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Abstract. Cirrus clouds cover approximately 20—25% of the 1  Introduction

globe and thus play an important role in the Earth’s radia-

tion budget. Therefore the effect of aerosols on cirrus cloudsAerosols act as cloud condensation nuclei (CCN) and thus
can have a substantial impact on global radiative forcing ifaffect cloud properties. Increasing aerosol mass and number
either the ice-water path (IWP) and/or the cloud ice num-are known to decrease droplet size and thus increase cloud
ber concentration (CINC) changes. This study examines thalbedo (first AIE) (Twomey, 1974, 1977). They may also
aerosol indirect effect (AIE) through changes in the CINC suppress precipitation and, hence, alter cloud mass and life-
and IWP for a cirrus cloud case. We use a cloud-system retime (second AIE) (Albrecht, 1989). An enormous effort
solving model (CSRM) coupled with a double-moment rep- has gone into trying to understand the effect of aerosols on
resentation of cloud microphysics. Intensified interactionsclouds, since these effects have been considered to be critical
among CINC, deposition and dynamics play a critical role for the correct assessment of the climate change induced by
in increasing the IWP as aerosols increase. Increased IWRuman activities (Penner et al., 2001).

leads to a smaller Change in the Outhing LW radiation rela- The aerosol indirect effect was proposed based on ob-
tive to that for the SW radiation for increasing aerosols. In- seryational and modeling studies of warm stratiform clouds
creased aerosols lead to increased CINC, providing increase(d-womey' 1977; Albrecht, 1989) and most climate studies
surface area for water vapor deposition. The increased depgrave focused on the effect of aerosols on warm stratiform

sition causes depositional heating which produces strongeg|ouds for the prediction of climate change.
updrafts, and leads to the increased IWP. The conversion of | .o ot g1, (2009) showed that aerosols can lead to sig-

ipe crystals to aggregates through autoconversion and accreysicant changes in the top of the atmosphere (TOA) long-
tion plays a negligible role in the IWP response to aerosols,y e and shortwave radiation through their effects on cirrus

and the sedimentation of aggregates is negligible. The sedizjo,ds. Cirrus clouds cover approximately 20-25% of the

mentation of ice crystals plays a more important role in the ,;11a and as much as 70% of the tropics and, thus, can act
IWP response to aerosol increases than the sedimentatioly , major modulator of the global radiation budget (Liou,
of aggregates, but not more than the interactions among theggg 2005). Hence, the effect of aerosols on cirrus clouds
CINC, deposition and dynamics. may have contributed to changes in the global radiation bud-
get and to climate change as a result of increased emissions
from industrialization and biomass burning.

Lee et al. (2009) focused on cirrus clouds detrained from
deep convective clouds. The radiative properties of these
clouds are mainly determined by ice-crystal formation and

Correspondence tc5. S. Lee growth in deep convective clouds (Houze, 1993). About
BY (seoungl@umich.edu) half of the large-scale cirrus clouds have their origins in the
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upper layers detrained from deep, precipitating cloud systhere are five classes of precipitable hydrometeors, which
tems (Houze, 1993). The other half has their origins in large-include rain, snow, aggregates, graupel, and hail. Hence,
scale vertical motions, with velocities much smaller than thethis study does not constrain the system to constant or av-
vertical velocity in deep convective clouds. Different dy- erage collection efficiencies. Following Walko et al. (1995),
namic intensity (i.e., vertical velocity) is likely to lead to lookup tables are generated and used in each collection pro-
different interactions between microphysics and dynamicscess. This enables fast and accurate solutions to the collec-
by affecting the magnitude of deposition and sublimation.tion equations. In this study, snow is treated as a part of cloud
Hence, the properties of cirrus clouds and thus the effects oice or ice crystals, since snow is defined as ice crystals that
aerosols on clouds with weak large-scale motions are likelygrow by deposition to larger than 125 um in the maximum
to be different from those coupled to strong deep convectivadimension in the bulk representation of Saleeby and Cot-
motion. ton (2004). Simulations described in the following sections
In this study, the effect of aerosols on cirrus clouds devel-show that cloud mass in the simulated cirrus clouds is com-
oping as a result of large-scale low velocity vertical motion posed only of cloud ice, snow and aggregates. For cloud ice,
is examined using a CSRM. snow, and aggregates(Dp) is 0.18 (20 um), 0.18 (400 pum),
and 0.5 (400 pum), respectively.

A bin representation of collection is adopted for the cal-
culations of hydrometeor sedimentation. Bin sedimentation
is simulated by dividing the gamma distribution into discrete
bins and then building lookup tables to calculate how much

For numerical experiments, the Goddard Cumulus Ensembl@ass and number in a given grid cell falls into each cell be-
(GCE) model (Tao et al., 2003) is used as athree-dimensiondfath a given level In a given time S_te_p' 36 bins are used
nonhydrostatic compressible model. The detailed equationfo" collection and sedimentation. This is because Feingold
of the dynamical core of the GCE model are described bySt @ (1999) reported that the closest agreement between a
Tao and Simpson (1993) and Simpson and Tao (1993). ful! bin-resolving ml_crophysms model in a large eddy simu-
The subgrid-scale turbulence used in the GCE model iéatlon (L_ES) of marine .stratocumulu_s cloud and a bu_Ik m-
based on work by Klemp and Wilhelmson (1978) and Soongcrophysms representation was obtained yvhen collgctlon and
and Ogura (1980). In their approach, one prognostic equa_se'zdlment'atlon were simulated by emulating a full-bin model
tion is solved for the subgrid-scale kinetic energy, which isWIth 36 bins.
then used to specify the eddy coefficients. The effect of con- All the cloud species here have their own terminal velocity.

