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Abstract

The potential effects of increased aerosol loading on the development of deep convec-
tive clouds and resulting precipitation amounts are studied by employing the Weather
Research and Forecasting (WRF) model as a detailed high-resolution cloud resolving
model (CRM) with both detailed bulk and bin microphysics schemes. The bulk mi-5

crophysics scheme incorporates a physically based parameterization of cloud droplet
activation as well as homogeneous and heterogeneous freezing in order to explicitly
resolve the possible aerosol-induced effects on the cloud microphysics. These param-
eterizations allow one to segregate the effects of an increase in the aerosol number
concentration into enhanced cloud condensation nuclei (CCN) and/or ice nuclei (IN)10

concentrations using bulk microphysics. The bin microphysics scheme, with its explicit
calculations of cloud particle collisions, is shown to better predict cumulative precipita-
tion. Increases in the CCN number concentration may not have a monotonic influence
on the cumulative precipitation resulting from deep convective clouds. We demonstrate
that the aerosol-induced effect is controlled by the balance between latent heating and15

the increase in condensed water aloft, each having opposing effects on buoyancy. It is
also shown that under polluted conditions and in relatively dry environments, increases
in the CCN number concentration reduce the cumulative precipitation due to the com-
petition between the sedimentation and evaporation/sublimation timescales. The effect
of an increase in the IN number concentration on the dynamics of deep convective20

clouds is small, but may act to suppress precipitation.
A comparison of the predictions using the bin and bulk microphysics schemes

demonstrate a significant difference between the predicted precipitation and the in-
fluence of aerosol perturbations on updraft velocity within the convective core. The
bulk microphysics scheme is shown to be unable to capture the changes in latent heat-25

ing that occur as a result of changes in the CCN number concentration, while the
bin microphysics scheme demonstrates significant increases in the latent heating aloft
with increasing CCN number concentration. This suggests that a detailed two-bulk
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microphysics scheme, which is more computationally efficient than bin microphysics
schemes, may not be sufficient, even when coupled to a detailed activation scheme, to
predict small changes that result from perturbations in aerosol loading.

1 Introduction

Changes in ambient concentrations of cloud condensation nuclei (CCN) and ice nu-5

clei (IN) potentially alter cloud properties that may ultimately lead to modifications in
cloud radiative forcing and/or precipitation. Traditionally, aerosol-cloud interactions
have been discussed primarily in terms of (IPCC, 2007): (1) The “1st aerosol indi-
rect effect” (Twomey, 1977), in which all else being equal, an increase in the CCN
number concentration will result in a higher cloud droplet number concentration and10

hence smaller particles. More numerous smaller particles act to increase the cloud
optical depth and thus the cloud albedo that ultimately results in a reduction of the
shortwave radiative flux that reaches the surface (cooling effect at the surface). (2) The
“2nd aerosol indirect effect” (Albrecht, 1989), in which changes in the CCN number
concentration may affect cloud lifetime and precipitation efficiency. An increase in the15

CCN number concentration will result in smaller cloud droplets, for which the collec-
tion kernels and collection efficiencies are substantially smaller in comparison to their
larger counterparts, thus mitigating the collision-coalescence process and suppressing
precipitation. Ultimately, the additional CCN particles are hypothesized to increase the
longevity of the cloud and reduce the surface heating by shortwave radiation (cooling20

effect at the surface). With that said, it is now recognized that a division into the 1st
and 2nd indirect effects is an oversimplification of the continuous cascade of processes
that ensue in response to a perturbation in the aerosol number concentration.

Considerable attention has been given to the effects of aerosol particles on cloud
properties for warm stratiform clouds (e.g., Ackerman et al., 2004; Lu and Seinfeld,25

2006; Sandu et al., 2008; Hill et al., 2008, 2009; Wang and Feingold, 2009a,b; Wang
et al., 2010). The extent to which these processes hold in mixed-phase and/or cold
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clouds is not well established. The ice phase presents significant complexities not
present in warm clouds (i.e., riming, aggregation, accretion, heterogeneous and homo-
geneous freezing, melting, etc.), and the cold-rain process is the predominant mech-
anism by which rain forms (not collision-coalescence of liquid drops). Recently, the
potential effects of polluted environments on the formation and development of deep5

convective clouds have received attention via both modeling studies (e.g., Koren et al.,
2005; Van den Hoever et al., 2006; Van den Hoever and Cotton, 2007; Khain et al.,
2008; Rosenfeld et al., 2008a; Stevens and Feingold, 2009; Khain and Lynn, 2009;
Fan et al., 2009) and, less commonly, observational analyses (e.g., Koren et al., 2010).

Conceptual hypotheses have been put forth by Rosenfeld et al. (2008a) and Stevens10

and Feingold (2009) for the invigoration of deep convective clouds by increased aerosol
loading. These works are discussed in further detail below. Briefly however, via differ-
ent reasoning, both works conclude that an increase in aerosol number concentration
should act to increase surface precipitation. Although this makes sense conceptually,
modeling studies are still not in agreement as to the sign of the effect on precipitation15

owing to increased pollutants. For example, Van den Hoever et al. (2006) showed that
adding aerosol particles in the form of CCN, giant CCN (GCCN), and/or IN causes a de-
crease in domain-average cumulative precipitation in reference to a clean environment
observed during the Cirrus Regional Study of Tropical Anvils and Cirrus Layer-Florida
Area Cirrus Experiment (CRYSTAL-FACE). On the other hand, Khain and Lynn (2009)20

demonstrated an increase in precipitation with an increase in CCN concentration us-
ing a spectral bin microphysics model but with low spatial resolution and abbreviated
simulation time. In the same study, a decrease in precipitation with an increase in
CCN number concentration was shown using a simple two-moment bulk microphysics
scheme.25

One can imagine though that the effect of an increase in the ambient aerosol concen-
tration on surface precipitation (as well as cloud radiative forcing) in deep convective
clouds may not be monotonic and likely depends significantly on the environmental
conditions. Khain et al. (2008) attempted to classify the effects of increased aerosol
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concentrations on precipitation for a wide range of cloud types and locations showing
that, for example, deep convective clouds in dry environments should exhibit a de-
crease in precipitation with an increase in the aerosol number concentration. On the
other hand, in moist environments, an increase in the aerosol loading was shown to
increase precipitation or provide a negligible change depending on the specific cloud5

type. Moreover, Fan et al. (2009) showed that in regions with high vertical wind shear,
additional aerosol particles are unable to significantly alter the cloud microphysics and
thus little change in the surface precipitation is predicted. When the vertical wind shear
is reduced, convection is shown to be invigorated due to increased aerosol loading.

Additional studies have looked at the potential implications of aerosol perturbations10

on the anvil cloud development and microphysical characteristics. The cloud resolv-
ing model (CRM) study of Van den Hoever et al. (2006) showed that the anvil clouds
atop the simulated deep convective clouds cover less area but contain higher amounts
of condensed water when the aerosol number concentration is elevated. This re-
sults in more intense, localized precipitation. More recently, satellite data analysis has15

shown that regions with higher aerosol concentrations statistically correlate with areas
of larger cloud extent, i.e., broader anvils (Koren et al., 2010). By broadening the anvil,
the cloud becomes thinner and thus reduces the cloud albedo which, in turn, results in
an increase in the solar radiation reaching the surface. Little observational evidence is
available at this time (due to the inherent complexities in measuring small concentra-20

tions of IN in regions of very high instability and remote locations) to determine clearly
the overall effect of aerosol perturbations on anvil cloud development.

Measurements of IN number concentration were performed during CRYSTAL-FACE
within a period of enhanced dust particle concentration (DeMott et al., 2003; Sassen
et al., 2003). DeMott et al. (2003) reported that during CRYSTAL-FACE, IN number25

concentrations were observed to be as high as 1 cm−3 (103 `−1). Later, Van den Ho-
ever et al. (2006) and Teller and Levin (2006) demonstrated a decrease in precipitation
with an increase in IN concentration using 3-D and 2-D CRMs, respectively. However,
these studies do not fully represent the potential effects of IN on deep convective cloud
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development since the freezing process is parameterized based on the empirical re-
lation of Meyers et al. (1992) in which the IN number concentration is expressed as
an exponential function of temperature and/or supersaturation. For low temperatures
(i.e., less than about −30 ◦C), the IN number concentration, as predicted by the emper-
ical relations, becomes erroneously large and will likely significantly impacts the model5

predictions.
Microphysical calculations of deep convective cloud invigoration in response to

aerosol changes have been performed in recent years (e.g., Khain et al., 2004, 2008;
Teller and Levin, 2006; Khain and Lynn, 2009). Potential shortcomings exist in the
method by which the CCN concentration is implemented and in the representation of10

the IN number concentration by the empirical Twomey (1959) relationship to predict
the number of activated aerosol particles as a function of supersaturation. The empiri-
cal constants in this relation are specific to individual cloud types, i.e., the coefficients
that apply for the convective core may not be adequate for other regions of the deep
convective cloud, e.g., detrained stratocumulus. Moreover, some of the previous stud-15

ies have used two-dimensional models (e.g., Khain et al., 2004, 2008; Teller and Levin,
2006) and others that have simulated all three dimensions (e.g., Khain and Lynn, 2009)
have been performed at rather low spatial resolution, i.e., ≥2 km in the horizontal. It is
natural to ask if with limited computational resources, should one simulate deep con-
vective clouds using detailed bin microphysics or instead use a detailed two-moment20

bulk scheme at much higher spatial resolution? And, if one accounts for the activation
of cloud droplets and nucleation of ice particles in a more physically coherent manner,
what are the effects of aerosol particles on precipitation in deep convective clouds?
These points are addressed in this study.

The remainder of this work is organized as follows: Sect. 2 presents hypotheses25

regarding aerosol effects on deep convective clouds. This is followed in Sect. 3 by
a detailed description of the bulk and bin microphysics models that are employed in
this study. Section 4 provides information relevant to the chosen dynamical model as
well as details on the model initialization and simulations. Sections 5 and 6 discuss our
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findings regarding the influence of CCN and IN on deep convective clouds, respectively,
and include a detailed comparison of the simulations performed with both the bulk and
bin microphysics schemes. Lastly, Sect. 7 concludes the work and serves to outline
the most important findings of this study.

2 Theoretical basis and hypotheses5

Here, we highlight and discuss recent work in the realm of aerosol invigoration of deep
convective cloud. Our purpose here is to present the relevant hypotheses related to
this work in a concise framework.

