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Abstract

Cirrus clouds cover approximately 20–25% of the globe and thus play an important role
in the Earth’s radiation budget. This indicates that aerosol effects on cirrus clouds can
have a substantial impact on the variation of global radiative forcing if the ice-water path
(IWP) changes. This study examines the aerosol indirect effect (AIE) through changes5

in the IWP for a cirrus cloud case. We use a cloud-system resolving model (CSRM)
coupled with a double-moment representation of cloud microphysics. Intensified inter-
actions among the cloud ice number concentration (CINC), deposition and dynamics
play a critical role in the IWP increases due to aerosol increases. Increased aerosols
lead to increased CINC, providing increased surface area for water vapor deposition.10

The increased deposition causes depositional heating which produces stronger up-
drafts, and leads to the increased IWP. The conversion of ice crystals to aggregates
through autoconversion and accretion plays a negligible role in the IWP responses to
aerosols, as the sedimentation of aggregates. The sedimentation of ice crystals plays
a more important role in the IWP response to aerosol increases than the sedimen-15

tation of aggregates, but, not more important than the interactions among the CINC,
deposition and dynamics.

1 Introduction

Aerosols act as cloud condensation nuclei (CCN) and thus affect cloud properties.
Increasing aerosol mass and number are known to decrease droplet size and thus20

increase cloud albedo (first AIE) (Twomey, 1974, 1977). They may also suppress pre-
cipitation and, hence, alter cloud mass and lifetime (second AIE) (Albrecht, 1989). An
enormous effort has been made to gain an understanding of the effect of aerosols on
clouds, since these effects have been considered to be critical for the correct assess-
ment of climate change induced by human activities (Penner et al., 2001).25

The aerosol indirect effect was proposed based on observational and modeling stud-
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ies of warm stratiform clouds (Twomey, 1977; Albrecht, 1989) and most climate studies
have focused on the effect of aerosols on warm stratiform clouds for the prediction of
climate change.

Lee et al. (2009) showed that aerosols can lead to significant changes at the top of
the atmosphere (TOA) longwave radiation as well as shortwave radiation through their5

effects on cirrus clouds. Cirrus clouds cover approximately 20–25% of the globe and
as much as 70% over the tropics and, thus, can act as one of major modulators of
the global radiation budget (Liou, 1986, 2005). Hence, the effect of aerosols on cirrus
clouds may have contributed to changes in the global radiation budget and to climate
change since industrialization.10

Lee et al. (2009) focused on cirrus clouds detrained from deep convective clouds.
The radiative properties of these cirrus clouds are mainly determined by ice-crystal
formation and growth in deep convective clouds (Houze, 1993). About half of the large-
scale cirrus clouds have their origins in the upper layers detrained from deep, precip-
itating cloud systems (Houze, 1993). The other half of cirrus clouds has their origins15

in large-scale vertical motions, with velocities much smaller than the vertical velocity
in deep convective clouds. Different dynamic intensity (i.e., vertical velocity) is likely
to lead to different interactions between microphysics and dynamics by affecting the
magnitude of deposition and sublimation. Hence, the properties of cirrus clouds and
thus the effects of aerosols on clouds with the weak large-scale motion are likely to be20

different from those coupled with strong deep convective motion.
In this study, the effect of aerosols on cirrus clouds developing with the vertical ve-

locity associated with large-scale low vertical motion is examined using a CSRM.
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2 CSRM

2.1 Dynamics and turbulence

For numerical experiments, the Goddard Cumulus Ensemble (GCE) model (Tao et
al., 2003) is used as a three-dimensional nonhydrostatic compressible model. The
detailed equations of the dynamical core of the GCE model are described by Tao and5

Simpson (1993) and Simpson and Tao (1993).
The subgrid-scale turbulence used in the GCE model is based on work by Klemp and

Wilhelmson (1978) and Soong and Ogura (1980). In their approach, one prognostic
equation is solved for the subgrid-scale kinetic energy, which is then used to specify
the eddy coefficients. The effect of condensation on the generation of subgrid-scale10

kinetic energy is also incorporated into the model.

2.2 Microphysics and radiation

To represent microphysical processes, the GCE model adopts the double-moment bulk
representation of Saleeby and Cotton (2004). The size distribution of hydrometeors
obeys a generalized gamma distribution:15

n(D)=
Nt
Γ(υ)

(
D
Dn

)ν−1 1
Dn

exp
(
− D
Dn

)
(1)

where D is the equivalent spherical diameter (m) (for ice crystals, D is the crystal
maximum dimension), n(D) dD the number concentration (m−3) of particles in the size
range dD and Nt the total number of particles (m−3). Also, ν is the gamma distribution
shape parameter (non-dimensional), Dn is the characteristic diameter of the distribution20

(m), and Γ(υ) the complete gamma function of υ.
Full stochastic collection solutions for self-collection among cloud droplets (or cloud

liquid) and ice crystals (or cloud ice) and for the collection of cloud droplets and ice crys-
tals by precipitable hydrometeors based on Feingold et al. (1988) are obtained using
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realistic collection kernels; there are five classes of precipitable hydrometeors, which
are rain, snow, aggregates, graupel, and hail. Hence, this study does not constrain the
system to constant or average collection efficiencies. Following Walko et al. (1995),
lookup tables are generated and used in each collection process. This enables fast
and accurate solutions to the collection equations. In this study, snow is treated as5

a part of cloud ice or ice crystals, since snow is defined as ice crystals that grow by
deposition to larger than 125 µm in the maximum dimension in the bulk representation
of Saleeby and Cotton (2004).