densation on the generation of subgrid-scale kinetic energy he terminal velocity of each species is expressed as power

2 CSRM

2.1 Dynamics and turbulence

is also incorporated into the model. law relations (see Eq. 7 in Walko et al., 1995). A Lagrangian
scheme is used to transport the mixing ratio and number con-
2.2 Microphysics and radiation centration of each species from any given grid cell to a lower

height in the vertical column, following Walko et al. (1995).
To represent microphysical processes, the GCE model adopts The  parameterizations developed by Chou and
the double-moment bulk representation of Saleeby and Cotg 512 (1999) for shortwave radiation and by Chou et
ton (2004). The size distribution of hydrometeors obeys ag) (1999), and Kratz et al. (1998) for longwave radiation

generalized gamma distribution: have been implemented in the GCE model. The solar
N DAL 1 D radiation scheme includes absorption due to water vapor,
n(D) = —* (_> —exp(——) (1) CO, Os, and Q. Interactions among the gaseous absorption
F() \ Dn Dn Dn and scattering by clouds, molecules, and the surface are fully

taken into account. Reflection and transmission of a cloud
layer are computed using thieEddington approximation.
Fluxes for a composite of layers are then computed using

betweenD and D +dD and N the total number of parti- the two-stream adding approximation. In computing thermal
cles (m3). Also, v is the gamma distribution shape param- infrared fluxes, the k-distribution method with temperature

eter (non-dimensional)D, is the characteristic diameter of &"d pressure.sc.allng 1S “S?d' . _
the distribution (m), and (v) the complete gamma function For the radiative properties of cloud ice, a generalized ef-

where D is the equivalent spherical diameter (m) (for ice
crystals,D is the crystal maximum dimensiom)(D) d D the
number concentration (nf) of particles in the size range

of v. fective size is inferred from the meaf ()) size of the equiv-
Feingold et al. (1988) found full stochastic collection solu- alent spherical diameterX) with a look-up table for%,

tions for self-collection among cloud droplets (or cloud lig- whereDgej is a generalized effective size of cloud ice. This

uid) and ice crystals (or cloud ice) and for the collection of look-up table was generated by integrating numerically the
cloud droplets and ice crystals by precipitable hydrometeordormula for the generalized effective size of cloud ice given
using realistic collection kernels and these are adopted herdgy Fu (1996) for a range of values ¢D;). Crystals are
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assumed to be columnar (McFarquhar et al., 1999) with a N : s
ratio of length to width,L/D, specified from aircraft obser- Initial DOtthlal temperature and humldlty
vations (Ono, 1969; Auer and Veal, 1970) in the manner of Water Vapor Mixing Ratio (g kg )

Fu and Liou (1993), which obeys a gamma size distribution.

Note that the assumption of columnar crystals is applied only 1 é).OO ‘ 0'93 0'96 0'99 0.12
for the radiative properties of cloud ice. The axial ratio varies
between 1 and almost 5 f@ varying from 20 to 160 pum.

Potential Temperature

. ————Water Vapor Mixing Ratio
2.3 Ice nucleation . 9

Lohmann and Diehl’s (2006) parameterizations, taking into 14+ . 3
account the dependence of ice nuclei (IN) activation on dust — ‘
and black carbon (BC) aerosol mass concentration, are usee=
for contact, immersion, and condensation-freezing activation =
of IN. For contact activation: -

dNent | 3 pait 131 I
— (m 3s l) = mio DapAr remNaent i < (2) T
dt Mg
Where‘”\g% is the rate of the production of ice-crystal num-
ber concentration via contact freezingi, (10-12kg) is the
initial mass of a newly formed ice crystaDag(m?s™1) is 19

the Brownian aerosol diffusivityrem (M) is volume-mean 355 360 365 370
droplet radius Na cnt (m~3) is the number concentration of
contact nuclei andi. (kg) andn. (kg~1) are the averaged
cloud-droplet mass (i.e., total cloud-droplet mass divided byrig. 1. Vertical profiles of initial potential temperature and water
total cloud-droplet number in a unit volume) and number vapor mixing ratio.

mixing ratio of droplets, respectivelypais the air density.

Dapis given by

Potential Temperature (K)

and dust aerosols, multiplied by the temperature dependence

Dap= kTCe for immersion and condensation freezing shown in Fig. 1 in
6 1rm Lohmann and Diehl (2006). As for contact freezing, the tem-
wherek is the Boltzmann constant; is the temperature; perature dependence of montmorillonite is adopted for dust.
is the viscosity of aiffn = 10°(1.718+ 0.0049T — Tp) — For deposition nucleation, the parameterization @hiér et
1.2x 105(T — Tp)?) in kgm~1 571}, ry is the aerosol mode al. (2006) is implemented. The rate of production of the ice-
radius, andC; is the Cunningham correction facto€{= crystal number concentration via deposition freezing is:

1+ 1.26(%)(%)(%0)]. The aerosol mode radius is taken to
be 0.2 um for dust and 0.1 um for B@.is the mean free (m
path length of air X = 0.066 um at the surfaceyg and Ty dt At
refer to the standard pressure of 101 325 Pa and the freezinghere » and Sy are non-dimensional empirical constants
temperature of 273.15 KNg cnt is obtained from the num-  determined by chamber experiments, which are dependent
ber concentration of aerosol particles consisting of BC andon aerosol properties.Ar is the time step. Heré and
dust, multiplied by a temperature dependence for the individ-Sy are set to 4.77 and 1.07, respectively, based on exper-
ual species. This temperature dependence is based on Fig.rhents for desert dust. Nadep is the number concentra-

in Lohmann and Diehl (2006). Here, for dust, the temper-tion of deposition nuclei (m®) calculated from the pre-
ature dependence of montmorillonite is adopted (Lohmanrdicted total dust mass concentration. Equation (4) is ap-
and Diehl, 2006). For immersion and condensation-freezingplied at temperatures colder tham0°C and restricted to

dNpep , _3 sl— Na dep(€XpD(Si — So)]—1) @

activation: So < Si <1.63+6.52x 1073 x a(T — Tp), corresponding to
dNwm 5 1 dT page the measured saturation region where pure deposition nucle-
5 (M s ) =aNammexpla(To—T1)]— - p» (3)  ation occurs (Field et al., 2006). The parameterization is lim-

ited to activating a maximum of 5% of the dust, following
where‘“\;% is the rate of the production of ice-crystal num- the measurements of Field et al. (2006). As indicated by
ber concentration via immersion and condensation freezingthe experiments of Field et al. (2006), Eq. (4) is only valid
ais 1.00 K-1, andTy the freezing temperaturéla imm (m—2) at temperatures below40°C. At temperatures warmer than
is the number concentration of immersion and condensa—40°C, the parameterizations of Meyer et al. (1992) and De-

tion nuclei calculated as the number concentration of BCMott et al. (2003), multiplied by a scaling factor to consider
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the dependence of IN activation on dust mass concentration, Reanalysis data from the European Centre for Medium-
are used. These parameterizations for temperatures both bRange Weather Forecasts (ECMWF) provide initial con-
low and above-40°C are only applied to grid points with ditions and large-scale forcings. Following Krueger et
no cloud liquid to ensure that only deposition nucleation isal. (1996), interpolation of the 6-hourly analyses were used
calculated. For temperatures warmer tha#0°C, deposi- to determine the large-scale advective tendency of poten-
tion freezing is limited to activating a maximum of 0.5% of tial temperature and specific humidity at every time step.
the dust, since Field et al. (2006) found that deposition nucleThe temperature and humidity fields were nudged toward
ation did not activate more than 0.5% of the dust at these temthe large-scale fields from the ECMWF using a relaxation
peratures. Details of these parameterizations can be found itime of 1 h. The horizontally averaged wind from the GCE
Appendix A. model was also nudged toward the interpolated wind field
Homogeneous aerosol (haze particle) freezing is assumetiom the ECMWF at every time step with a relaxation time
to occur instantaneously when a size- and temperatureof one hour, following Xu et al. (2002). The model do-
dependent critical supersaturation with respect to ice for themain is considered to be small compared to large-scale dis-
freezing is exceeded. It is represented by considering théurbances which have a spatial scale~e200-300 km or
predicted size distribution of unactivated aerosols. A look-larger. Hence, the large-scale advection is approximated to
up table for the critical supersaturation ratio at which CCN be uniform over the model domain and large-scale terms are
freezes homogeneously is based on the theory proposed efined to be functions of height and time only, following

Koop et al. (2000). Krueger et al. (1999). Identical observed surface fluxes of
heat and moisture were prescribed in both the high- and low-
2.4 Crystal habit aerosol runs. This method of modeling cloud systems was

used for the CSRM comparison study by Xu et al. (2002).
To account for the variability of crystal type under dif- The details of the procedure for applying large-scale forcing
ferent environmental conditions, the capacitance and massare described in Donner et al. (1999) and are similar to the
dimensional relations of pristine ice crystals and snow are alimethod proposed by Grabowski et al. (1996).
lowed to vary. Since the model does not keep track of the his- Vertical profiles of the initial specific humidity and poten-
tory of all crystals, a simple diagnostic check of the ambienttial temperature between 12 and 15 km are shown in Figure
temperature and saturation conditions at each grid locatiorl; the simulated cloud layer (which will be described later)
is performed during each time-step to determine the crystals located between 12.5 and 14.5km. The vertical distri-
habit; see Table 1 in Meyers et al. (1997) for the habit diag-bution of the time- and area-averaged large-scale forcings
nosis adopted here. The habit diagnosis impacts the model inf potential temperature and specific humidity imposed be-
several ways. The capacitance is dependent on crystal typaveen 12 and 15km is depicted in Fig. 2. The initial hu-
(Harrington et al., 1995) and may change the growth char-midity decreases with height nearly monotonically. The ini-
acteristics of the crystals. Different types of crystals fall at tial potential temperature increases with height with a less
different speeds which is determined by the power law rela-stable layer between 13.5 and 14.5km than that above and

tion below these levels as shown in Fig. 1. The large-scale
potential-temperature forcing shows two peaks around 12.5
v (Mms ™Y =ayD (MM (5) and 14.5km and the large-scale humidity forcing increases

up to around 12.5km and then decreases to zero around
whereD is the crystal maximum dimension ang andby 14 km.
are constants for a given crystal habit (see Walko et al. (1995) The simulations are performed in a 3-D framework. A
for details of these constants). uniform grid length of 100 mis 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