2.1 Rosenfeld et al. (2008a)

Rosenfeld et al. (2008a) argue that the effect of an increased concentration of sub-10

cloud aerosol, and hence cloud condensation nuclei (CCN), on convective clouds is
to invigorate updrafts and produce an increase in precipitation as a result of upward
heat transport via phase change. The argument is based on the results of a bulk ther-
modynamic parcel model, in which in the baseline simulation it is assumed that all
water condenses and is immediately precipitated; hence, no energy is required to lift15

the hydrometeors (for the purpose of this study, hydrometeors are defined to be liquid
cloud drops, pristine ice crystals, dendritic snow crystals, and rimed ice, or graupel).
In other words, the work required, here in the form of mechanical energy, to lift con-
densed forms of water is zero. It is assumed, in addition, that the liquid water freezes
at −4 ◦C such that when the hydrometeors freeze at and above the level where this20

temperature is attained, a release of latent heat occurs, providing positive buoyancy.
Rosenfeld et al. (2008a) argue that an increase in aerosol number concentration will
serve to delay the onset of the collision-coalescence process, and energy is required to
lift the parcel containing liquid hydrometeors to lower temperatures. Further increases
in the aerosol concentration require the parcel to be lifted to even higher levels before25
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collision-coalescence ensues. If collision-coalescence is delayed up to the freezing
level, droplets are assumed to freeze, releasing latent heat, and then precipitating
from the parcel, removing water mass and generating positive buoyancy. Hydrome-
teors are assumed to immediately freeze and precipitate if the parcel is lifted even
farther. Rosenfeld et al. (2008a) argue that the addition of aerosol particles above that5

which would occur in a relatively clean environment (i.e., increasing the aerosol number
concentration from ≈100 cm−3 to ≥1000 cm−3) can increase the convective available
potential energy (CAPE) of the parcel by >1000 J kg−1. The effect of the resultant
increase in CAPE and mitigation of the collision-coalescence process is to delay the
onset of precipitation, but increase the total precipitation.10

The concentration of CCN required to delay collision-coalescence until the par-
cel reaches the −4 ◦C isotherm is determined from the depth (D) above cloud base
needed for precipitation to begin as derived from aircraft measurements (Rosenfeld
et al., 2008b; Freud et al., 2008; vanZanten et al., 2005). The result is an aerosol con-
centration of about 1200 cm−3, assuming standard values for tropical deep convective15

clouds. Since typical CCN concentrations tend to lie between 100 and 200 cm−3 and
between 600 and 1700 cm−3 in clean and polluted marine regions, respectively (An-
dreae, 2009), the CCN concentration of 1200 cm−3 at which invigoration should reach
a maximum is relevant for anthropogenically influenced locations. For concentrations
of CCN above 1200 cm−3, collision-coalescence is delayed beyond the freezing level,20

more energy is required to lift the parcel, and the invigoration effect is mitigated. For
higher CCN concentrations, less incoming solar radiation reaches the surface, reducing
surface warming, which in turn, stabilizes the boundary layer, hence limiting convective
development.

2.2 Stevens and Feingold (2009)25

In addition to invigoration of updrafts within and below deep convective clouds, Stevens
and Feingold (2009) proposed that an increase in CCN may act to increase cloud top
height (i.e., cloud depth). The basis for this hypothesis is that an increase in CCN
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should act both to increase cloud droplet number concentration (Nc) and to reduce
cloud droplet effective radius (re) in warm clouds, hence delaying the onset of precipi-
tation. This allows hydrometeors to be advected to higher levels, increasing the amount
of condensed water within the cloud, in turn increasing evaporation at cloud top, hence
cooling and destabilizing the cloud top region. Updrafts near cloud top are invigorated,5

increasing cloud depth. Since deeper clouds are expected to have more liquid water,
an increase in precipitation is expected. However, the microphysical complexity of cold
clouds (i.e., those containing ice in some form) adds another dimension, hence the
effect of increased aerosols no longer follows such a straightforward pathway.

2.3 Khain et al. (2008)10

Khain et al. (2008) attempt to classify the effect of aerosol levels on precipitation from
clouds of all types. Using a 2-D CRM with spectral microphysics, Khain et al. (2008)
show that deep clouds in both tropical and moist urban areas tend to display in increase
in precipitation with increasing aerosol levels. The effect of increased aerosol levels on
supercell storms is shown to either decrease or increase precipitation depending upon15

whether the environment is dry or moist, respectively.

3 Numerical simulation

We explore the effects of aerosol perturbations on deep convective clouds by using
the Weather Research and Forecasting (WRF) model Version 3 (Skamarock et al.,
2008) as a CRM. The dynamical core of the WRF model is augmented by a detailed20

mixed-phase bin microphysics scheme following Tzivion et al. (1987), Tzivion et al.
(1989), Feingold et al. (1988), Reisin et al. (1996), and Khain et al. (2004). In addition,
we provide comparisons between predictions of the detailed bin model and those of
a modified two-moment five-class (i.e., cloud, rain, pristine ice, snow, and graupel)
bulk microphysics scheme (Morrison et al., 2005; Morrison and Pinto, 2005). The bin25
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scheme and the modifications to the bulk scheme are described in detail below.

3.1 Bin microphysics scheme

The mixed-phase bin microphysics scheme divides each hydrometeor spectrum into
32 bins (i.e., xj1 ,xj2 ,...,xj32

, where j corresponds to the hydrometeor type: c, i, s, and
g for liquid cloud droplets, pristine ice, snow, and graupel, respectively, and x is the5

mass) with mass doubling between bins such that

xk+1 =2xk (1)

in which k corresponds to the lower boundary of bin number k. The mass of the small-
est bin is defined to be 1.598×10−14 kg (Reisin et al., 1996), which, for liquid droplets
(with density ρl=1000 kg m−3) corresponds to a diameter of 3.125 µm. Additionally, we10

assume fixed bulk densities for the frozen species, i.e., ρi=900 kg m−3, ρs=200 kg m−3,
ρg=500 kg m−3. The choice of 32 bins allows hydrometeors to attain appreciable sizes
for precipitation to occur while minimizing the risk of creating numerical instability due
to very large particles falling through grid boxes within a single time step.

3.1.1 Collision-coalescence, accretion, riming, and aggregation15

The collision-coalescence process is represented by the moment-conserving numer-
ical solution to the stochastic collection equation of Tzivion et al. (1987) for the first
two moments of each distribution, namely the number concentration (Njk ) and mass
mixing ratio (Mjk ). For collisions amongst liquid droplets, we use the Long (1974) col-
lection kernel. For ice-ice, ice-snow, ice-graupel, snow-graupel, snow-snow, liquid-ice,20

liquid-snow, liquid-graupel, graupel-graupel collisions we use the gravitational collec-
tion kernel.

Collisions among liquid droplets simply produces larger droplets. As a result, the first
moment of the size distribution, the mass, is conserved within the liquid category while
the zeroth moment, the number concentration, is reduced. Collisions among other25
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particles, e.g., ice-liquid, ice-ice, etc., are not as straightforward because the collisions
may lead to the formation of particles in a different category. Hence, the gain and loss
terms for each hydrometeor type and category must be determined following the rules
defined in Table 1 (Reisin et al., 1996; Khain et al., 2004). Note that ml, ms, and mi
correspond to the masses of the liquid, snow, and ice particles involved in a collision.5

3.1.2 Vapor condensation/deposition and evaporation/sublimation

Condensation and evaporation of water to and from liquid drops, as well as deposition
and sublimation, can depend strongly on the chosen time step and are highly sensitive
to small fluctuations in the supersaturation (both with respect to liquid water as well
as ice). Tzivion et al. (1989) formulated the condensational forcing (τ) due to a vapor10

surplus or deficit (∆qv) as the integral of the surplus/deficit over a timestep (∆t) as

τ =G(P,T )
∫ t+∆t
t

∆qvdt (2)

in which G(P,T ) is a known function of pressure (P ) and temperature (T ) defined in
Pruppacher and Klett (1997) and Seinfeld and Pandis (2006) and ∆qv is defined as

∆qv =qv−qs (3)15

where qs is the saturated water vapor mixing ratio. By utilizing Eq. (2) we can capture
the changes in the vapor surplus within a timestep as a result of phase changes, i.e.,
condensation/evaporation and deposition/sublimation. The full solution to the conden-
sation equation as derived by Tzivion et al. (1989) for linearized distributions within bins
is cumbersome and computationally expensive. Therefore, we employ the method of20

Stevens et al. (1996) in which the mass and number within a given bin are distributed
following a top hat distribution. Moreover, we include gas kinetic effects on the growth
of the hydrometeors following Clark (1974) and Stevens et al. (1996) in which the mass
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growth equation can be expressed as

dm
dt

=
m2/3

m1/3+`
G(P,T )∆qv (4)

in which ` represents a length scale for vapor growth defined as

` = `◦

(
4
3
πρw

)1/3

(5)

in which `◦ is assumed to be 6.4 µm. There exists an analytic solution to Eq. (4), and5

this solution is used for the remapping of the bins due to condensation/evaporation and
deposition/sublimation.

3.1.3 Cloud droplet activation

The aerosol size distribution is assumed to follow a single-mode lognormal distribution
(Seinfeld and Pandis, 2006),10

nd (Dp
)
≡ dN
d lnDp

=
Na√

2π lnσ
exp

− ln2
(Dp

Dg

)
2ln2σ

 (6)

where, Na is the total aerosol number concentration, σ and Dg are the standard devi-
ation and geometric mean diameter, respectively, and Dp is the particle diameter. The
number of activated aerosol particles (Nact) is computed during each time step by in-
tegrating the size distribution over particles with critical supersaturations that are less15

than the ambient supersaturation,

Nact =
∫ S
0
ns(s′)ds′ (7)

where S is the ambient supersaturation and ns(s′) is the critical supersaturation dis-
tribution. Given the large linear growth rate of very small cloud droplets (since,
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dDc/dt∝D
−1
c , where Dc is the cloud droplet diameter), we assume that all activated

particles enter the first bin of the cloud droplet distribution (i.e., they are assumed to
have a diameter of 3.125 µm).

3.1.4 Freezing and melting

Supercooled cloud drops can freeze to form ice crystals via heterogenous (i.e., contact5

nucleation, immersion freezing, deposition freezing, etc.) and homogeneous freez-
ing. We must turn to previous studies (Bigg, 1953; Fletcher, 1962; Vali, 1975; Cooper,
1986; Meyers et al., 1992) that have shown via various techniques that the ice nu-
clei (IN) number concentration (and inherently the number of frozen drops) can be
diagnosed by empirically derived using the ambient environmental conditions. The ex-10

pression derived by Bigg (1953) for the rate of change of frozen drops with time can
be used to express the number of frozen drops in a bin during a time step (Nfk

) due to
both homogeneous freezing of cloud droplets (for T<−37 ◦C) and immersion freezing
(−37 ◦C<T<−5 ◦C) as (Reisin et al., 1996),

Nfk
=Nck

(t)

(
1−exp

[
−
mck

ρl
A′exp(B′ (T◦−T ))∆t

])
(8)15

where Nck
(t) is the number of cloud drops in bin k at the start of the time step, mck

is the

average droplet mass in bin k, and A′ and B′ are constants defined as 10−4 cm−3 s−1

and 0.66 K−1, respectively, from Orville and Kopp (1977). The frozen mass in bin
k is simply Nfk

mck
. Here, we use Eq. (8) only for homogeneous nucleation of ice

crystals. The nucleation of ice crystals due to immersion freezing is caused by IN being20

immersed within a cloud droplet. These IN become active at various temperatures.
Vali (1975) showed that the number of active immersion IN (Nim) can be expressed as
a function of temperature in degrees Celsius (Tc) by

Nim =Nim◦
(0.1Tc)γ (9)
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in which it is assumed that Nim◦
=107 m−3 and γ=4.4 for convective clouds. Further-

more, for deposition and condensation freezing, we use the formula of Meyers et al.
(1992) to relate the number of deposition and condensation IN (Nd) to that of the am-
bient supersaturation with respect to ice (Sice) as

Nd =Nd◦
exp
[
−0.639+12.96Sice

]
(10)5

where Nd◦
=10−3 m−3. We distribute evenly the number of droplets that freeze due to

deposition and contact freezing.
All frozen hydrometeors are assumed to melt over the course of a single timestep

when the ambient temperature of the grid box containing such particles is greater than
0 ◦C. Sensitivity simulations with more sophisticated, and hence more computationally10

expensive, melting routines that attempt to account for heat transfer within the frozen
species demonstrated a qualitatively insignificant change in the results presented here.