The bin representation of collection is adopted for the calculations of hydrometeor
sedimentation. Bin sedimentation is simulated by dividing the gamma distribution into10

discrete bins and then building lookup tables to calculate how much mass and number
in a given grid cell falls into each cell beneath a given level in a given time step. 36 bins
are used for collection and sedimentation. This is because Feingold et al. (1999) re-
ported that the closest agreement between a full bin-resolving microphysics model in a
large eddy simulation (LES) of marine stratocumulus cloud and the bulk microphysics15

representation was obtained when collection and sedimentation were simulated by em-
ulating a full-bin model with 36 bins.

All the cloud species here have their own terminal velocity. The terminal velocity of
each species is expressed as power law relations (See Eq. 7) in Walko et al., 1995). A
Lagrangian scheme is used to transport the mixing ratio and number concentration of20

each species from any given grid cell to a lower height in the vertical column, following
Walko et al. (1995).

The parameterizations developed by Chou and Suarez (1999) for shortwave radi-
ation and by Chou and Kouvaris (1991), Chou et al. (1999), and Kratz et al. (1998)
for longwave radiation have been implemented in the GCE model. The solar radiation25

scheme includes absorption due to water vapor, CO2, O3, and O2. Interactions among
the gaseous absorption and scattering by clouds, molecules, and the surface are fully
taken into account. Reflection and transmission of a cloud layer are computed using
the δ-Eddington approximation. Fluxes for a composite of layers are then computed
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using the two-stream adding approximation. In computing thermal infrared fluxes, the
k-distribution method with temperature and pressure scaling is used to compute the
transmission function.

2.3 Ice nucleation

Lohmann and Diehl’s (2006) parameterizations, taking into account the dependence5

of ice nuclei (IN) activation on dust and black carbon (BC) aerosol mass concentra-
tion, are used for contact, immersion, and condensation-freezing activation of IN. For
contact activation:

dNCNT

dt
(m−3 s−1)=mioDap4πrcmNa,cnt

ρan
2
c

qc
(2)

where dNCNT
dt is the rate of the production of ice-crystal number concentration via contact10

freezing, mio (10−12 kg) is the original mass of a newly formed ice crystal, Dap (m2 s−1)

is the Brownian aerosol diffusivity, rcm (m) is volume-mean droplet radius, Na,cnt (m−3)
is the number concentration of contact nuclei and qc (kg kg−1) and nc (kg−1) are the
mass and number mixing ratio of droplets, respectively. ρais the air density. Dap is
given by15

Dap =
kTCc
6πηrm

where k is the Boltzmann constant, T is the temperature, η is the viscosity of air
{η=10−5 (1.718+0.0049(T −T0)−1.2×10−5 (T −T0)2) in kg m−1 s−1}, rm is the aerosol
mode radius, and Cc is the Cunningham correction factor [Cc = 1+1.26( λrm )(p0

p )( TT0
)].

The aerosol mode radius is taken to be 0.2 µm for dust and 0.1 µm for BC. λ is the20

mean free path length of air (λ= 0.066 µm at the surface), p0 and T0 refer to standard
pressure of 101 325 Pa and freezing temperature of 273.15 K. Na,cnt is obtained from
the number concentration of aerosol particles consisting of BC and dust, multiplied by
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a temperature dependence of the individual species. This temperature dependence is
based on Fig. 1 in Lohmann and Diehl (2006). Here, for dust, the temperature depen-
dence of montmorillonite is adopted (Lohmann and Diehl, 2006). For immersion and
condensation-freezing activation:

dNIMM

dt
(m−3 s−1)=Na,immexp(T0−T )

dT
dt
ρaqc
ρw

(3)5

where dNIMM
dt is the rate of the production of ice-crystal number concentration via immer-

sion and condensation freezing, T0 freezing temperature. Na,imm (m−3) is the number
concentration of immersion and condensation nuclei calculated as the number concen-
tration of BC and dust aerosols, multiplied by a temperature dependence for immersion
and condensation freezing in Fig. 1 in Lohmann and Diehl (2006). As for contact freez-10

ing, the temperature dependence of montmorillonite is adopted for dust. For deposition
nucleation, the parameterization of Möhler et al. (2006) is implemented. The rate of
production of ice-crystal number concentration via deposition freezing is:

dNDEP

dt
(m−3 s−1)=Na,dep(exp[a(Si −S0)]−1) (4)

where a and S0 are non-dimensional empirical constants determined by chamber ex-15

periments, which are dependent on aerosol properties. Here a and S0 are set to 4.77
and 1.07, respectively, based on experiments for desert dust. Na,dep is the number

