amounted to 10% for
one cloud cycle and 15% for multiple cycles. This is in
agreement with previous studies of cloud processing,
examining drizzling stratocumuli that were obtained in
large-eddy simulation (LES) models that resolve the
aerosol and droplet spectra (Feingold et al. 1996a;
Feingold and Kreidenweis 2000, 2002). The impact on
the mean radius was also found to be highly variable in
space with the largest effect observed above the cloud
top and the smaller effect seen below the cloud base.
The processing of aerosol by collision–coalescence
was also found to have an impact on the droplet concentration. In our simulation, we obtained an increase
in the droplet concentration. The potential exists, however, for both increase or decrease depending on the
updraft velocity in the subsequent cloud cycle (Feingold and Kreidenweis 2000, 2002). The increase in
droplet concentrations resulted in a decrease in the precipitation intensity in the less vigorous part of the frontal system, while the effect on the strongest precipitation was insignificant.
The multimodal representation of the aerosol and
droplet spectra in our mesoscale model, which uses the
bulk approach, was found crucial to properly represent
the collision–coalescence processing. Verification of
our results against those of LES simulations is very
satisfactory. This indicates that, despite the use of the
bulk approach and the limited resolution compared to
LES models, the mesoscale model can correctly simulate the modifications of the particle spectrum by
clouds. Observational studies would be important for
further verification; conversely, the results obtained in
our simulations can also be useful in providing guidance
for in situ measurements as to where to find the area of
maximum impact of cloud processing. In addition, the
implementation of aerosol processing and the obtained
estimates of the aerosol effects can be useful for air
quality models.
The objective of this work was to study the impact of
aerosol on clouds and precipitation in a mesoscale
model where the evolution of cloud systems is subject
to dynamical large-scale circulation constraints as well
as constraints related to cloud convective scales. Both
cases demonstrated that the strength of the aerosol impact is dependent on the inhomogeneities in the cloud
distribution. We developed a benchmark including all
components, cloud dynamics, microphysical and aerosol interactions. If, however, in the future, parameterizations of the effect of aerosol in cloud systems are to

be developed for weather prediction models, careful
consideration is required to identify which processes
may be omitted or simplified.
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