3.1.5 Sedimentation

All hydrometeors are assumed to sediment at their terminal fall speeds (vtj
, j corre-

sponding to the particle type). As alluded to above, fall speeds for snow and grau-15

pel, are computed from the mass-fall speed relationships determined by Locatelli and
Hobbs (1974) for aggregates of unrimed side planes and lump graupel, respectively.
The terminal fall speed of ice crystals is computed following Heymsfield and Kajikawa
(1987). For the purpose of this study, it is assumed that particles in the ice category are
pristine crystals in the shape of thin hexagonal plates (type P1a). Terminal velocities20

are computed by relating the crystal Davies or Best number (X ) to the crystal Reynolds
number (NRe) by (Heymsfield and Kajikawa, 1987),

X =CdN
2
Re =

2mD2
i g

ρiν2A
(11)
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where m is the crystal mass, Di is the crystal dimension, g is the acceleration due
to gravity, ν is the kinematic viscosity of air, and A is the crystal cross-sectional area
normal to the direction of motion. Moreover, we can express NRe as

NRe =
vti
Di

ν
. (12)

Using the X−NRe parameterization of Heymsfield and Kajikawa (1987), i.e.,5

NRe =αX β (13)

and the definitions of X and NRe, we can write vti
in terms of the crystal equivalent

hexagonal diameter (Dieq
) as

vti
=

να
Dieq

2mD2
ieq
g

ρiν2A

β

(14)

where, for a hexagonal plate,10

A=
3
√

3
2

D2
ieq
. (15)

Lastly, Heymsfield and Kajikawa (1987) define Dieq
to be equivalent to Di

√
γ where γ is

the crystal area ratio (i.e., the ratio of the crystal area to that of a crystal with the same
dimensions). We take γ=0.9.

3.2 Bulk microphysical scheme15

For the two-moment bulk microphysics scheme, we use that of Morrison et al. (2005)
and Morrison and Pinto (2005), included with the WRF model. The scheme has a fixed
cloud drop number concentration (Nc), and the freezing process is parameterized fol-
lowing Cooper (1986). These processes are modified as follows.
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3.2.1 Cloud droplet activation

We have implemented a state-of-the-art activation scheme following Nenes and Sein-
feld (2003) and Fountoukis and Nenes (2005). The scheme allows for a sectional repre-
sentation of the aerosol size distribution. However, to reduce the computational burden
required to predict the number of activated aerosol particles, we assume a single-mode5

lognormal size distribution as given by Eq. (6). The maximum supersaturation (smax)
in a grid cell is estimated by employing the “population splitting” concept of Nenes and
Seinfeld (2003) in which the growth of the subsequently formed cloud droplets is split
into two categories: (1) those drops that grow significantly beyond their critical size (Dc)
and (2) those drops that experience little growth beyond Dc. The number of activated10

aerosol particles, or, the number of cloud droplets is then computed by integrating
Eq. (6) to get,

Nact =
∫ smax

0
ns (s′)ds′ =

Na

2
erfc

2ln
( sg

smax

)
3
√

2lnσ

 (16)

where, erfc is the error function complement, and sg is the geometric mean critical
supersaturation for the critical supersaturation distribution,15

sg =

√√√√ 4f 3
1 ρlMs

27iρsMwD
3
g

. (17)

Here, ρs is the density of the solute, respectively, Mw and Ms are the molecular weights
of water and the solute, respectively, i is the van’t Hoff dissociation factor, and f1 is
defined by,

f1 =
4σwMw

ρw
(18)20
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in which σw is the surface tension of water. Note that the integral form of Eq. (16)
resembles Eq. (7) except that in the former, the upper limit of integration is the predicted
smax whereas in the latter it is the ambient supersaturation (s). For details on calculating
smax see Nenes and Seinfeld (2003) and/or Fountoukis and Nenes (2005).

3.2.2 Homogeneous and heterogeneous freezing of cloud droplets5

Morrison et al. (2005) and Morrison and Pinto (2005) use the parameterization of
Cooper (1986) to predict the number of ice nuclei (IN) at a given temperature.
Here, we employ the homogeneous and heterogeneous freezing parameterization for
a monodisperse IN population of Barahona and Nenes (2008, 2009) to predict the
number concentration of ice crystals (Ni). The physical basis of the parameterization10

comes from an approximate solution to the system of equations that define a parcel of
cloudy air undergoing freezing, i.e., changes in supersaturation with respect to ice, ice
water mixing ratio, and the subsequent growth of ice crystals after freezing. For more
details on the calculations required to compute Ni, see Barahona and Nenes (2009).
Given a predicted value of Ni (Ni(t+∆t)), the actual rate of freezing can be computed15

as

dNi

dt

∣∣∣
frz

=
Ni(t+∆t)−Ni(t)

dt
⇐⇒ Ni(t+∆t)>Ni(t) (19)

while the rate of change of the ice water mixing ratio due to freezing is straightforward
once dNi/dt|frz has been computed.

4 Experimental setup20

The WRF model, modified as described in Sect. 3, is initialized with an idealized sound-
ing typical for continental locales conducive to deep convective development (Figs. 1
and 2). Two soundings are used in order to analyze the extent to which an aerosol-
induced effect on deep convection is dependent upon the ambient moisture content,
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i.e., the water vapor mixing ratio (qv) or relative humidity (RH). The ambient RH is per-
mitted to change with height similar to that of Khain and Lynn (2009), except that in the
present study, the RH at the surface is 95% in the moist scenarios and the RH for the
drier scenarios is simply 5% less than that of the moist cases (hereinafter these scenar-
ios are referred to as the highRH and lowRH simulations, respectively). Therefore, the5

RH at the surface is 90% for the lowRH simulations. Recently, Fan et al. (2009) showed
that aerosol effects may be negligible on deep convective clouds in high shear environ-
ments. As a result, we limit the vertical wind shear by utilizing the standard quarter
circle shear wind profile derived from Weisman and Klemp (1982) (Fig. 2). Convection
is initiated in the domain with a perturbation (bubble) in the potential temperature field10

of 1.8 ◦C located in the center of the domain in the north-south direction, and offset to
the west in the east-west direction. The horizontal and vertical radii of the bubble are
10 km and 2 km, respectively. Khain and Lynn (2009) looked at the dependency of the
aerosol induced effects on deep convective clouds using surface relative humidities of
95% and 85% for the moist and dry cases, respectively. We have increased the surface15

relative humidity in the lowRH cases since the cumulative domain-averaged precipita-
tion in our simulations was insufficient to draw any definitive conclusions at the lower
RH owing mostly to the difference in the magnitude of thermal perturbation used to
initiate the convection.

It is important to note that unlike previous studies (e.g., Khain and Lynn, 2009), we20

choose to use a fixed timestep that is consistent for all simulations presented. Doing
so does, in fact, increase the computation expense of performing such simulations (by
nearly a factor of 2), in comparison to using an adaptive timestep method, in which
a large fraction of each simulation is performed with a rather large timestep (i.e., at
least twice that chosen here for the fixed timestep). However, the additional expense25

is necessary since the simulated results can differ both quantitatively and qualitatively
when switching from a fixed timestep to an adaptive timestep method. In fact, sim-
ulations performed on a smaller domain demonstrate that the effect of even a small
perturbation in the ambient aerosol concentration (i.e., from 100 to 200 cm−3) can be
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qualitatively different when a fixed timestep is chosen over that where the timestep is al-
lowed to evolve based upon the stability of the model itself. We find that it is necessary
to used a fixed timestep to study the effect of aerosol perturbations on the stability of
deep convective clouds because if the timestep is allowed to change with the model’s
stability, and the cloud contained within the polluted environment is in fact more unsta-5

ble than its clean counterpart, the timestep will be smaller for the polluted simulation.
Our sensitivity simulations show that the difference in the timestep can be as much
as 2 s during the period of time in which convection is strongest. Since sedimentation
is computed as simply the mass flux into and and out of a grid box multiplied by the
timestep itself, the downward flux of condensed water is ultimately dependent upon the10

timestep. Hence, the cumulative precipitation can be different between simulations with
different aerosol number concentrations due to the difference in the timestep chosen
by the model. To remove this uncertainty, we have chosen to fix the timestep at 4 s for
all cases.

Another potential shortcoming of previous works (e.g., Fan et al., 2009; Khain and15

Lynn, 2009) is the choice of boundary conditions. Periodic boundary conditions are
often used. However, CRM simulations of transient deep convective cells are not con-
sistent with such boundary conditions. In other words, by choosing periodic boundary
conditions, the western boundary of the domain is forced by the eastern boundary,
which is physically implausible. We employ open boundaries, so that once a cloud,20

or fraction of a cloud crosses a boundary, it is no longer within the computational do-
main, and hence does not affect other regions of the domain, or artificially modify the
cumulative precipitation.

Many previous studies that have attempted to analyze aerosol-induced effects on
deep convective clouds or compare spectral microphysics to bulk microphysics utilized25

two-dimensional (2-D) models (e.g., Khain et al., 2004, 2008; Khain and Pokrovsky,
2004; Seifert et al., 2006; Phillips et al., 2007). We use a three-dimensional (3-D)
domain. The horizontal domain length is 200 km in both the x- and y-direction while
the vertical domain extends from the surface to 20 km. This vertical depth allows us
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to simulate into the lower stratosphere which is important for properly depicting anvil
formation near the tropopause. The horizontal grid spacing is set to 1500 m, and there
are 60 stretched grid points in the vertical. The vertical grid spacing is less than 150 m
at the surface and stretches to 400 m and 1500 m at 10 km above the surface and at
the top of the model, respectively. A time step of 4 s is used to ensure numerical sta-5

bility. The duration of the simulations is 12 h. This duration allows us to capture the
point at which the precipitation rate reaches a maximum and then declines to zero. We
understand that even at the resolution used in the current work, although higher than
that of previous studies, still higher resolution would be beneficial in order to fully cap-
ture the three dimensional dynamical feedbacks resulting from changes in the cloud10

microphysics. However, the hard disk space and computational time required to per-
form such simulations with the bin microphysics model are beyond the magnitude of
our current resources.