3 Case descriptions boundaries to prevent boundary conditions from affecting net

water and energy budget. This enables only large-scale forc-
A case of cirrus clouds located at (29, 30° W) off the coast  ings to affect the net budget and, thus, large-scale forcings
of Western Africa is simulated here. A pair of simulations (representing large-scale meteorology) only (but not bound-
from 06:00 LST (local solar time) on 1 July to 18:00 LST on ary conditions) controls the water and energy flow into and
1 July in 2002 are performed in which the aerosol concentra-out of domain. This mimics the effect of large-scale environ-
tion is varied from the preindustrial (PI) level to the present- ment on clouds with no physical cloud-domain boundaries in
day (PD) level. The simulation with the PD (PI) level is re- reality.
ferred to as the high-aerosol (low-aerosol) run, henceforth. The horizontal domain length is set to 12 km in both the
The PD and PI aerosol concentrations were diagnosed froreast-west and north-south directions. The vertical domain
a simulation with the CAM-IMPACT aerosol model (Wang length is 20 km to cover the troposphere and the lower strato-
et al., 2009; see below). sphere.
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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 minus minus
(CINC- (CINC- (CINC- (CINC- Low Low Low
high low high low (CINC- (CINC-
fixed) fixed) fixed) fixed) high fixed) 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 5.42 5.39 4.68 4.66 5.31 458 0.76 0.08 0.10
Deposition (um)
(Qsubl 1.06 1.02 0.48 0.46 1.01 0.44 0.60 0.01 0.04
Sublimation (um)
(Qauto) 0.021 0.020 0.015 0.023 0.028 0.022-0.002 —0.008 —0.007
Autoconversion of cloud
ice to aggregates
+
(Qaccn
Accretion of cloud
ice by aggregates
(nm)
(| Qased) 0.050 0.050 0.047 0.051 0.053 0.050-0.001 —0.003 —0.003
Sedimentation of aggregates above
the cloud base (um)
(| Qised!) 0.71 0.71 0.65 0.73 0.74 0.70 —-0.02 -0.03 —0.05
Sedimentation of cloud ice above the
cloud base (um)
({Qauto) +{Qaccn)/(Qdepo 0.004 0.004 0.003 0.005 0.005 0.005 0.003 0.100 0.070
[A({Qautd +{Qacct) /I A(Qdepo|
for “High minus Low”
<|Qased > /(Qdepo 0.009 0.009 0.010 0.011 0.010 0.011 0.001 0.038 0.030
[A(|Qased)|/1A{Qdepo
for “High minus Low”
(I Qisedl)/ (Qdepo; 0.13 0.13 0.14 0.16 0.14 0.15 0.03 0.38 0.50

|A{| Qised!)| /| A{Qdepo |
for “High minus Low”

Background aerosol data for the high-aerosol run and thenodal log-normal size distribution is assumed for sulfate and
low-aerosol run were provided by the CAM-UMICH model. sea salt aerosols. For fossil fuel BC/OM, biomass BC/OM,
Aerosol data produced at (28, 3¢° W) from the PD and
Pl emissions were used for the high-aerosol run and low-BC/OM aerosols are assumed to be internally mixed and act
aerosol run, respectively. The detailed description of theas BC aerosols for contact, immersion, and condensation-
CAM-UMICH model and aerosol emissions can be found in freezing activation of IN. Dust and BC/OM aerosols are as-
Wang et al. (2009). The aerosol number concentration is calsumed to act only as IN. Sulfate and sea salt aerosols are
culated from the mass profiles using the parameters (modassumed to act only as CCN and thus as nuclei for haze par-
radius, standard deviation, and partitioning among modesjicles; some of these haze particles go through homogeneous
described in Chuang et al. (1997) for sulfate aerosols andreezing. The number of aerosols in each size bin of the
Liu et al. (2005) for non-sulfate aerosols (e.g., fossil fuel distribution is determined using the size parameters and an
BC/OM, biomass BC/OM, sea salt, and dust). Here, a bi-assumed aerosol particle density for each species. As for

www.atmos-chem-phys.net/10/10345/2010/
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Fig. 3. (a)Vertical distribution of the time- and area-averaged back-
ground aerosol number concentration gbjl the time series of
background aerosol number concentration averaged over the layer
between 12 and 15 km.

Fig. 2. Vertical distribution of the time- and area-averagajipo-
tential temperature large-scale forcing dbyihumidity large-scale
forcing.

the I_arge-scale adve_ction, the background aero_sols are ap- Figure 3b shows the time series of the domain-averaged to-
$r0>(<jmt1atgd ;o b(ta_ unlfo:cmh O.Virt thedT_odel d(l)ma$hant(_j de'taI background aerosol number over the layer between 12 and
ined fo be functions of height and time only. € ime- 15km. Figure 3b indicates that aerosol number does not vary
and area-averaged vertical distribution of total backgroun ignificantly over the simulation period. More tha®0% of

gerosolnnumber betwleen 15 and ,15 kbmt\lnsl sho;vg TOFIg.dsg erosol number in both the high-aerosol and low-aerosol runs
enerally, the aerosol number varies between 15 (10) an re CCN (active as haze particles).

(15) cn13 for the high- (low-) aerosol run.
The aerosol is predicted within clouds and reset to the
background value at all levels outside of cloud. Within 4 Results
clouds, aerosols are advected, diffused, and depleted by the
nucleation of droplets and ice crystals (nucleation scaveng4.1 Cloud properties
ing). Initially, the aerosol number is set equal to its back- ) )
ground value everywhere. Hence, we focus on the examClouds in the high- and low-aerosol runs are formed around
ination of cloud responses to a given aerosol variation in? LST and they are mostly located between 12.5 and 14.5km
the background aerosol amount between Pl and PD condiduring the simulation period.
tions while considering the effect of cloud-scale processes
on aerosols within clouds.
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Fig. 4. Time series of the domain-averaged IWP.