concentration of deposition nuclei (m−3) calculated from predicted total dust mass con-
centration. Equation (4) is applied at temperatures colder than −40 ◦C and restricted to
S0 <Si <1.63+6.52×10−3×(T −T0), corresponding to the measured saturation region20

of Field et al. (2006) where pure deposition nucleation occurs. The parameterization
is limited to activating a maximum of 5% of the dust, following the measurements of
Field et al. (2006). As indicated by the experiments of Field et al. (2006), Eq. (4) is
only valid at temperatures below −40 ◦C. At temperatures warmer than −40 ◦C, the pa-
rameterizations of Meyer et al. (1992) and DeMott et al. (2003), multiplied by a scaling25
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factor to consider the dependence of IN activation on dust mass concentration, are
used. These parameterizations are applied to grid points with no cloud liquid to en-
sure only deposition nucleation is calculated. It is limited to activating a maximum of
0.5% of the dust, since Field et al. (2006) found that deposition nucleation did not acti-
vate more than 0.5% of the dust at temperatures warmer than −40 ◦C. Details of these5

parameterizations can be found in Appendix A.
Secondary production of ice occurs by the Hallet-Mossop process of rime splintering

(Hallet and Mossop, 1974) and involves 350 ice splinters emitted for every milligram of
rimed liquid at −5.5 ◦C. The number of splinters per milligram of rimed liquid is linearly
interpolated to zero between −3 and −8 ◦C.10

Homogeneous aerosol (haze particle) freezing is assumed to occur instantaneously
when a size- and temperature-dependent critical supersaturation with respect to ice for
the freezing is exceeded. It is represented by considering the predicted size distribution
of unactivated aerosols. A look-up table for the critical supersaturation ratio at which
CCN freezes homogeneously is based on the theory proposed by Koop et al. (2000).15

2.4 Crystal habit

To account for the variability of crystal type under different environmental conditions,
the capacitance and mass-dimensional relations of pristine ice crystals and snow are
allowed to vary. Since the model does not keep track of the history of all crystals,
a simple diagnostic check of the ambient temperature and saturation conditions at20

each grid location is performed during each time-step to determine the crystal habit;
see Table 1 in Meyers et al. (1997) for the habit diagnosis adopted here. The habit
diagnosis impacts the model in several ways. The capacitance is dependent on crystal
type (Harrington et al., 1995) and may change the growth characteristics of the crystals.
Different types of crystals fall at different speeds which is determined by the power law25

relation

vt =avtD
bvt (5)
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where D is the crystal maximum dimension and avt and bvt are constants for a given
crystal habit (see Walko et al. (1997) for details of these constants).

3 Case descriptions

A case of cirrus clouds located at (20◦ N, 30◦ W) off the coast of Western Africa is
simulated here. A pair of simulations from 06:00 LST (local solar time) on 1 July to5

18:00 LST on 1 July in 2002 are performed in which the aerosol concentration is varied
from the preindustrial (PI) level to the present-day (PD) level. The simulation with the
PD (PI) level is referred to as the high-aerosol (low-aerosol) run, henceforth.

Reanalysis data from the European Centre for Medium-Range Weather Forecasts
(ECMWF) provide initial conditions and large-scale forcings. The 6-hourly analyses10

were applied to the model as a large-scale advection for potential temperature and
specific humidity at every time step by interpolation. Temperature and humidity were
nudged toward the large-scale fields from the ECMWF using the large-scale advection.
The horizontally averaged wind from the GCE model was also nudged toward the in-
terpolated wind field from the ECMWF at every time step with a relaxation time of one15

hour, following Xu et al. (2002). The model domain is considered to be small compared
to large-scale disturbances. Hence, the large-scale advection is approximated to be
uniform over the model domain and large-scale terms are defined to be functions of
height and time only, following Krueger et al. (1999). Identical observed surface fluxes
of heat and moisture were prescribed in both the high- and low-aerosol runs. This20

method of modeling cloud systems was used for the CSRM comparison study by Xu et
al. (2002). The details of the procedure for applying large-scale forcing are described in
Donner et al. (1999) and are similar to the method proposed by Grabowski et al. (1996).

Vertical profiles of the initial specific humidity and potential temperature applied to
simulations here between 12 and 15 km are shown in Fig. 1; the simulated cloud layer25

(which will be described later) is located between 12.5 and 14.5 km. The vertical dis-
tribution of the time- and area-averaged large-scale forcings of temperature and hu-
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midity imposed between 12 and 15 km is depicted in Fig. 2. Initial humidity decreases
with height nearly monotonically. Initial potential temperature increases with height
with a less stable layer between 13.5 and 14.5 km than above and below these levels
as shown in Fig. 1. The large-scale potential-temperature forcing shows two peaks
around 12.5 and 14.5 km and the large-scale humidity forcing increases up to around5