To analyze the potential effects of CCN and IN on deep convective clouds we per-
form a set of three simulations with varying concentrations of CCN and IN. These15

simulations are defined as: (1) “Clean” – NCCN=100 cm−3, (2) “Semi-Polluted” –
NCCN=200 cm−3, and (3) “Polluted” – NCCN=500 cm−3. For the bulk model, it is as-
sumed that and NIN=10 `−1 for all simulations in which only the CCN number concen-
tration is changed. The “Clean” scenario will be used as the base case. To analyze
the potential impact of changes in the aerosol loading when the added particles act20

as good IN, we perform additional simulations at relatively high RH using bulk micro-
physics, whereby the IN number concentration is elevated to 100 `−1, and using bin
microphysics in which we multiply the predicted IN number concentrations for immer-
sion, deposition, and condensation IN by a factor of 2. Regardless of the microphysics
scheme employed for the IN sensitivity tests, the CCN number concentration is doubled25

from the “Clean” case to 200 cm −3. Hereinafter, the cases with increased IN number
concentrations are referred to as “IN-Polluted”. The purpose of the “Semi-Polluted” and
“IN-Polluted” cases is to show the effect of an increase in aerosol concentration when
the particles act only as CCN and when they are CCN and IN, respectively. We realize
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that there is a slight discrepency in the manner in which the IN influence is handled in
each model. The increase in available IN for the bulk microphysics model is a factor of
10 whereas the increase in activated IN for the bin model is just a factor of 2. Although
the factors are not equivalent, the effect on the total number of ice particles ought to
be rouhgly similar since the bulk model accounts for an increase in the available IN,5

allowing us to calculate explicitly the increase in frozen droplets due to an increase in
available good IN, whereas the bin model prescribes the increase in frozen droplets to
be exactly twice that which would occur given our current parameterizations of nucle-
ation. In other words, although the IN number concentration is elevated by an order
of magnitude in the bulk microphysics model, the increase in the number of droplets10

that freeze ought to be less that this factor since not every droplet will freeze in a given
timestep.

The model used in the present study differs from those of previous works, (e.g., Fan
et al., 2009; Khain and Lynn, 2009), in that we simulate the evolution of deep convec-
tive clouds at a much higher resolution. It is prudent to increase the spatial resolution15

so as to capture the important dynamical feedbacks that may result from differential
heating caused by phase changes. Moreover, one likely underestimates the maximum
supersaturation within in a grid cell at coarse resolution. In order to predict the cloud
drop number concentration, an accurate depiction of the supersaturation is required.
We have addressed this issue in the modified bulk scheme using the activation param-20

eterization of Nenes and Seinfeld (2003) and Fountoukis and Nenes (2005). Sensitivity
simulations (not shown) exhibit large discrepancies in the bulk cloud water variables,
cumulative precipitation, and dynamical feedbacks (i.e., the track of the deep convec-
tive cloud) between simulations at low resolution (i.e., ∆x=∆y≥2000 km) and higher
resolutions (i.e., ∆x=∆y<2000 km). Moreover, we have updated the bin microphysics25

model of Reisin et al. (1996) to include more accurate collection kernels and collection
efficiencies for riming processes. Lastly, we have implemented a state-of-the-art acti-
vation scheme (Nenes and Seinfeld, 2003; Fountoukis and Nenes, 2005) and homo-
geneous and heterogeneous freezing parameterization (Barahona and Nenes, 2008,
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2009) into the two-moment bulk microphysics scheme of Morrison et al. (2005) and
Morrison and Pinto (2005) as a means of comparison with the bin microphysics re-
sults. It is important to note that a key difference between in the bulk model employed
in Khain and Lynn (2009) and the present study is that the prior used a fixed value
for Nc, while here we predict Nc based on relevant physics and ambient environmental5

conditions.

5 Results: CCN effects on deep convective clouds

We begin with a comparison between bin and bulk simulations of the potential impact
on deep convective cloud development and precipitation as a result of increasing the
CCN number concentration. It is important to keep in mind that the purpose of this10

study is not to predict with great precision the amount of precipitation that may result
from the given initial environmental conditions, but instead to numerically determine
the extent to which the precipitation patterns and magnitude are altered in response to
a modified aerosol loading.

5.1 Effect on precipitation and dynamical feedbacks15

5.1.1 High relative humidity

The overall effect of a perturbation in the CCN number concentration is to modify the
precipitation amounting from a deep convective storm cloud. We quantify the effect
as the domain-average cumulative surface precipitation in Fig. 3 (highRH simulations
only). First, one notices that there is a large discrepancy between the total precipi-20

tation predicted by the bulk scheme and that of the bin model. Rain production, i.e.,
autoconversion, is much more efficient in the bulk scheme in comparison to the more
refined, detailed bin model. As a result, water is transferred from cloud water to rain
water faster in the bulk scheme, in which the collection process for liquid droplets is
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solely dependent upon qc and Nc. The bin model, on the other hand, is capable of
predicting the evolution of the droplet size distribution with much greater accuracy, tak-
ing into account the mass mixing ratio and number concentration at specified sizes.
Therefore, it is expected that the magnitude of the cumulative precipitation ought to
differ between the simulations performed with the bulk microphysics scheme and those5

with the bin scheme. This is acceptable since the overarching goal of this work is to
understand how precipitation is affected by changes in the CCN number concentration
and not necessarily to fully explain the differences between simulations performed with
bin and bulk microphysics. With that in mind, the total cumulative precipitation pre-
dicted by the bulk model appears to be unrealistically high in certain locales. In Fig. 4,10

cumulative precipitation after 4 h of simulation time is shown for the suite of scenarios
described above under high RH conditions. The two biggest differences between the
bulk and bin simulations are that the magnitude of the cumulative precipitation near the
storm’s center is substantially higher for the simulations in which bulk microphysics is
employed and the precipitation pattern also differs. The latter is seen by comparing,15

e.g., Fig. 4a (bulk) and d (bin) in which we find that the simulation run with bulk micro-
physics predicts a different trajectory for the northern branch of the system. As the cell
splits, the northern cell follows a trajectory more towards due east in the bulk simula-
tion while following a path toward the northeast in the bin simulation. The difference
in storm trajectory is likely due to dynamical differences between the two systems, i.e.,20

differences in latent heating and the inherent dynamical feedbacks. The latent heating
effects will be discussed in more detail below. However, in general, these differences
may be a result of using a simplified approach in a high-resolution model. In other
words, as one reduces the model resolution, it should be expected that the deviation of
qc and Nc from some mean state should be reduced, such that the extremes (maxima)25

are not as large. As a result, autoconversion will then be reduced and precipitation
will ultimately be reduced. Therefore, in order to accurately predict the total precipita-
tion using a bulk microphysics model, sub-grid scale fluctuations should be considered
using methods like that proposed by Morales and Nenes (2010) to calculate precisely

2795

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/2773/2011/acpd-11-2773-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/2773/2011/acpd-11-2773-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 2773–2842, 2011

Aerosol effects on
deep convection

Z. J. Lebo and
J. H. Seinfeld

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

sub-grid scale supersaturations.
Figure 3 shows the domain-averaged cumulative precipitation for the highRH simu-

lations. With the discrepancy between the total amount predicted by the bin model in
comparison to that of the bulk scheme aside, we focus on the effect of increased CCN
number concentrations on precipitation in each model. The overall effect of a doubling5

of the CCN number concentration (i.e., from 100 to 200 cm−3), using the bin micro-
physics scheme, is to increase precipitation by 11.0% (Table 2). Hence, in contrast
to that which was proposed by Rosenfeld et al. (2008a), a large increase in the CCN
number concentration is not necessary to increase the precipitation that results from
deep convection. In fact, we find that a further increase in CCN number concentra-10

tion (i.e., from 200 to 500 cm−3) causes a reduction in precipitation predicted using the
bin microphysics model. Here lies an additional discrepency between the two micro-
physics schemes, since the effect of this additional increase in CCN acts to increase
the precipitation predicted by the bulk model. This point will be discussed in more detail
below.15

In order to understand theoretically how an increase CCN number concentration can
increase precipitation from deep convection, we turn our attention to the invigoration
arguments of Rosenfeld et al. (2008a) and Stevens and Feingold (2009). We can ana-
lyze the invigoration that may result from increased aerosol loading using the buoyancy
(B) equation (Houze Jr., 1993):20

B=g
[
T ?

Ta
− p?

p◦
+0.61q?

v −qt

]
(20)

where T ? is the perturbed temperature from the ambient state (Ta), p? is the pressure
perturbation from the base state (P◦), q

?
v is the deviation in the ambient water vapor

mixing ratio from the reference state, and qt is the total condensed water mass mixing
ratio. From Eq. (20), we see that changes in aerosol concentration can be linked to25

changes in buoyancy, and consequently vertical velocity, since perturbing the CCN
number concentration will lead to changes in qt and T ?/Ta (through latent heating).
However, the effects are counteractive, since an increase in CCN number concentration
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will increase the number of particles that reach the freezing level, freeze, and grow via
vapor deposition, thus increasing the latent heating aloft (i.e., increasing buoyancy).
But, the increased heating comes in part from an increase in vapor deposition and thus
acts to also increase the qt (decreasing buoyancy). We see then that if the increase
in latent heating comes mostly from more cloud droplets freezing, T ?/Ta will increase5

more so than qt and the cloud will be invigorated. While, on the other hand, if vapor
deposition is a primary source for warming within the mixed-phase and cold regions
of the cloud, the contributions to buoyancy can be offset and thus no invigoration (or
potentially even a decrease in buoyancy) can theoretically occur.

To understand how the performed simulations represent potential changes in buoy-10

ancy we show qt in Fig. 5, separated into cloud (solid), rain (dashed), and ice (dotted)
water contents. This allows us to analyze the effect of increased aerosol loading on rain
water simultaneously. From top to bottom, Fig. 5 demonstrates the evolution of the ver-
tical structure of the deep convective cloud in which initially, cloud water is lofted deep
into the mixed-phase region, and the ice exists predominantly above 7 km in the bulk15

simulations and higher yet in the bin simulations. As time progresses, the condensed
mass sediments, ice melts to form liquid droplets that act to increase the rain water
mixing ratio. As a result, we see that in both the bin and bulk simulations the rain water
content is suppressed initially while the cloud water content is enhanced (Fig. 5a and
b). This is a direct result of the fact that smaller particles are less likely to collide, hence20

reducing the amount of cloud water converted to rain drops, and since the droplets are
smaller, their terminal fall speeds are reduced and can be lofted higher in the atmo-
sphere. As time progresses, the peak in the vertical distribution of ice water shifts
downward, hence increasing the amount of melt water below the freezing water, ulti-
mately leading to an enhancement in the rain water content for an increase in the CCN25

number concentration from 100 to 200 cm−3, i.e., from the “Clean” to “Semi-Polluted”
case (Fig. 5c and f).

In order for the enhancement in rain water to be caused by some dynamical feed-
back, we turn to Fig. 6, in which the mean vertical velocity (w) within the convective

2797

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/2773/2011/acpd-11-2773-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/2773/2011/acpd-11-2773-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 2773–2842, 2011

Aerosol effects on
deep convection

Z. J. Lebo and
J. H. Seinfeld

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

core, averaged over 4 to 8 h into the simulation, is shown for all highRH simulations.
Here, we define the convective core to contain columns within which the mean vertical
velocity between 3.3 km and 11 km is at least 1 m s−1. The temporal average of w en-
capsulates the period of time in which the rain rate is largest. Any significant dynamical
enhancement or invigoration should appear from such an average. We see that, re-5

gardless of the CCN number concentration, w is more or less fixed for the simulations
using the bulk microphysics scheme (Fig. 6). However, the bin results show a clear
enhancement in w due to a doubling of the CCN number concentration on the order of
5% to 15% within the cloud itself. In conjunction with the fact that the cloud droplets
are smaller, hence more likely to be lofted into the mixed-phase region of the cloud10

and freeze, thus increasing the rate of vapor deposition, this enhancement in w helps
increase qt (Fig. 5).