. . . 114
Figure 4 shows the temporal evolution of domain-averaged ' ' ' ' ' '
IWP. Here, only cloud ice is included for the calculation of © 08 1.6 2.4 3.2 4 4.8
the IWP. Figure 4 shows that the IWP in the high-aerosol run Nucleation rate (cm 3s ")
is generally higher than that in the low-aerosol run-bj~—
2 g2 during the time integration. The time- and domain- Fig. 5. Vertical distribution of the time- and area-averaged homo-
averaged IWP is 2.68 (2.11) gthfor the high (low) aerosol  geneous and heterogeneous nucleation rates.
case.
The simulated IWP in the high-aerosol run is compared
to observations by the Moderate Resolution Imaging Specalso reported the dominance of homogeneous freezing over
troradiometer (MODIS) to assess the ability of the model toheterogeneous nucleation based on an observation of midlat-
simulate cirrus clouds. The difference between the domainitude cirrus clouds. This dominance of homogeneous freez-
averaged IWP in the high-aerosol run (2.687%n and ing indicates that relative humidity is much larger than that
MODIS-observed IWP (2.86 g™?) is less than 10% rela- Where heterogeneous nucleation starts to occur (Spichtinger
tive to IWP observed by the MODIS;Since MODIS ice par- and Gierens, 2009). Also, the difference in the homogeneous
ticles have sizes which range from 8 to 120 um, and thesdreezing between the high- and low-aerosol runs-isne
sizes are included in the ice-crystal category in the modelorder of magnitude larger than that in the heterogeneous
MODIS also only includes ice crystals in its reported IWP. nucleation. Haze particles are unactivated droplets which
This demonstrates that the IWP is simulated reasonably wellformed on CCN. Hence, the number of haze particles and
Also, the differences in the averaged IWP between thethus their homogeneous freezing are associated with CCN
high- and low-aerosol runs are approximately 3 times largefut not with IN. In the parameterization for homogeneous
than the differences between the MODIS value and the highfreezing in this study, haze particles with critical supersatu-
aerosol-run mean. Tests with different water-vapor randonyation smaller than the parcel supersaturation are turned into
perturbations at the first time step to trigger clouds show thafrozen ice crystals as described in Sect. 2.3. Note that this is

these differences are statistically robust. similar to droplet nucleation explained byoKler curve. The
parcel supersaturation is lower in the high-aerosol run than
4.2 Nucleation in the low-aerosol run (the lower parcel-supersaturation is

described in Sect. 4.4). Thus, there must be more CCN parti-
Figure 5 shows the vertical distribution of the homogeneouscles and thus haze particles (with smaller critical supersatura-
and heterogeneous in-cloud averaged nucleation rate for thgon than the parcel supersaturation) in the bins that nucleate
high- and low-aerosol runs. The homogeneous freezing ofo ice in order to explain the larger rate of homogeneous nu-
haze particles dominates over that of heterogeneous nuclejeation in the high-aerosol run. This larger number of haze
ation for the production of CINC; the production of CINC particles is due to larger background aerosol number in the
through the homogeneous freezing of haze particlemise  high-aerosol run.
order of magnitude larger than that through the heteroge-
neous nucleation of ice particlesakcher and Stim (2003)

www.atmos-chem-phys.net/10/10345/2010/ Atmos. Chem. Phys., 10, 10(83%8-2010
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4.3 Ice-water budget ice are represented b@aseq and Qiseq, respectively. The
magnitude of deposition is-one order of magnitude larger
To elucidate the microphysical processes leading to the inthan that of cloud-mass changes induced by the sedimen-
crease in IWP with increasing aerosols, the domain-averageghtion of aggregates (Table 1). Also, the magnitude of the
cumulative source (i.e., deposition) and sinks of cloud icedjfference in deposition between the high- and low-aerosol
and their differences between the high-aerosol and lowyyuns is~two to three orders of magnitude larger than that
aerosol runs (high aerosol — low aerosol) are obtained. Fofor mass changes induced by the sedimentation of aggregates
this, the production equation for cloud ice is integrated over(Table 1). Hence, in general, as implied by the budget anal-
the domain and duration of the simulations. Integrations ovelysjs, the role of the sedimentation of aggregates in the de-

the domain and duration of simulation are denoted by: termination of the cloud mass and its response to aerosols
1 is negligible as compared to that of deposition. The role of
(A) = IxLy ///paAdxdydzdt (6) the sedimentation of cloud ice plays a much more important

role in this determination and response than that of the sed-
whereLx andLy are the domain length (12 km), in east-west imentation of aggregates as shown in Table 1. However, the
and north-south directions, respectivedy,is the air density  role of deposition is still much more important than that of

and A represents a mass mixing ratio in this study. The budthe sedimentation of cloud ice. The domain-averaged cumu-

get equation for cloud ice is as follows: lative cloud-mass changes due to in-cloud sedimentation of
a1 cloud ice is~13 and 16% of the domain-averaged cumula-
(%) = (Qdepo — (Qsubl) — (Qauto) — { Qacen (7)  tive deposition in the high-aerosol run and the low-aerosol
t

run, respectively. Also, the difference in the sedimentation

Here, gj is cloud-ice mixing ratio.Qgepo Qsubl Qauto and of cloud ice between the high- and low-aerosol runs 8%

Qaccr refer to the rates of water vapor deposition, sublima-of that in deposition.