12.5 km and then decreases to zero around 14 km.
Background aerosol data for the high-aerosol run and the low-aerosol run were pro-

vided by the CAM-UMICH model. Aerosol data produced at (20◦ N, 30◦ W) from the
PD and PI emissions were used for the high-aerosol run and low-aerosol run, respec-
tively. The detailed description of the CAM-UMICH model and aerosol emissions can10

be found in Wang et al. (2009). The aerosol number concentration is calculated from
the mass profiles using the parameters (mode radius, standard deviation, and parti-
tioning among modes) described in Chuang et al. (1997) for sulfate aerosols and Liu et
al. (2005) for non-sulfate aerosols (e.g., fossil fuel BC/OM, biomass BC/OM, sea salt,
and dust). Here, a bi- or tri-modal log-normal size distribution is assumed for aerosols15

and the number of aerosols in each size bin of the distribution is determined using
these parameters and an assumed aerosol particle density for each species. As for
the large-scale advection, the background aerosols are approximated to be uniform
over the model domain and defined to be functions of height and time only. The time-
and area-averaged vertical distribution of total background aerosol number between20

12 and 15 km is shown in Figure 3a. Generally, the aerosol number varies between 15
(10) and 30 (15) cm−3 for the high-aerosol (low-aerosol) run.

The aerosol is predicted within clouds and reset to the background value at all levels
outside of cloud. Within clouds, aerosols are advected, diffused, and depleted by nucle-
ation of droplets and ice crystals (nucleation scavenging). Initially, the aerosol number25

is set equal to its background value everywhere. Hence, we focus on the examination
of cloud responses to a given aerosol variation in the background since industrialization
while considering the effect of cloud-scale processes on aerosols within clouds.

Figure 3b shows the time series of the time- and domain-averaged total background
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aerosol number over the layer between 12 and 15 km. Figure 3b indicates that aerosol
number does not vary significantly over the simulation period.

The simulations are performed in a 3-D framework. A uniform grid length of 100 m
is used in the horizontal domain and the vertical grid length is uniformly 50 m above
10 km. Periodic boundary conditions are used on the horizontal boundaries. The hor-5

izontal domain length is set to 12 km in both the east-west and north-south directions.
The vertical domain length is 20 km to cover the troposphere and the lower strato-
sphere.

4 Results

4.1 Cloud properties10

Clouds in the high- and low-aerosol runs are formed around 07:00 LST. Figure 4 de-
picts the temporal evolution of cloud-top and cloud-base height (upper two lines are for
cloud-top and lower two lines for cloud-base) from 10 min after the cloud formation to
the end of simulation. Figure 4 indicates that cloud depth is ∼2 km.

Figure 5 shows the temporal evolution of domain-averaged IWP. Figure 5 shows that15

the IWP in the high-aerosol run is generally higher than that in the low-aerosol run by
∼1–2 g m−2 during the time integration. Time- and domain-averaged IWPs are 2.68
(2.11) g m−2 for the high (low) aerosol case.

The simulated IWP in the high-aerosol run is compared to observations by the Mod-
erate Resolution Imaging Spectroradiometer (MODIS) to assess the ability of the model20

to simulate cirrus clouds. The difference between the domain-averaged IWP in the
high-aerosol run and MODIS-observed IWP is less than 10% relative to IWP observed
by the MODIS. This demonstrates that the IWP is simulated reasonably well.
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4.2 Ice-water budget

To elucidate the microphysical processes leading to the increase in IWP with increas-
ing aerosols, the domain-averaged cumulative source (i.e., deposition) and sinks of
cloud ice and their differences between the high-aerosol run and low-aerosol run (high
aerosol – low aerosol) are obtained. For this, a production equation for cloud ice is in-5

tegrated over the domain and duration of the simulations. Integrations over the domain
and duration of simulation are denoted by < >:

<A >= 1
LxLy

∫∫∫
ρaAdxdydzdt (6)

where Lx and Ly are the domain length (12 km), in east-west and north-south direc-
tions, respectively, ρa is the air density and A represents any of the variables in this10

study. The budget equation for cloud ice is as follows:

<
∂qi
∂t

>=<Qdepo >−<Qsubl >−<Qauto >−<Qaccr > (7)

Here, qi is cloud-ice mixing ratio. Qdepo, Qsubl, Qauto, and Qaccr refer to the rates of
deposition, sublimation, autoconversion of cloud ice to aggregates, and accretion of
cloud ice by aggregates, respectively.15

Table 1 shows the budget numbers for Eq. (7) for the high- and low-aerosol runs. The
high- and low-aerosol runs (CINC-high fixed) and (CINC-low fixed) will be described in
the following sections. The budget numbers show that deposition and sublimation of
cloud ice are ∼one to two orders of magnitude larger than autoconversion and ac-
cretion. This indicates that the conversion of cloud ice (produced by deposition) to20

aggregates is highly inefficient in the high- and low-aerosol runs.
Autoconversion and accretion are processes that control the growth of aggregates

and sedimentation of aggregates is generally proportional to the size of aggregates.
Hence, the small contribution of autoconversion and accretion to IWP implies that
cloud-mass (i.e., sum of cloud ice and aggregate) changes due to sedimentation of25

aggregates are not as significant as those due to deposition and sublimation.
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Much larger differences in deposition and sublimation as compared to those in auto-
conversion and accretion between the high- and low-aerosol runs are simulated here
(Table 1). This implies that changes in deposition and sublimation due to aerosol in-
creases play much more important roles in the cloud-mass responses to aerosols than
those in the sedimentation of aggregates.5