To confirm that additional vapor deposition is the root cause for the increase in B
and hence, w, we show time- and domain-averaged latent heating rates in Fig. 7 for
the suite of simulations performed. The simulations performed with the bulk micro-15

physics scheme (i.e., Fig. 7a) demonstrate that there the change in latent heating due
to changes in CCN number concentration is quite small, regardless of the magnitude of
the CCN perturbation. From Eq. (20) we would expect that such a small change would
result in a negligible change in w assuming that qt and if qt were to have increased,
the possibility for a decrease in w exists. Since, from Fig. 5, we see that qt increases20

when the CCN number concentration is elevated, the result is a negligible change in
w or a decrease in w over the 4 to 8 h period of time in the simulations (Fig. 6a). In
short, the bulk model suggests limited convective invigoration due to increases in CCN
number concentration, but, does exhibit signs of enhanced precipitation at the surface
due to increasing the condensed mass within the mixed-phase region of the cloud. On25

the other hand, the latent heating rate for the simulations performed with the bin micro-
physics scheme elicit a different result. Here, in Fig. 7b we see that a doubling of the
CCN number concentration (solid to dashed curves) results in an increase in the latent
heating and, to a lesser extent, cooling. The net result is an increase in the net latent
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heating rate of about 1 K h−1 between 4 and 8 km above the surface and averaged over
the period of time in which the precipitation rate attains a maximum (i.e., between 4
and 8 h into the simulations). This increase in heating outweighs the negative effect
on buoyancy owing to the increase in condensed water aloft (Fig. 5) and consequently,
we find an increase in w (Fig. 6). The increase in w demonstrates that the convec-5

tive cloud’s dynamics are enhanced, resulting in a stronger overturning circulation that
persists for a longer amount of time. The ultimate result is that precipitation particles
are formed further into the simulation, leading to an increase in rain water content and
ultimately an increase in precipitation after approximately 7 h into the simulation.

The following question is then suggested: why does a further increase in CCN num-10

ber concentration (from the “Semi-Polluted” to “Polluted” case) not elicit a further in-
crease in precipitation in the bin microphysics simulations? And, why is the change in
precipitation of a different sign for the bulk and bin microphysics simulations? Tackling
the latter first, as noted above, the bulk simulations demonstrate a negligible change
in latent heating rates (Fig. 7) and consequently an insignificant change or decrease15

in w (Fig. 6). Thus, dynamically, the cloud is not invigorated and the resulting in-
crease in precipitation arises from simply a mass balance argument, i.e., what goes up
must come down (assuming that the evaporation of cloud/rain water and sublimation of
ice/snow/graupel water is small). In other words, the cumulative precipitation increase
results from simply adding more condensed water to the system aloft, that ultimately20

falls to the ground as precipitation. Conversely, we find that the bin model predicts
changes to the dynamical nature of the convective system that provide a nonlinear
response to an increase in CCN number concentration.

If we focus our attention on the bin microphysics simulations, Fig. 5 portrays an
increase in qi, and consequently qt, for an increase in the CCN number concentra-25

tion to 500 cm−3 that is over and above that which we find for the increase in CCN
to 200 cm−3, especially around hours 5 and 6 into the simulations. Since the cloud
droplets are even smaller in the “Polluted” case, even more droplets reach the freez-
ing level at which point they freeze and grow via vapor deposition. This leads to an
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increase in condensed mass due to an increase in deposition. Figure 7 shows that the
latent heating is increased above 7 km for the “Polluted” case in comparison with both
the “Clean” and “Semi-Polluted” cases. If all else were equal between the “Polluted”
and “Semi-Polluted” cases, we would expect to find a further increase in w and thus
more invigoration. However, Fig. 7 demonstrates that the increase in warming is offset5

by a substantial increase in cooling above 7 km. Since the particles are smaller (the in-
crease in number and mass is not linear), they are more readily evaporated/sublimated.
Therefore, the ice particles that act to ultimately increase the precipitation in the “Semi-
Polluted” case are instead lofted high into the cloud, at which point they can be ad-
vected away from the core (smaller particles have a smaller terminal fall speed and10

thus can remain aloft for more time) and sublimate as they are detrained from the
cloud top/anvil region. As a result, the increase in qt for the further increase in CCN
number concentration moistens the mid- to upper-troposphere rather than increasing
precipitation. In other words, as one moves towards a “Polluted” environment, the
aerosol-induced effect on deep convection lies in the subtle competition between sedi-15

mentation and evaporation/sublimation timescales. Here, the latter is decreased whilst
the former is increased (Fig. 8), thus providing even more time for particles to evap-
orate on their way to the surface, resulting in what appears to be a positive feedback
loop.

These results are further corroborated by viewing the cumulative precipitation at the20

end of the simulations, shown in Fig. 9. Here, we see that the increase in precipitation
from the “Clean” to “Semi-Polluted” case comes from both an increase in the intensity
of the rainfall at the center of the convective core before splitting and branching off to
the east and an increase in the precipitation surrounding the core from stratiform pre-
cipitation. A further increase in the CCN number concentration to that of the “Polluted”25

case shows that the intensity of the rainfall at the core’s center is mitigated. This is a re-
sult of to more particles being lofted to the upper levels and remaining small enough
such that they are not capable of falling, melting, and reaching the ground as precipita-
tion, as discussed above. Furthermore, we also see that the extent of the lighter, more
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stratiform precipitation is greatly reduced, especially, toward the northwest and south-
ern extent of the portrayed region. Following the logic from above, as the particles
are lofted and eventually fall in the “Polluted” scenario, they are more susceptible to
evaporation/sublimation, and consequently are less likely to reach the surface as pre-
cipitation. This is confirmed by the lack of precipitation in large regions of the domain5

as shown in Fig. 9c in comparison to Fig. 9a.

5.1.2 Low relative humidity

It has been suggested that various environmental parameters, e.g., vertical wind shear
(Fan et al., 2009), ambient relative humidity (Khain et al., 2008; Khain and Lynn, 2009),
etc., may influence the aerosol-induced effect on deep convection. Here we extend on10

the work of Khain et al. (2008) and Khain and Lynn (2009) by analyzing the effect
on the aerosol-induced invigoration discussed above due to a small change in ambient
relative humidity. It was shown previously that a reduction in the RH by 10% throughout
the sounding may act to limit any invigoration, or in fact weaken the convective cloud
when aerosols are added to the system. However, in Sect. 5.1.1, we demonstrated the15

need to simulate the system for more than 4 h in order to capture any and all aerosol-
induced effects. Here, we have reduced the RH by just 5% (Fig. 1b) to ensure that
deep convection forms in all cases, and we permit the simulations to run for 12 h, in
order to encapsulate the period of time in which the rain rate attains a maximum.

From Fig. 10, we see that unlike in the highRH cases, precipitation is suppressed in20

both the bin and bulk lowRH simulations for all aerosol perturbations. In other words,
the bin and bulk microphysics schemes are in agreement on the sign of the aerosol-
induced effect of aerosols on deep convection for lower relative humidity (note that the
magnitude of the effect is not the same however; domain-averaged cumulative precipi-
tation and the relative changes due to increased aerosol loading are shown in Table 2).25

Figure 11 demonstrates that the rain water content (dashed) is initially suppressed, as
expected for increased CCN number concentrations. However, as time progresses,
unlike in the highRH simulations (Fig. 5) the rain water content is always highest in
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the “Clean” case (black) for the bin microphysics simulations and at most about equal
in all cases for the cases run with bulk microphysics. Since the rain water content for
the “Semi-Polluted” and “Polluted” scenarios never exceeds that for the “Clean” case, it
is physically not possible for the domain-averaged cumulative precipitation for the per-
turbed cases to exceed that of the “Clean” base case. In comparison to the highRH5

cases (Fig. 5), we see that the ice water content, on average, increases by a smaller
magnitude in the lowRH scenario due to increased aerosol loading. Without an in-
crease a substantial increase in the ice water and a prolonged ice generation process,
the cold rain process is limited, hence resulting in less melting and ultimately, no in-
crease in precipitation at the surface.10

Following the same line of logic as for the highRH cases, to analyze the dynamical
feedback that occurs when the CCN number concentration is perturbed, we show the
mean vertical velocity for each polluted scenario and the changes therein due to such
perturbations in Fig. 12. Comparing Figs. 6 and 12, we see that there is a consistent
increase in w when the ambient moisture profile is reduced to that for the lowRH cases.15

This is not surprising, since the last two terms in Eq. (20) demonstrate that a decrease
in qv and/or an increase in condensed total water will decrease B. Here, for the lowRH
cases, qv is reduced, but the reduction in condensed water mass, on average, out-
weighs the change in qv such that the mean w within the convective core is elevated
when the RH is reduced. With that said, it may come as a surprise that w tends to20

increase as the CCN number concentration increases for simulations performed with
both the bin and bulk microphysics schemes under relatively low RH conditions, unlike
that for the highRH cases. In fact, the bin simulations show an increase in w of 2 to
10% while the bulk simulations suggest an increase of 8 to 16% throughout most of the
vertical profile of the convective core (Fig. 12b). This elicits the question: Why is the25

cloud “invigorated” but the precipitation is mitigated?
The key to answering this question is to note first that the mean profile of w is for

that of the convective core itself. Hence, details of the changes in evaporation, sedi-
mentation, etc., as a result of increasing the CCN number concentration may not be
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included in such a figure. Therefore, we show in Fig. 13 the domain-averaged latent
heating profiles for the lowRH simulations. To fully understand the effect of reducing
the RH on the aerosol-induced effect on deep convection, we compare Figs. 7 and 13.
For the bulk simulations under low RH conditions, there is again no significant change
in latent heating due to increases in CCN number concentration. However, the la-5

tent heating (due mostly to condensation and deposition) is slightly reduced due to
lower supersaturations. Hence, the net latent heating profile suggests somewhat less
warming overall and even net cooling around 3 km above the surface. Similar to that
for the highRH cases, the bin microphysics scheme better predicts changes in latent
heating due to changes in aerosol loading for the lowRH simulations. Focusing our10

attention on the upper level of the cloudy region in Figs. 13b and 7b (i.e., between 8
and 13 km above the surface) we see that although the sign of the change in heat-
ing rates for increased CCN number concentration is identical for both RH scenarios,
the magnitude is not. In fact, the increase in warming due to an increase in the CCN
number concentration is less for the lowRH scenario (less water vapor available to de-15

posit onto condensed cloud particles). While on the other hand, the increase in cooling
aloft for an identical increase in CCN number concentration results in more cooling in
the lowRH scenario for both the “Semi-Polluted” and “Polluted” cases. In other words,
condensation/deposition is slightly reduced but evaporation/sublimation is enhanced
for a decrease in RH as one may expect. The warming due to phase changes occurs20