tion, autoconversion of cloud ice to aggregates, and accretion

of cloud ice by aggregates, respectively. Since cloud ice doe4-4 Factors controlling deposition

not reach the surface, the surface precipitation of cloud ice is , o

not included in Eq. (7). The mass changes o_f ice pry_stal_s fro.m the diffusion of vapor,
Table 1 shows the budget numbers for Eq. (7) for thelNtegrated over the size distribution, is as follows:

high- and low-aerosol runs. The high- and low-aerosol runsdm

(CINC-high fixed) and (CINC-low fixed) will be described —;, = Ni2T¥ FreSpvsh (®)

in thg following s.ect|o'ns. The budget numbers show that de'vvhereNi is CINC, v the vapor diffusivity, angbyen the sat-

position and sublimation of cloud ice areone to two orders : Iy . o

of magnitude larger than autoconversion and accretion. Thisl,jre.mon vyater vapor mixing ratio ovgr ic8.is the super_sr.:ltu-

indicates that the conversion of cloud ice (produced by defation, given by(% —1) wherepya is water vapor mixing

position) to aggregates is highly inefficient in the high- and ratio. Fre is the integrated product of the ventilation coeffi-

low-aerosol runs. cient, the crystal shape factor and the maximum dimension
Autoconversion and accretion are processes that controvhich is given by

the growth of aggregates and sedimentation of aggregates 00

and sedimentation is generally proportional to the size of ag-

gregates. Hence, the small contribution of the rate of au—FRe:/CfRefgam(D)dD ©)

toconversion and accretion to IWP implies that cloud-mass 0

(i.e., sum of cloud ice and aggregates) changes due to sedivhere D is the crystal maximum dimensiof; the crystal

mentation of aggregates are not as significant as those due tsapacitancefge the ventilation coefficient, anfdam(D) the

deposition and sublimation. gamma distribution function, given by Eq. (1fre is given
Much larger differences in deposition and sublimation as

compared to those in autoconversion and accretion betwee

the high- and low-aerosol runs are simulated here (Table 1)and Vi the kinematic viscosity of air anglthe shape param-

This implies that changes in deposition and sublimation dueeter (Cotton et al., 1982).

to aerosol increases play much more important roles in the Among the variables associated with the depositional

cloud-mass response to aerosols than those in the sedimentgrowth of cloud ice in Eq. (8), differences in the supersat-

tion of aggregates. uration and CINC contribute most to the differences in de-
Table 1 shows the domain-averaged cumulative cloud-position between the high- and low-aerosol runs. Percentage

mass changes due to in-cloud sedimentation of aggregatedifferences in the other variables are found to-béwo or-

for the high- and low-aerosol runs; here, the absolute valualers of magnitude smaller than those in supersaturation and

of the sedimentation-induced mass change is presented. IBINC throughout the simulations. Figure 6a shows the time

Table 1, the rates of sedimentation of aggregates and clouderies of CINC and Fig. 6b the time series of supersaturation.

D \05 ) i .
lﬁy 1.0+0.229<“,—k> n whereu is the terminal velocity
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fluxes. Increased updrafts in turn increase deposition, estab-

CINC
120 lishing a positive feedback between updrafts and deposition.
100 4 Therefore, the ice crystal number concentration provides a
86 - larger surface area for deposition and plays a critical role
= in increasing both deposition and updrafts. The interactions
g2 °°7 among CINC, deposition and dynamics (i.e., updrafts) play
407 the most important role in the determination of the differ-
20 ences in deposition and thereby the IWP response to aerosols
0= between the high- and low-aerosol runs.
N 4.5 Runs with different CINC for water vapor
so deposition
45 4 o -
— 40 To isolate the role of the impacts of CINC (i.e., the sur-
_Pg gg: face area of ice crystals) on deposition in making IWP dif-
s o5 ferences, the high- and low-aerosol runs are repeated with
‘Ei 20 ~ PD acrosol identical CINC only for deposition but not for the other pro-
- E: T et cesses including sublimation. This isolates the processes that
s | determine the IWP differences in the absence of the impacts
03z == ———, of the surface area of ice crystals on deposition. The com-
. Time (hn) parison of these simulations to simulations described in pre-
' Updrats vious sections (i.e., the high- and low-aerosol runs) enables
0.1 an assessment of the contribution of aerosol and thus CINC
PD aerosol impacts on deposition to the IWP differences.
5 008 T Two pairs of additional simulations, each of which is com-
& 0.06- posed of the high- and low-aerosol runs, are performed. Each
£ pair of simulations adopts the identical CINC only for depo-
£ 9041 sition; Nj in Eq. (8) is fixed at a constant value and forced
0.02 1 to be the same for the high- and low-aerosol runs, though the
predictedy; is allowed to be used in the other processes. The
0% GE 12 ‘ 5 18 first pair of simulations is referred to as the high-aerosol run

Fig. 6. Time series of conditionally averagdd) CINC and (b)
supersaturation over areas where deposition rate is positivecand

Time (hr)

the time series of the domain-averaged updrafts.

(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 38Y, as a fixed
value only for deposition. The second pair of simulations
adopt the averaged CINC in the low-aerosol run, which is
21171, as afixed value only for deposition and are referred to

Figure 6b indicates that supersaturation is generally larger aas the high-aerosol run (CINC-low fixed) and the low-aerosol
low aerosol than at high aerosol. However, the depositionrun (CINC-low fixed) in Table 1.
rate is generally higher, leading to larger cumulative depo- The budget numbers for Eq. (7) for these additional simu-
sition at high aerosol than at low aerosol (Table 1). This islations are shown in Table 1. The time- and domain-averaged
ascribed to the larger CINC (as shown in Fig. 6a) providing alWPs in the high-aerosol run (CINC-high fixed) and low-
larger surface area for water-vapor deposition at high aerosaherosol run (CINC-high fixed) are 2.62 and 2.58 5PmThe
compared to that at low aerosol. The effects of the CINCIWP in the low-aerosol run (CINC-high fixed) increases sig-
increase on the surface area of cloud ice and thus deposhificantly as compared to the IWP in the low-aerosol run,
tion compete with the effects of the supersaturation decreaseesulting in much smaller differences in IWP between the
on the deposition with increasing aerosols. This leads to &igh- and low-aerosol runs (CINC-high fixed) than those be-
smaller deposition difference than the differences in CINCtween the original high- and low-aerosol runs. This is mainly
and supersaturation. The effects of the increased surface arelae to larger CINC in the low-aerosol run (CINC-high fixed)
for deposition outweigh the effects of decreased supersaturahan the average CINC in the low-aerosol run, leading to in-
tion, leading to the increase in vapor deposition in the highcreased deposition as compared to that in the low-aerosol run
aerosol run. (Table 1).