Table 1 shows the domain-averaged cumulative cloud-mass changes due to in-cloud
sedimentation of aggregates for the high- and low-aerosol runs; here, the absolute
value of the sedimentation-induced mass change is presented. In Table 1, the rates of
sedimentation of aggregates and cloud ice are represented by Qased and Qised, respec-
tively, and the absolute value of any variable A is represented by |A|. The magnitude of10

deposition is ∼one order of magnitude larger than that of cloud-mass changes induced
by the sedimentation of aggregates (Table 1). Also, the magnitude of the difference
in deposition between the high- and low-aerosol runs is ∼two to three orders of mag-
nitude larger than that for mass changes induced by the sedimentation of aggregates
(Table 1). Hence, in general, as implied by the budget analysis, the role of the sedimen-15

tation of aggregates in the determination of the cloud mass and its response to aerosols
is negligible as compared to that of deposition. The role of the sedimentation of cloud
ice plays a much more important role in this determination and response than that of
the sedimentation of aggregates as shown in Table 1. However, the role of deposition
is still much more important than that of the sedimentation of cloud ice. The domain-20

averaged cumulative cloud-mass changes due to in-cloud sedimentation of cloud ice
is ∼13 and 16% of the domain-averaged cumulative deposition in the high-aerosol run
and the low-aerosol run, respectively. Also, the difference in the sedimentation of cloud
ice between the high- and low-aerosol runs is ∼3% of that in deposition.
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4.3 Factors controlling deposition

The mass changes of ice crystals from the diffusion of vapor, integrated over the size
distribution, is as follows:

dm
dt

= Ni2πψFReSρvsh (8)

where Ni is CINC, ψ the vapor diffusivity, and ρvshthe saturation water vapor mixing5

ratio over ice. S is the supersaturation, given by
(
ρva
ρvsh

−1
)

where ρva is water vapor

mixing ratio. FRe is the integrated product of the ventilation coefficient, the crystal shape
factor and the maximum dimension which is given by

FRe =

∞∫
0

ShDfRefgam(D)dD (9)

where D is the crystal maximum dimension, S the crystal shape factor that is defined10

as Sh =
C
D with C the crystal capacitance, fRe the ventilation coefficient, and fgam(D) the

gamma distribution function, given by Eq. (1). fRe is given by
[

1.0+0.229
(
vtD
Vk

)0.5
]
η

where vt is the terminal velocity and Vk the kinematic viscosity of air and ηthe shape
parameter (Cotton et al., 1982).

Among the variables associated with the depositional growth of cloud ice in Eq. (8),15

differences in the supersaturation and CINC contribute most to the differences in de-
position between the high- and low-aerosol runs. Percentage differences in the other
variables are found to be ∼two orders of magnitude smaller than those in supersatu-
ration and CINC throughout the simulations. Figure 6a shows the time series of CINC
and Fig. 6b the time series of supersaturation. Figure 6b indicates that supersaturation20

is generally larger at low aerosol than at high aerosol. However, the deposition rate
is generally higher, leading to larger cumulative deposition at high aerosol than at low
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aerosol (Table 1). This is ascribed to the larger CINC (as shown in Fig. 6a) providing
a larger surface area for water-vapor deposition at high aerosol compared to that at
low aerosol. The effects of the CINC increase on the surface area of cloud ice and
thus deposition compete with the effects of the supersaturation decrease on the depo-
sition with increasing aerosols. This leads to a smaller deposition difference than the5

differences in CINC and supersaturation. The effects of the increased surface area for
deposition outweigh the effects of decreased supersaturation, leading to the increase
in vapor deposition in the high aerosol run.

Increased deposition provides more depositional heating, and, thereby, intensifies
updrafts as shown in Fig. 6c which depicts the time series of domain-averaged updraft10

mass fluxes. Increased updrafts in turn increase deposition, establishing a positive
feedback between updrafts and deposition. Therefore, the ice crystal number concen-
tration provides a larger surface area for deposition and plays a critical role in increasing
both deposition and updrafts. The interactions among CINC, deposition and dynamics
(i.e., updrafts) play the most important role in the determination of the differences in de-15

position and thereby the IWP response to aerosols between the high- and low-aerosol
runs.

4.4 Runs with different CINC for deposition

To isolate the role of the impacts of CINC (i.e., the surface area of ice crystals) on de-
position in making IWP differences, the high- and low-aerosol runs are repeated with20

identical CINC only for deposition but not for the other processes including sublima-
tion. This simulates the IWP differences in the absence of the impacts of the surface
area of ice crystals on deposition. The comparison of these simulations to simulations
described in previous sections (i.e., the high- and low-aerosol runs) enables an assess-
ment of the contribution of aerosol and thus CINC impacts on deposition to the IWP25

differences.
Two pairs of additional simulations, each of which is composed of the high- and low-

aerosol runs, are performed. Each pair of simulations adopts the identical CINC only
10443
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for deposition; Ni in Eq. (8) is fixed at a constant value and forced to be the same for
the high- and low-aerosol runs, though predicted Ni is allowed to be used in the other
processes. The first pair of simulations is referred to as the high-aerosol run (CINC-
high fixed) and low-aerosol run (CINC-high fixed) in Table 1. These CINC-high fixed
runs adopt the averaged CINC in the high-aerosol run, which is 38 l−1, as a fixed value5

only for deposition. The second pair of simulations adopt the averaged CINC in the
low-aerosol run, which is 21 l−1, as a fixed value only for deposition and are referred to
as the high-aerosol run (CINC-low fixed) and the low-aerosol run (CINC-low fixed) in
Table 1.