predominantly within the convective core itself, while the cooling occurs at the cloud
boundaries. Therefore, an increase in the warming within the cloud surrounded by an
increase in cooling due to an elevated CCN number concentration can and does result
in an increase in the overturning circulation of the system and hence an increase in w
(Fig. 12). Moreover, it is this increase in evaporation/sublimation aloft (Fig. 13) that ulti-25

mately leads to a reduction in the domain averaged precipitation (Fig. 10) for the lowRH
cases. As mentioned above for bin simulations for the highRH scenario, there exists
a competition between evaporation and sedimentation that ultimately controls the sign
of the aerosol-induced effect on the precipitation resulting from deep convection. By
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reducing qv in the lowRH scenario, we essentially reduce the total condensed water
mass in the cloud itself. Hence, all else being equal, particles in the “Clean” case will
be smaller under the relatively low RH conditions in comparison to that of higher RH.
The same goes for the “Semi-Polluted” and “Polluted” cases. As a result, the sedimen-
tation timescale of the particles aloft is increased while the evaporation timescale is5

reduced for a decrease in RH. As a result, for even the smallest increase in the CCN
number concentration shown (i.e., doubling from 100 to 200 cm−3), the evaporative ef-
fect outweighs the sedimentation rate and so consequently, less condensed water is
converted to rain water and thus less precipitation is observed at the surface. In fact,
the increase in evaporation actually further decreases the sedimentation rate of cloud10

particles. The overall decrease in the mean sedimentation rate of cloud particles due
to increased aerosol loading is shown in Fig. 14. Here, we see that there is in fact
a nearly monotonic decrease in the sedimentation rate with that of increasing CCN
number concentration. For the domain-averaged precipitation to increase, the sedi-
mentation rate would have to increase, especially near the surface, as is the case for15

the “Semi-Polluted” highRH simulation (Fig. 8).
As demonstrated for the highRH cases in Fig. 9, the effect of increasing the CCN

number concentration on the cumulative precipitation is best portrayed as contours of
precipitation at the end of the the simulations. Figure 15 shows the cumulative pre-
cipitation for the lowRH simulations using the bin microphysics scheme. Comparing20

Figs. 9 and 15, it is clear that the ambient moisture abundance can and does affect the
storm dynamics regardless the aerosol loading. Here, in the lowRH simulations, the
northern branch of the storm, after separating from the main core, follows a NNE trajec-
tory, where as the highRH counterparts follow more of a NE trajectory. In regard to the
precipitation patterns among the lowRH simulations, one find that the precipitation ap-25

pears to be more intense in some locales for elevated CCN concentrations (especially
for the “Polluted” case in comparison to that of the “Clean” case where more orange,
signifying higher precipitation amounts, is observed in the former case; Fig. 15a and c).
However, it was shown in Fig. 10 that an increase in the CCN number concentration
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results in a decrease in the domain averaged cumulative precipitation under relatively
low RH conditions. From Fig. 15 it is concluded that the net decrease in precipitation
occurs as a result of a less broad swath of precipitation emanating from the original
core of the storm. In other words, although the precipitation may be enhanced in some
locales (caused by variety of potential effects, e.g., smaller, more numerous particles5

create an environment more conducive to riming), the domain average is dominated by
the breadth of the precipitation swath.

In Sect. 5.1.1 it was shown for the highRH scenario that a slight increase in the CCN
number concentration could result in an increase in the domain-averaged cumulative
precipitation due to both increases in the localized rainfall intensity and an increase in10

the area of the region over which significant precipitation falls. On the other hand, when
the RH is reduced, localized rainfall rates and overall intensity may increase as well,
but the reduction in the saturation ratio dominates the cloud boundaries, resulting in an
increase in evaporation/sublimation that ultimately leads to a reduction in the area over
which significant measurable precipitation falls. Therefore, regardless of the ambient15

moisture profile, it is concluded that aerosol-induced changes to the mean precipitation
resulting from a deep convective storm are dominated by the areal extent of the region
of significant precipitation and not the localized intensity.

5.1.3 Cloud top height effects

To shed light on the potential impact of cloud top height in controlling the amount of20

precipitation that results for a perturbed deep convective cloud (Stevens and Feingold,
2009), we show the change in cloud top height in Fig. 16 for the “Semi-Polluted” and
“Polluted” cases relative to that of the “Clean” case for both microphysical schemes.
There is a rather consistent, but small, increase in cloud top height for the simulations
performed using the bulk microphysics scheme whereas the opposite is found for those25

in which the bin scheme is employed. Regardless of sign, the changes are quite small,
especially if we restrict ourselves to the period of time before 6 h. The reason for a mod-
est change in the cloud top height, as suggested might occur by Stevens and Feingold
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(2009), is because the clouds in question in this study are very deep, extending from
the lifted condensation level (LCL) to the tropopause. Without a significant increase
in vertical velocity near the equilibrium level, i.e., just below the tropopause, allowing
moisture to punch higher into the lower stratosphere, it is very difficult to increase the
height of such a cloud and hence increase the amount of condensed water mass due5

solely to adiabatic lifting of moist parcels.

6 Results: IN effects on deep convective clouds

An important feature of the models employed in this study, especially the bulk micro-
physics scheme, is the ability to analyze and evaluate the potential impact of changes
in IN number concentration on deep convection. As described in Sect. 3.2, the bulk mi-10

crophysics scheme used here employs a detailed, physically-based parameterization
of ice nucleation that incorporates the ambient IN number concentration (Barahona
and Nenes, 2008, 2009). This is important because, as shown previously by Barahona
and Nenes (2009) the number of available IN acts to control whether the predomi-
nant freezing mechanism is homogeneous or heterogenous. In other words, as the15

IN number concentration increases, physically the number of droplets that freeze and
consequently grow via vapor diffusion should increase at warmer temperatures, thus
depleting the ambient vapor surplus and limiting the number of droplets that freeze via
homogeneous freezing at much colder temperatures.

Figure 17 demonstrates the effect of an increase in the IN number concentration for20

both microphysics models in conjunction with an increase in the CCN number concen-
tration. Similar to that which was found for increasing the CCN concentration to the
“Polluted” level in the highRH cases, the sign of the resulting influence on the domain-
averaged cumulative precipitation from an increase in IN number concentration does
not agree for the two microphysics models, i.e., the bulk model suggests that the pre-25

cipitation will increase further when IN are added to the domain, whereas the bin model
demonstrates a significant decrease in the precipitation due to an increase in IN.
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Table 3 shows the relative change in precipitation as a result of the aforementioned
changes in the IN number concentration.

To understand this dichotomy, shown in Fig. 18 are the vertical profiles of condensed
water contents for cloud (solid), rain (dashed), and total ice (dotted) water content. As
demonstrated above, the increase in precipitation for the simulations using bulk mi-5

crophysics is corroborated with the increase in rain water content near the surface,
especially around hours 6 and 7 into the simulations. Conveniently, this is the time
during which the domain-averaged cumulative precipitation for the “IN-Polluted” case
excedes both the “Clean” and “Semi-Polluted” cases. The idea here is that as the num-
ber of IN are increased, so does the number of ice particles, i.e., more droplets freeze.10

Since the equilibrium vapor pressure over a liquid droplet is much higher than that of
an ice crystal at temperatures below 0 ◦C, the ice will grow more rapidly. Therefore,
the ice water content is increased for the “IN-Polluted” case (Fig. 18). As the particles
grow and become more massive, their fall speeds become large enough to allow the
particles to fall to the melting level at which point they are converted to rain drops and15

precipitate out, hence increasing the domain-averaged cumulative precipitation.
Furthermore, from Fig. 18c, at 5 h into the simulations, we see that the cloud water

content is higher for the “IN-Polluted” case in comparison to that of the “Semi-Polluted”
case, as expected given the above discussion on potential effects of increasing the
IN number concentration; more cloud droplets freeze at warmer temperatures, thus20

limiting the supersaturation aloft and enhancing the supercooled liquid water content.
However, if the ice mass and number are enhanced and the supercooled liquid droplet
mass is as well, riming becomes more efficient and so the supercooled cloud water
ultimately gets converted to ice, making the ice crystals even more massive. This
conclusion can be observed in Fig. 18g, in which at 7 h into the simulation we see that25

the ice water content is highest for the “IN-Polluted” case and the supercooled cloud
water content is now about equal to that of the other scenarios.

On the other hand, the decrease in the domain-averaged cumulative precipitation for
the simulations with bin microphysics is explained following the same line of reasoning
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as that which was used above for the decrease observed for an increase in the CCN
number concentration from the “Semi-Polluted” to “Polluted” case. The bin model,
with its physically based spectral resolution, allows for the sedimentation velocities to
be more accurately diagnosed, since a prescribed size distribution is not presumed.
Therefore, even though the changes in the bulk condensed water quantities are similar5

between the bin and bulk results, the particles tend to fall more slowly in the bin micro-
physics and so the resulting increase in ice water content with the increase in IN does
not result in an increase the domain averaged precipitation. We show in Fig. 19 that
in fact the mean sedimentation rate of condensed water is suppressed for a doubling
in the number of active IN diagnosed in the bin microphysics model compared to both10

the “Clean” and “Semi-Polluted” cases. We see that the precipitation cannot increase
beyond that of the “Semi-Polluted” case because the rain water content is always at
most about equal between the two cases. Moreover, the rain water content for the
“IN-Polluted” case only exceeds that for the “Clean” case for a brief period of time (i.e.,
Fig. 18f and h).15

Dynamically, the response to an increase in the IN number concentration is con-
sistent with a further increase in the CCN number concentration. In other words, the
change in updraft velocity within the convective core for an increase in IN (Fig. 20) is
qualitatively similar to that for an increase in the CCN number concentration from the
“Semi-Polluted” to “Polluted” case. Specifically, the simulations performed with bulk mi-20

crophysics again elicit little to no change in latent heating rates for elevated IN number
concentrations (Fig. 21a), which results in more or less no change in the vertical ve-
locity within the convective core itself, except near the surface where a slight increase
in the cooling rate results in a small net decrease in updraft velocity (Fig. 20b). On the
other hand, the simulations performed with bin microphysics demonstrate that if the25

number of active IN particles is doubled, the latent heating rate increases over that of
the “Semi-Polluted” scenario owing to increased depositional growth (as eluded to pre-
viously). However, the increases in number and mass are not one-to-one, and so con-
sequently, the particles tend to be small, thus more readily sublimated or evaporated
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and increase the cooling rate as well (Fig. 21b). The net change in the latent heating
rate for the increase in IN number concentration is small, if not somewhat negative.
Thus, the mean updraft velocity, especially below 6 km, is suppressed for increase IN
concentration. Therefore, it is concluded that small changes in the IN number concen-
tration ought not to cause any significant invigoration in the deep convective cloud.5

7 Conclusions

We have presented a high-resolution detailed CRM study (via the WRF model) of
the potential effect(s) of aerosol perturbations on the development of deep convective
clouds. The study incorporates two different microphysics schemes:

1. Bin Microphysics – a mixed-phase bin microphysics scheme (see Sect. 3.1),10

based on Tzivion et al. (1987, 1989), Stevens et al. (1996), and Reisin et al.
(1996), was coupled to WRF for very detailed microphysics calculations.