Increased deposition provides more depositional heating, The IWP differences between the high-aerosol run with
and, thereby, intensifies updrafts as shown in Fig. 6¢ whichCINC-low fixed and low-aerosol run with CINC-low fixedare
depicts the time series of domain-averaged updraft masalso much smaller as compared to those in the original
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high- and Iow-gerosol runs (Table 1). IWPs in the high- Table 2. Time- and area-averaged upward shortwave flux (SW) and
aerosol run with CINC-low fixed and low-aerosol run with |5qyave flux (LW) at the top of the atmosphere (TOA).

CINC-low fixed are 2.13 and 2.06 gTh, respectively. IWP
in the high-aerosol run with CINC-low fixed decreases sig-

nificantly as compared to that in the original high-aerosol TOA

run, resulting in the small differences in IWP between the CONTROL
high-aerosol run with CINC-low fixed and low-aerosol run SWo LW
with CINC-low fixed (Table 1). This is mainly due to smaller Low aerosol 231.1 497.7
CINC in the high-aerosol run with CINC-low fixed than the High aerosol 246.5 4922
average CINC in the original high-aerosol run, leading to less Difference (high—low) 154 -55

deposition than in the high-aerosol run (Table 1).

These additional simulations indicate that the IWP re-
sponses to aerosols can be nearly the same for the high- and
low-aerosol runs only by making the CINC for deposition percentage difference in the effective size between the high
identical. This demonstrates the crucial role of CINC im- and low-aerosol runs is-3 times smaller than that in IWP.
pacts on deposition in the IWP response to aerosols. Thiglence, the difference in IWP accounts for most of the differ-
also demonstrates that the impacts of aerosols and thus CIN€nce in the optical depth rather than the change in effective
on the other processes such as the sedimentation of ice crysize. Therefore, most of the radiation difference between the
tals and aggregates and the conversion of ice crystals to agrigh- and low-aerosol runs is associated with the IWP varia-
gregates do not play an important role in the IWP responseion.
to aerosols. More longwave radiation emitted from the surface is ab-

sorbed by clouds in the high-aerosol run than in the low-
4.6 Test simulations with different types of aerosols for  aerosol run due to its higher IWP. Hence, the longwave
nucleation reaching the top of the atmosphere (i.e., the outgoing long-
wave radiation) is smaller in the high-aerosol run than in the
The homogeneous freezing of haze particles formed on CCNow-aerosol run (Table 2). These changes in longwave ra-
dominates the CINC and its response to aerosols as describefiation partially offset the changes in shortwave radiation.
in Sect. 4.2. This indicates that the CINC and its response torhe increase of the reflected solar radiation due to aerosol
aerosols are controlled by CCN but not by IN. To confirm increases is offset by the decrease of the outgoing longwave
this, simulations are repeated with no variation of aerosolsradiation by 35%. This offset is much larger than the off-
acting as CCN (fixed at the Pl level) but with the variation set in stratocumulus clouds. For example, Lee et al. (2009)
of aerosols (from their PI level to PD level) acting as IN showed that, for the transition from the maritime aerosols
between the high- and low-aerosol runs. These simulationgo continental aerosols which involves a 10-fold increase in
show ~2% of the variation in deposition ane5% of the  aerosol number, only less than 3% of increase in the reflec-
variation in IWP as compared to those in the standard hightion of solar radiation is offset by the decrease in the outgoing
and low-aerosol runs. However, another set of repeated simongwave radiation in stratocumulus clouds.
ulations 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 variation in IWP as compared5 Summary and conclusion
to those in the standard high- and low-aerosol runs. Hence,
these repeated simulations demonstrate that the results heferosol-cloud interactions in cirrus clouds developing in an
are determined mainly by the variation of CCN between theenvironment with large-scale low vertical motion off the
PD and PI conditions and that their dependence on IN variacoast of Western Africa in the summer in 2002 were sim-

tion is negligible. ulated using a CSRM coupled with a double-moment mi-
crophysics. Present-day and preindustrial aerosols were pre-
4.7 Radiation budget scribed to examine aerosol effects on IWP.