The budget numbers of Eq. (7) for these additional simulations are shown in Table 1.10

The time- and domain-averaged IWPs in the high-aerosol run (CINC-high fixed) and
low-aerosol run (CINC-high fixed) are 2.62 and 2.58 g m−2. The IWP in the low-aerosol
run (CINC-high fixed) increases significantly as compared to the IWP in the low-aerosol
run, resulting in much smaller differences in IWP between the high- and low-aerosol
runs (CINC-high fixed) than those between the high- and low-aerosol runs. This is15

mainly due to larger CINC in the low-aerosol run (CINC-high fixed) than average CINC
in the low-aerosol run, leading to increased deposition as compared to that in the low-
aerosol run (Table 1).

The IWP differences between the high-aerosol run (CINC-low fixed) and low-aerosol
run (CINC-low fixed) are also much smaller as compared to those in the high- and low-20

aerosol runs (Table 1). IWPs in the high-aerosol run (CINC-low fixed) and low-aerosol
run (CINC-low fixed) are 2.13 and 2.06 g m−2, respectively. IWP in the high-aerosol run
(CINC-low fixed) decreases significantly as compared to IWP in the high-aerosol run,
resulting in the small differences in IWP between the high-aerosol run (CINC-low fixed)
and low-aerosol run (CINC-low fixed) (Table 1). This is mainly due to smaller CINC in25

the high-aerosol run (CINC-low fixed) than the average CINC in the high-aerosol run,
leading to less deposition than in the high-aerosol run (Table 1).

These additional simulations indicate that the IWP responses to aerosols can be
nearly the same for the high- and low-aerosol runs only by making the CINC for de-
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position identical. This demonstrates the crucial role of CINC impacts on deposition in
the IWP responses to aerosols. This also demonstrates that the impacts of aerosols
and thus CINC on the other processes such as the sedimentation of ice crystals and
aggregates and the conversion of ice crystals to aggregates do not play an important
role in the IWP response to aerosols.5

4.5 Nucleation

Figure 7 shows the vertical distribution of the in-cloud averaged nucleation rate for each
of the high- and low-aerosol runs. The homogeneous freezing of haze particles domi-
nates over the heterogeneous nucleation of ice particles for the production of CINC; the
production of CINC through the homogeneous freezing of haze particles is ∼one order10

of magnitude larger than that through the heterogeneous nucleation of ice particles.
Also, the difference in the homogeneous freezing between the high- and low-aerosol
runs is ∼one order of magnitude larger than that in the heterogeneous nucleation of
ice particles. Haze particles are unactivated droplets which formed on CCN. Hence,
the number of haze particles and thus their homogeneous freezing are associated with15

CCN but not with IN. This indicates that the CINC and its response to aerosols are con-
trolled by CCN but not by IN. To confirm this, simulations are repeated with no variation
of aerosols acting as CCN (fixed at the PI level) but with the variation of aerosols (from
their PI level to PD level) acting as IN between the high- and low-aerosol runs. These
simulations show that ∼2% of the variation in deposition and ∼5% of the variation in20

IWP as compared to those in the standard high- and low-aerosol runs. However, an-
other set of repeated simulations only with CCN variation (with no variation of IN, which
was fixed at the PI level) shows 98% of the variation in deposition and 94% of the vari-
ation in IWP as compared to those in the standard high- and low-aerosol runs. Hence,
these repeated simulations demonstrate that the results here are strongly sensitive to25

the CCN variation and that their dependence on IN variation is negligible.

10445

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/10429/2010/acpd-10-10429-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/10429/2010/acpd-10-10429-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 10429–10462, 2010

Aerosol effects on ice
clouds

S. S. Lee and
J. E. Penner

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

4.6 Radiation budget

Upward shortwave and longwave fluxes at the top of the atmosphere (TOA) are pre-
sented in Table 2. In Table 2, SW and LW represent upward shortwave and longwave
fluxes.

The low-aerosol run has a smaller TOA upward SW (here, TOA is at the level of5

0.01 hPa) than the high-aerosol run; more SW is reflected in the high-aerosol run than
in the low-aerosol run by 15.4 W m−2, which is associated with the larger IWP in the
high-aerosol run than in the low-aerosol run.

Increased cloud mass causes more LW emitted from the surface to be absorbed by
clouds at high aerosol, leading to smaller outgoing LW at the TOA in the high-aerosol10

run than in the low-aerosol run (Table 2). Those changes in LW offset changes in SW.
35% of the increase of the reflected solar radiation due to aerosol increases is offset
by the decrease of the outgoing longwave radiation. This offset is much larger than
the offset in stratocumulus clouds. For example, Lee et al. (2009) showed that, for the
transition from the continental aerosols to maritime aerosols which involves a 10-fold15

decrease in aerosol number, only less than 3% of increase in the reflection of solar
radiation is offset by the decrease in the outgoing longwave radiation in stratocumulus
clouds.