2. Modified Bulk Microphysics – the two-moment six-class bulk microphysics
scheme of Morrison et al. (2005) and Morrison and Pinto (2005) was modified
to include a physically-based parameterization of droplet nucleation (Nenes and15

Seinfeld, 2003; Fountoukis and Nenes, 2005) and heterogeneous and homoge-
neous freezing of cloud droplets (Barahona and Nenes, 2008, 2009).

We test the sensitivity of the domain-averaged cumulative precipitation and potential
convective invigoration as seen by changes in updraft velocity within the convective
core to changes in the ambient aerosol concentration by performing simulations with20

an increase in the CCN number concentration as well as a suite of cases in which
both the CCN and IN number concentrations are increased. The simulated results
are compared to the predictions for the base case (i.e., the “Clean” scenario). The
dependence of the aerosol-induced effect on the ambient RH is also analyzed.

Under relatively moist ambient conditions, it is shown that a doubling of the CCN25

number concentration results in an increase in the domain-averaged cumulative
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precipitation, regardless of the microphysics scheme employed. Increasing the CCN
number concentration limits autoconversion and enhances the supercooled liquid wa-
ter mixing ratio. This leads to an enhancement in freezing and deposition, ultimately
leading to an increase in the condensed water mass aloft for an increase in the aerosol
loading. The cases run with bulk microphysics suggest little to no invigoration in the5

updrafts within the convective core, while the bin microphysics scheme, which is shown
to better capture changes in latent heating, suggests a slight increase in w within the
core itself. However, regardless of the extent to which the cloud is invigorated, the
increase in condensed mass ultimately leads to more melting, more rain water, and
hence more precipitation. A further increase in the CCN number concentration demon-10

strates that the aerosol-induced effects may not be monotonic in nature. Simulations
performed with the detailed bin microphysics scheme show a decrease in precipitation
for the “Polluted” case in comparison with that of the “Clean” case. We propose that the
non-monotonic nature of the aerosol effects is the result of a competition between the
evaporation/sublimation and sedimentation timescales. The CCN number concentra-15

tion is increased by a factor of 5 from the “Clean” to the “Polluted” scenario, leading to
cloud particles that are significantly smaller in the “Polluted” case. The reduction in par-
ticle size acts to increase the sedimentation timescale, while drastically decreasing the
evaporation/sublimation timescale. Consequently, under “Polluted” conditions, cloud
particles are more likely to evaporate/sublimate before reaching the surface as pre-20

cipitation leading to a net decrease in the domain-averaged cumulative precipitation.
Furthermore, the increase in evaporation/sublimation, in conjunction with an increase
in warming due to phase changes within the cloud, acts to invigorate the overturning
circulation of the system, driving the updrafts and increasing w. However, this does not
necessarily lead to increases in precipitation.25

Moreover, when the ambient RH is reduced, an increase in aerosol concentration
acts to decrease the domain-averaged cumulative precipitation. As was the case for
increasing the CCN number concentration from the “Clean” to “Polluted” scenario under
relatively high RH, the competition between evaporation/sublimation and sedimentation
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dominates the sign of the aerosol-induced effect. Here, under dryer conditions, evap-
oration/sublimation occurs on even a shorter timescale and as a result dominates the
sedimentation for all aerosol perturbations. Thus, a decrease in the rain water content
and ultimately precipitation is observed.

Changes in the aerosol loading may not necessarily provide particles that act solely5

as CCN. Some particles are good IN, and thus it is prudent to analyze and under-
stand any and all potential impacts of the IN population on the development of deep
convective clouds and the resulting precipitation amount and pattern. The results pre-
sented herein suggest that the influence of additional IN is similar in sign, and even in
magnitude, to the changes observed for a further increase in the CCN number con-10

centration above the “Semi-Polluted” level. In other words, both microphysics models
suggest little to no convective invigoration due to elevated concentrations of IN, but
the inherent increase in heterogeneous freezing is observed to ultimately increase the
amount of condensed water, mostly in the ice phase. The bulk model, with its pre-
defined description for the particle distributions, shows that the increase in mass aloft15

leads to an increase in precipitation at the surface. While, on the other hand, the sim-
ulations performed with bin microphysics, with the ability to predict sedimentation for
each segment of the particle distribution, demonstrate that the cloud mass sediments
more slowly when the IN concentration is increased (more numerous, smaller parti-
cles) in addition to a slight increase in evaporation/sublimation. The end result is that20

the increased IN number concentration acts to moisten the mid- to upper-troposphere
and not to increase the precipitation at the surface.

Our results conclusively demonstrate that any and all changes in the precipitation
at the surface are dominated by changes in the mass of condensed water and the
competition that exists between evaporation/sublimation and sedimentation and are25

not related to changes in cloud top height. For shallow convection, Stevens and Fein-
gold (2009) hypothesized that an increase in cloud top evaporation/sublimation due
to smaller particles sizes would act to moisten and cool the layer above the cloud and
help to deepen the cloud itself. Although we find an increase in evaporation/sublimation
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near the top of the clouds in this study, but the result is not to deepen the clouds since
the tops are limited in their height by the tropopause. Thus, any increase in precipita-
tion cannot come from deepening the deep convective cloud, like could be the case for
a more shallow convective cloud.

An additional important point discussed for all of the sets of simulations performed is5

that our results demonstrate that the bulk microphysics scheme is not able to capture
the domain-averaged changes in latent heating rates due to increased aerosol loading.
On the other hand, the bin microphysics model predicts both an increase in warming
associated with increases in freezing and deposition aloft, as well as the consequent
increase in evaporation/sublimation that results from having more numerous, smaller10

particles that have a small evaporation/sublimation timescale and a higher sedimenta-
tion timescale. Accurately depicting these important details is prudent to fully analyze
the potential impacts of changes in the CCN and IN number concentrations on deep
convective clouds.

Future work to provide a more detailed description of the CCN and IN populations15

is necessary. Recently, work has been done to relate the number of active IN to the
number of CCN particles of considerable size (DeMott et al., 2010). Incorporating this
approach into the bin microphysics model would allow one to tie together increases
in the CCN and IN number concentrations. Furthermore, a detailed comparison with
satellite observed cloud water masses, both liquid and ice, would be beneficial in un-20

derstand both how CCN and IN particles can and do modify deep convective clouds.
Ideally, an ambient vertical profile of aerosol concentration and type collocated with
observations of bulk cloud properties and precipitation is necessary to build upon the
current study.
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Table 1. Assumptions regarding hydrometeor collisions.

Collision Result Criterion

Liquid-Liquid Liquid
Ice-Ice Snow
Snow-Snow Snow
Graupel-Graupel Graupel
Ice-Snow Snow
Ice-Graupel Graupel
Ice-Liquid Ice mi≥ml

Graupel mi<ml
Snow-Graupel Graupel
Snow-Liquid Snow ms≥ml

Graupel ms≥ml
Graupel-Liquid Graupel
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Table 2. Domain-averaged cumulative precipitation at the completion of the simulations per-
formed, t=12 h.

Micro. RH Profile “Clean” Precip. “Semi-Polluted” Precip. ∆Precip.a “Polluted” Precip. ∆Precip.b

Bin highRH 10.20 mm 11.32 mm 11.0% 7.97 mm −21.9% (−25.6%)
Bin lowRH 9.30 mm 8.80 mm −5.4% 8.09 mm −13.0% (−8.1%)
Bulk highRH 45.02 mm 45.61 mm 1.3% 47.50 mm 5.5% (4.1%)
Bulk lowRH 48.01 mm 42.35 mm −11.8% 41.86 mm −12.8% (−1.2%)

a The relative change in the domain-averaged cumulative precipitation (∆Precip.) is computed for the “Semi-Polluted”
case compared with that of the “Clean” case.
b ∆Precip. is computed for the “Polluted” case compared with that of the “Clean” case. ∆Precip. between the “Polluted”
and “Semi-Polluted” cases is given in parentheses.
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Table 3. Domain-averaged cumulative precipitation at the completion of the simulations per-
formed including potential IN effects, t=12 h.

Micro. RH Profile “Clean” Precip. “Semi-Polluted” Precip. “IN-Polluted” Precip. ∆Precip.a

Bin highRH 10.20 mm 11.32 mm 9.10 mm −19.6% (−10.8%)
Bulk highRH 45.02 mm 45.61 mm 46.64 mm 2.3% (3.6%)

a ∆Precip. is computed for the “IN-Polluted” case compared with that of the “Semi-Polluted” case, demonstrating the
impact of changes in the IN number concentration. ∆Precip. between the “IN-Polluted” and “Cases” cases is given in
parentheses.
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Fig. 1: Skew T -Log-P diagrams of the initial temperature and moisture data for the (a) lowRH and

(b) highRH simulations. The soundings are adopted from Khain and Lynn (2009) with modifications.
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Fig. 1. Skew T -Log-P diagrams of the initial temperature and moisture data for the (a) lowRH
and (b) highRH simulations. The soundings are adopted from Khain and Lynn (2009) with
modifications.
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and (b) highRH simulations. The soundings are adopted from Khain and Lynn (2009) with
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Fig. 2: Quarter circle shear wind profile. The zonal wind (u) is in red and and the meridional wind (v)

is in blue. The values are derived following Weisman and Klemp (1982) as modified for inclusion

in WRF.
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Fig. 2. Quarter circle shear wind profile. The zonal wind (u) is in red and and the meridional
wind (v) is in blue. The values are derived following Weisman and Klemp (1982) as modified
for inclusion in WRF.
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Fig. 3: Domain-averaged cumulative precipitation for the highRH simulations using the bulk (black)

and bin (red) microphysics models. CCN effects are shown for the “Clean” (solid), “Semi-Polluted”

(dashed), and “Polluted” (dotted) scenarios.
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Fig. 3. Domain-averaged cumulative precipitation for the highRH simulations using the bulk
(black) and bin (red) microphysics models. CCN effects are shown for the “Clean” (solid),
“Semi-Polluted” (dashed), and “Polluted” (dotted) scenarios.
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Bulk Microphysics Bin Microphysics