It is interesting that the change in LW radiation is smaller than the change in SW
radiation for these simulations. Normally, if changes in IWP are not considered, the20

change in LW radiation dominates that of SW radiation for cirrus clouds perturbed by
aerosol concentration (Penner et al., 2009). Here, the increase of IWP has actually
reversed this impact.

5 Summary and conclusion

Aerosol-cloud interactions in cirrus clouds developing with the large-scale low vertical25

motion off the coast of Western Africa in the summer in 2002 were simulated using
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a CSRM coupled with a double-moment microphysics. Present-day and preindustrial
aerosols were prescribed to examine aerosol effects on IWP.

Simulations showed that increasing aerosols increased IWP. The conversion of ice
crystals to aggregates through autoconversion and accretion played a negligible role in
the IWP response to aerosols, as did the sedimentation of aggregates. Instead, it was5

found that feedbacks among CINC, deposition and dynamics played the most important
role in the increased IWP at high aerosol; the increased CINC offsets the decreased su-
persaturation causing an increase in the vapor deposition with the increased aerosols.
The role of the sedimentation of ice crystals plays a much more important role in the
IWP response than that of the sedimentation of aggregates, though the change in the10

sedimentation of ice crystals accounted for high and low aerosols is ∼two times smaller
than the feedbacks among CINC, deposition and dynamics.

The homogeneous freezing of haze particles was most important for the determi-
nation of the CINC and its variation with the aerosol concentration. Heterogeneous
nucleation processes played a negligible role in the determination of CINC.15

The traditional understanding of aerosol-cloud interactions proposed by Al-
brecht (1989) is based on the observation of warm stratocumulus clouds. It indicates
that the response of the liquid-water path (LWP) to aerosol changes is controlled by the
conversion of cloud liquid to rain and sedimentation of rain. Cloud ice (or ice crystal)
and aggregates in ice clouds above the level of homogeneous freezing (where liquid20

hydrometeors are absent) is equivalent to cloud liquid (or cloud droplets) and rain,
respectively, in warm clouds. This is because cloud ice and cloud liquid both are con-
sidered to form from nucleation while rain and aggregates both are considered to form
from autoconversion. Adopting this equivalence, it can be said that the traditional un-
derstanding of aerosol-cloud interactions is not applicable to the ice clouds simulated25

here due to the negligible role of the conversion of ice crystals to aggregates and the
sedimentation of aggregates in the effect of aerosols on IWP.

The effect of LW radiation changes caused by increasing aerosols on the ice clouds
simulated here compensated for ∼35% of the increased outgoing SW radiation. Thus,
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the increase in IWP and CINC in cirrus clouds with increasing aerosols can enhance
the so-called infrared warming effect of these clouds, though the global impact of this
effect will depend on the relationship between the distribution of aerosols and synoptic
motions in the upper troposphere, a matter which this study was not able to consider.

The growth of ice crystals to precipitable hydrometeors through autoconversion and5

accretion is more efficient when liquid-phase particles are rimed onto these crystals
than when only ice particles are involved in autoconversion and accretion. This is
because the collection efficiencies are higher for collisions between liquid- and solid-
phase particles than those between solid-phase particles. This contributes to the very
low conversion efficiency (i.e., the ratio between the conversion of cloud ice to ag-10

gregates and deposition) and sedimentation, leading to a less important role for this
conversion and sedimentation in the response of cloud mass to aerosols than that of
deposition in this study.

The coarse spatial resolutions employed in climate models are not able to resolve
the interactions among CINC, deposition, and updrafts in the cloud layer, which play15

important roles in aerosol effects on IWP in cirrus clouds here. It is necessary to de-
velop parameterizations that are able to consider the effects of these interactions on
the IWP variation with aerosols. Parameterizations for the representation of the IWP
variation with aerosols simply relying on changes in autoconversion and sedimenta-
tion with varying aerosols with no consideration of feedbacks between microphysics20

and dynamics in climate models can be misleading. This can contribute to a large un-
certainty in the estimation of radiative forcing associated with aerosol indirect effects,
considering the significant coverage of cirrus clouds. Also, most of climate models
and some of CSRMs have adopted saturation adjustment schemes which are not able
to predict supersaturation and to thereby consider the effects of changes in the sur-25

face area of cloud particles for the calculation of deposition. Hence, using a saturation
adjustment scheme prevents the simulation of the changing competition between su-
persaturation and the surface area of cloud particles with increasing aerosols. Thus,
this prevents the simulation of varying interactions among CINC, deposition, and dy-
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namics with aerosols, which can lead to incorrect assessments of aerosol effects on
cirrus clouds. Therefore, microphysics parameterizations, able to predict particle mass
and number, and thereby, surface area, coupled with a prediction of supersaturation,
need to be implemented into climate models for a correct assessment of aerosol effects
on cirrus clouds.5

The generalization of the results reported here requires further investigation. The set
of simulations examined here are too limited to form a generalized basis for determining
the effects of aerosol on cirrus clouds and, thus, their parameterizations for large-scale
or climate models. More case studies of cirrus clouds developing under various envi-
ronmental conditions are needed to establish the generalization of the results reported10

here.

Appendix A

Deposition nucleation at temperatures warmer than −40 ◦C

At temperatures between −30 and −40 ◦C and between −5 and −30 ◦C, DeMott et15

al. (2003) and Meyers et al.’s (1992) parameterizations, multiplied by a scaling factor,
are used for deposition nucleation, respectively. For temperatures between −30 and
−0 ◦C:

NIN(m−3)= 1000(exp[12.96(Si −1.1)])0.3×Ψ (A1)

Here, NIN is ice-crystal number concentration, Si the saturation ratio with respect to ice20

and Ψ a scaling factor to take into account the dependence of IN activation on dust
mass. Ψ is DU2.5

DU ∗
2.5

, where DU2.5 is mass concentration of dust particles with diameter

less than 2.5 µm and DU ∗
2.5 is a reference dust mass concentration. DU ∗

2.5 is set at
0.11 µg m−3 based on dust data from the Mount Werner project used to derive Eq. (A1)
(DeMott et al., 2003). Hence, Eq. (A1) computes NIN based on variation of dust mass25
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relative to dust mass observed at the Mount Werner project. It was observed that IN
concentrations were almost linear with the concentrations of large aerosol particles
(Berezinskiy et al., 1986; Georgii and Kleinjung, 1967), supporting the assumption that
NIN is proportional to DU2.5. For temperatures between −5 and −30 ◦C, the same scal-
ing factor as used in Eq. (A1) is applied to the parameterization of Meyers et al. (1992)5

as follows, since dust mass data are not available in Meyers et al. (1992):

NIN(m−3)= 63exp[12.96(Si −1)−0.639]×Ψ (A2)
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Table 1. Domain-averaged budget terms of cloud ice.

High- High- High- Low- Low- Low- High High High
aerosol aerosol aerosol aerosol aerosol aerosol minus Low minus Low minus Low

(CINC-high fixed) (CINC-low fixed) (CINC-high fixed) (CINC-low fixed) (CINC-high fixed) (CINC-low fixed)

IWP (g m−2) 2.68 2.62 2.13 2.11 2.58 2.06 0.57 0.04 0.07

<Qdepo >
Deposition (µm)

5.42 5.39 4.68 4.66 5.31 4.58 0.76 0.08 0.10

<Qsubl >
Sublimation (µm)

1.06 1.02 0.48 0.46 1.01 0.44 0.60 0.01 0.04

<Qauto >
Autoconversion of cloud ice to aggre-
gates + <Qaccr > Accretion of cloud ice
by aggregates (µm)

0.021 0.020 0.015 0.023 0.028 0.022 −0.002 −0.008 −0.007

< |Qased|>
Sedimentation of aggregates above
the cloud base (µm)

0.050 0.050 0.047 0.051 0.053 0.050 −0.001 −0.003 −0.003

< |Qised|>
Sedimentation of cloud ice above the
cloud base (µm)

0.71 0.71 0.65 0.73 0.74 0.70 −0.02 −0.03 −0.05

(<Qauto >+<Qaccr >)/<Qdepo >;
|∆(<Qauto >+<Qaccr >)/|∆<Qdepo >
for “High minus Low”

0.004 0.004 0.003 0.005 0.005 0.005 0.003 0.100 0.070

< |Qased|>/<Qdepo >;
|∆< |Qased|> |/|∆<Qdepo >
for “High minus Low”

0.009 0.009 0.010 0.011 0.010 0.011 0.001 0.038 0.030

< |Qised|>/<Qdepo >;
|∆< |Qised|> |/|∆<Qdepo > |
for “High minus Low”

0.13 0.13 0.14 0.16 0.14 0.15 0.03 0.38 0.50
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Table 2. Time- and area-averaged upward shortwave flux (SW) and longwave flux (LW) at the
top of the atmosphere (TOA).

Time- and area-averaged upward
shortwave and longwave fluxes
at the top of the model (W m−2)

TOA

CONTROL

SW LW
Low aerosol 231.1 497.7
High aerosol 246.5 492.2
Difference
(high – low) 15.4 −5.5
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Fig. 1. Vertical profiles of initial potential temperature and water vapor mixing ratio.
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Fig. 2. Vertical distribution of the time- and area-averaged (a) potential temperature large-scale
forcing and (b) humidity large-scale forcing.
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Fig. 3. (a) Vertical distribution of the time- and area-averaged background aerosol number
concentration and (b) the time series of background aerosol number concentration averaged
over the layer between 12 and 15 km.
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Fig. 6. Time series of conditionally averaged (a) CINC and (b) supersaturation over areas
where deposition rate is positive and (c) the time series of the domain-averaged updrafts.
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Fig. 7. Vertical distribution of the time- and area-averaged homogeneous and heterogeneous
nucleation rates.
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