Fig. 4: Cumulative precipitation after 4 hours of simulation time for the (a) and (d) “Clean”, (b)

and (e) “Semi-Polluted”, and (c) and (f) “Polluted” scenarios for high RH. Simulations performed

with bulk microphysics are shown in (a) - (c) and those with bin microphysics in (d) - (f). Note that

the x- and y-axes represent the grid location index and that the portrayed region is a subset of the

entire domain, chosen to elicit the largest differences amongst the set of simulations performed. The

first contour level is chosen to be 0.0254 mm, which corresponds to 0.01 in. Any rainfall below this

amount is considered to be a trace amount. Consequently, areas shown in white represent regions in

which a trace or less of precipitation as fallen.
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Fig. 4. Cumulative precipitation after 4 h of simulation time for the (a and d) “Clean”, (b and e)
“Semi-Polluted”, and (c and f) “Polluted” scenarios for high RH. Simulations performed with bulk
microphysics are shown in (a–c) and those with bin microphysics in (d–f). Note that the x- and
y-axes represent the grid location index and that the portrayed region is a subset of the entire
domain, chosen to elicit the largest differences amongst the set of simulations performed. The
first contour level is chosen to be 0.0254 mm, which corresponds to 0.01 in. Any rainfall below
this amount is considered to be a trace amount. Consequently, areas shown in white represent
regions in which a trace or less of precipitation as fallen.
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Fig. 4: Cumulative precipitation after 4 hours of simulation time for the (a) and (d) “Clean”, (b)

and (e) “Semi-Polluted”, and (c) and (f) “Polluted” scenarios for high RH. Simulations performed

with bulk microphysics are shown in (a) - (c) and those with bin microphysics in (d) - (f). Note that

the x- and y-axes represent the grid location index and that the portrayed region is a subset of the

entire domain, chosen to elicit the largest differences amongst the set of simulations performed. The

first contour level is chosen to be 0.0254 mm, which corresponds to 0.01 in. Any rainfall below this

amount is considered to be a trace amount. Consequently, areas shown in white represent regions in

which a trace or less of precipitation as fallen.
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Fig. 4. Cumulative precipitation after 4 h of simulation time for the (a and d) “Clean”, (b and e)
“Semi-Polluted”, and (c and f) “Polluted” scenarios for high RH. Simulations performed with bulk
microphysics are shown in (a–c) and those with bin microphysics in (d–f). Note that the x- and
y-axes represent the grid location index and that the portrayed region is a subset of the entire
domain, chosen to elicit the largest differences amongst the set of simulations performed. The
first contour level is chosen to be 0.0254 mm, which corresponds to 0.01 in. Any rainfall below
this amount is considered to be a trace amount. Consequently, areas shown in white represent
regions in which a trace or less of precipitation as fallen.
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Fig. 4. Cumulative precipitation after 4 h of simulation time for the (a and d) “Clean”, (b and e)
“Semi-Polluted”, and (c and f) “Polluted” scenarios for high RH. Simulations performed with bulk
microphysics are shown in (a–c) and those with bin microphysics in (d–f). Note that the x- and
y-axes represent the grid location index and that the portrayed region is a subset of the entire
domain, chosen to elicit the largest differences amongst the set of simulations performed. The
first contour level is chosen to be 0.0254 mm, which corresponds to 0.01 in. Any rainfall below
this amount is considered to be a trace amount. Consequently, areas shown in white represent
regions in which a trace or less of precipitation as fallen.
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Fig. 4. Cumulative precipitation after 4 h of simulation time for the (a and d) “Clean”, (b and e)
“Semi-Polluted”, and (c and f) “Polluted” scenarios for high RH. Simulations performed with bulk
microphysics are shown in (a–c) and those with bin microphysics in (d–f). Note that the x- and
y-axes represent the grid location index and that the portrayed region is a subset of the entire
domain, chosen to elicit the largest differences amongst the set of simulations performed. The
first contour level is chosen to be 0.0254 mm, which corresponds to 0.01 in. Any rainfall below
this amount is considered to be a trace amount. Consequently, areas shown in white represent
regions in which a trace or less of precipitation as fallen.
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Fig. 4. Cumulative precipitation after 4 h of simulation time for the (a and d) “Clean”, (b and e)
“Semi-Polluted”, and (c and f) “Polluted” scenarios for high RH. Simulations performed with bulk
microphysics are shown in (a–c) and those with bin microphysics in (d–f). Note that the x- and
y-axes represent the grid location index and that the portrayed region is a subset of the entire
domain, chosen to elicit the largest differences amongst the set of simulations performed. The
first contour level is chosen to be 0.0254 mm, which corresponds to 0.01 in. Any rainfall below
this amount is considered to be a trace amount. Consequently, areas shown in white represent
regions in which a trace or less of precipitation as fallen.
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Fig. 4. Cumulative precipitation after 4 h of simulation time for the (a and d) “Clean”, (b and e)
“Semi-Polluted”, and (c and f) “Polluted” scenarios for high RH. Simulations performed with bulk
microphysics are shown in (a–c) and those with bin microphysics in (d–f). Note that the x- and
y-axes represent the grid location index and that the portrayed region is a subset of the entire
domain, chosen to elicit the largest differences amongst the set of simulations performed. The
first contour level is chosen to be 0.0254 mm, which corresponds to 0.01 in. Any rainfall below
this amount is considered to be a trace amount. Consequently, areas shown in white represent
regions in which a trace or less of precipitation as fallen.
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Fig. 4. Cumulative precipitation after 4 h of simulation time for the (a and d) “Clean”, (b and e) “Semi-Polluted”, and (c
and f) “Polluted” scenarios for high RH. Simulations performed with bulk microphysics are shown in (a–c) and those with
bin microphysics in (d–f). Note that the x- and y-axes represent the grid location index and that the portrayed region
is a subset of the entire domain, chosen to elicit the largest differences amongst the set of simulations performed.
The first contour level is chosen to be 0.0254 mm, which corresponds to 0.01 in. Any rainfall below this amount is
considered to be a trace amount. Consequently, areas shown in white represent regions in which a trace or less of
precipitation as fallen.
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(a) t = 2 hr (b) t = 2 hr

(c) t = 5 hr (d) t = 5 hr

(e) t = 6 hr (f) t = 6 hr

(g) t = 7 hr (h) t = 7 hr

Fig. 5: Hourly conditionally-averaged cloud (solid), rain (dashed), and ice (dotted) water contents

for the bulk (left) and bin (right) simulations. The aerosol sensitivity is shown for the “Clean”

(black), “Semi-Polluted” (red), and “Polluted” (blue) scenarios. Simulation time is shown in the

subcaptions.
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Fig. 5. Hourly conditionally-averaged cloud (solid), rain (dashed), and ice (dotted) water con-
tents for the bulk (left) and bin (right) simulations. The aerosol sensitivity is shown for the
“Clean” (black), “Semi-Polluted” (red), and “Polluted” (blue) scenarios. Simulation time is shown
in the subcaptions.
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(a) (b)

Fig. 6. (a) Temporal average of the vertical velocity profile within the convective core and (b)
the change in the mean vertical velocity due to changes in CCN number concentration. The
averages are performed from 4 to 8 h into the simulations and the convective core is defined
to contain the columns in which the mean vertical velocity is more than 1 m s−1. Bulk (black)
and bin (red) are displayed on the same graph. The differences are performed for the “Semi-
Polluted” (dashed) and “Polluted” (dotted) cases relative to the “Clean” (solid) case. The vertical
axis is different so as to highlight the differences within the cloud itself and because the relative
differences at cloud top and above are much larger than those within the cloud.
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(a) (b)

Fig. 7. Domain-averaged latent heating rates for the (a) bulk and (b) bin microphysics schemes
averaged over the same period of time as in Fig. 6. The net heating rate (black) is separated
into warming (red) and cooling (blue) for the “Clean” (solid), “Semi-Polluted” (dashed), and
“Polluted” (dotted) cases.
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Fig. 8: Domain-averaged sedimentation rate of the total condensed water content for the “Clean”

(black), “Semi-Polluted” (red), and “Polluted” (blue) cases using the bin microphysics scheme. The

average is computed from 4 to 8 hours into the simulations.

39

Fig. 8. Domain-averaged sedimentation rate of the total condensed water content for the
“Clean” (black), “Semi-Polluted” (red), and “Polluted” (blue) cases using the bin microphysics
scheme. The average is computed from 4 to 8 h into the simulations.
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(a) (b) (c)

Fig. 9. Cumulative precipitation after 12 h of simulation time for the (a) “Clean”, (b) “Semi-
Polluted”, and (c) “Polluted” scenarios for high RH using bin microphysics. The x- and y-axes
correspond to location indices and only a subset of the entire domain is chosen to clearly
demonstrate differences that arise between simulations.
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Fig. 10: Same as in Fig. 3 except for the lowRH simulations.
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Fig. 10. Same as in Fig. 3 except for the lowRH simulations.
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Bulk Microphysics Bin Microphysics

(a) t = 2 hr (b) t = 2 hr

(c) t = 5 hr (d) t = 5 hr

(e) t = 6 hr (f) t = 6 hr

(g) t = 7 hr (h) t = 7 hr

Fig. 11: Same as Fig. 5 except for the lowRH simulations. Simulation time is shown in the subcap-

tions.
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Fig. 11. Same as Fig. 5 except for the lowRH simulations. Simulation time is shown in the
subcaptions.
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(a) (b)

Fig. 12. Same as in Fig. 6 except for the lowRH simulations.
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(a) (b)

Fig. 13. Same as in Fig. 7 except for the lowRH simulations.
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Fig. 14: Same as Fig. 8 except for the lowRH simulations.
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Fig. 14. Same as Fig. 8 except for the lowRH simulations.
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(a) (b) (c)

Fig. 15. Same as Fig. 9 except for the lowRH simulations performed with bin microphysics.

2836

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/2773/2011/acpd-11-2773-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/2773/2011/acpd-11-2773-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 2773–2842, 2011

Aerosol effects on
deep convection

Z. J. Lebo and
J. H. Seinfeld

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

(a) (b)

Fig. 16. The change in mean cloud top height is depicted for the “Semi-Polluted” (dashed) and
“Polluted” (dotted) scenarios relative to the “Clean” case using both the bulk (black) and bin
(red) microphysics schemes. The x-axis is restricted to the middle of the simulation in order to
clearly demonstrate any changes in cloud top height during the period of time that convection
is enhanced, if at all.
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(a) (b)

Fig. 17. Domain-averaged cumulative precipitation for the highRH simulations using (a) bulk
and (b) bin microphysics. CCN/IN effects are shown for the “Clean” (solid), “Semi-Polluted”
(dashed), and “IN-Polluted” (dotted) scenarios. Note the difference in the y-axis scale between
(a) and (b). The bulk and bin results have been separated here for clarity.
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Bulk Microphysics Bin Microphysics

(a) t = 2 hr (b) t = 2 hr

(c) t = 5 hr (d) t = 5 hr

(e) t = 6 hr (f) t = 6 hr

(g) t = 7 hr (h) t = 7 hr

Fig. 18: Hourly conditionally-averaged cloud (solid), rain (dashed), and ice (dotted) water contents

for the bulk (left) and bin (right) simulations. The aerosol sensitivity is shown for the “Clean”

(black), “Semi-Polluted” (red), and “IN-Polluted” (blue) scenarios. Simulation time is shown in the

subcaptions.

49

Fig. 18. Hourly conditionally-averaged cloud (solid), rain (dashed), and ice (dotted) water con-
tents for the bulk (left) and bin (right) simulations. The aerosol sensitivity is shown for the
“Clean” (black), “Semi-Polluted” (red), and “IN-Polluted” (blue) scenarios. Simulation time is
shown in the subcaptions.
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Fig. 19: Same as in Fig. 8 except that the “Clean” (solid), “Semi-Polluted”, and “IN-Polluted” cases

are shown using bin microphysics.
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Fig. 19. Same as in Fig. 8 except that the “Clean” (solid), “Semi-Polluted”, and “IN-Polluted”
cases are shown using bin microphysics.
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(a) (b)

Fig. 20. Same as in Fig. 6 except that the “Clean” (solid), “Semi-Polluted” (dashed), and “IN-
Polluted” (dotted) cases are shown.
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(a) (b)

Fig. 21. Same as in Fig. 7 except that the “Clean” (solid), “Semi-Polluted” (dashed), and “IN-
Polluted” (dotted) cases are shown.
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