Simulations showed that increasing aerosols increased
Upward shortwave (SW) and longwave fluxes (LW) at the IWP. The conversion of ice crystals to aggregates through
top of the atmosphere (TOA) are presented in Table 2. autoconversion and accretion played a negligible role in the
The low-aerosol run has a smaller TOA upward SW flux IWP response to aerosols, as did the sedimentation of ag-
(here, TOA is at the level of 0.01 hPa) than the high-aerosolgregates. Instead, it was found that feedbacks among CINC,
run; more SW is reflected in the high-aerosol run than in thedeposition and dynamics played the most important role in
low-aerosol run by 15.4 W n?. The averaged effective size the increased IWP at high aerosol; the increased CINC off-
(optical depth) over cloudy areas is 30 um (0.43) and 33 pnsets the decreased supersaturation causing an increase in the
(0.29) for the high- and low-aerosol runs, respectively. Thevapor deposition with the increased aerosols. The role of the
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sedimentation of ice crystals plays a much more important The growth of ice crystals to precipitable hydrometeors
role in the IWP response to aerosols than that of the sedimerthrough autoconversion and accretion is more efficient when
tation of aggregates. However, the cloud-mass change due fiquid-phase particles are rimed onto these crystals than when
the aerosol-induced variation in sedimentation of ice crystalonly ice particles are involved in autoconversion and accre-
is ~one to two orders of magnitude smaller than that duetion. This is because the collection efficiencies are higher
to the aerosol-induced variation in feedbacks among CINCfor collisions between liquid- and solid-phase particles than
deposition and dynamics. The IWP simulated here@me  those between solid-phase particles. This contributes to the
order of magnitude smaller than that in Lee et al. (2009) whovery low conversion efficiency (i.e., the ratio between the
simulated cirrus clouds coupled with deep convective mo-conversion of cloud ice to aggregates and deposition) and
tions. Hence, clouds here can be considered thin (as conmsedimentation, leading to a less important role for this con-
pared to cirrus clouds driven by deep convective motions)version and sedimentation in the response of cloud mass to
and, thus, the growth of ice crystals by depositional here isaerosols than that of deposition in this study.
likely to be less efficient than that in clouds formed with deep  The effect of changes in longwave radiation on ice clouds
convection. This contributes to the negligible role of the con-caused by increasing aerosols simulated here was-e3th)o
version of ice crystals to aggregates and sedimentation of hyef the increased outgoing shortwave radiation, though the
drometeors in the IWP response to aerosols. This is becauggobal impact of this effect will depend on the relationship
depositional growth and collisions among patrticles both playbetween the distribution of aerosols and synoptic motions
a critical role in the particle growth to a critical size for auto- in the upper troposphere, a matter which this study was not
conversion. able to consider. However, it should be pointed out that as
The homogeneous freezing of haze particles was the domthe optical depth of clouds increase, the increase in outgo-
inant form of freezing for the determination of the CINC ing shortwave radiation can be enhanced and, thus, the offset
and its variation with the aerosol concentration. Heteroge-of the increase in outgoing shortwave radiation by the de-
neous nucleation processes played a negligible role in therease in outgoing longwave radiation can diminish. Hence,
determination of CINC. However, we note that the hetero-in clouds with a higher optical depth than the clouds simu-
geneous nucleation can be more important in cirrus clouddated here, the offset by the decreased outgoing longwave ra
located lower altitudes than those simulated here, since hodiation with the increased aerosols is likely to be smaller than
mogeneous freezing is less efficient when background temsimulated here. Also, we want to point out that cirrus clouds
peratures are warmer. tend to be grey bodies (i.e. not black). Thus, the microphys-
The traditional understanding of aerosol-cloud interac-ical changes affect both longwave-radiation and shortwave-
tions proposed by Albrecht (1989) is based on the obserfadiation cloud forcings in comparable ways, with aerosol-
vation of warm stratocumulus clouds. It indicates that theinduced LW changes canceling those in SW more than re-
response of the liquid-water path (LWP) to aerosol changegported here (only 35%). This indicates that the compensa-
is controlled by the conversion of cloud liquid to rain and tion of aerosol-induced SW changes by those in LW can vary
the sedimentation of rain. Cloud ice (or ice crystals) andamong cirrus clouds. The impact of this variation on global
aggregates in ice clouds above the level of homogeneougdiation budget and climate merits future study.
freezing (where liquid hydrometeors are absent) is equiva- The coarse spatial resolutions employed in climate models
lent to cloud liquid (or cloud droplets) and rain, respectively, are not able to resolve the interactions among CINC, depo-
in warm clouds. This is because cloud ice and cloud lig-sition, and updrafts in the cloud layer, which play important
uid both are considered to form from nucleation while rain roles in aerosol effects on IWP in cirrus clouds here. Pa-
and aggregates both are considered to form from autoconrameterizations for the representation of the IWP variation
version. Adopting this equivalence, it can be said that thewith aerosols simply relying on changes in autoconversion
traditional understanding of aerosol-cloud interactions is notand sedimentation with varying aerosols with no consider-
applicable to the ice clouds simulated here due to the negliation of feedbacks between microphysics and dynamics in
gible role of the conversion of ice crystals to aggregates andtlimate models can be misleading. This can contribute to
the sedimentation of aggregates in the effect of aerosols oa large uncertainty in the estimation of the radiative impact
IWP. However, it should be pointed out that the conversionassociated with aerosol indirect effects, considering the sig-
of ice crystals to aggregates can be more efficient in less colaificant coverage of cirrus clouds. Also, most of climate
cirrus clouds (located at lower altitudes) than the clouds sim-models and some of CSRMs have adopted saturation ad-
ulated here. Thus, it is possible that the conversion of icgustment schemes which are not able to predict supersatu-
crystals to aggregates plays a more important role in the reration and to thereby consider the effects of changes in the
sponse of cloud mass to aerosols in clouds that are warmesurface area of cloud particles for the calculation of deposi-
than those simulated here. The varying role of the conversiortion. Hence, using a saturation adjustment scheme prevents
of ice crystals to aggregates with varying cloud temperaturehe simulation of the changing competition between super-
or cloud altitude merits future studies. saturation and the surface area of cloud particles with in-
creasing aerosols. This prevents the simulation of varying
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interactions among CINC, deposition, and dynamics withsmaller (larger) than the standard high-aerosol run. However,
aerosols, which can lead to incorrect assessments of aerostile more important role played by the rate of water vapor de-
effects on cirrus clouds. Also, it is notable that while the position in the IWP response to aerosols compared to that of
change in longwave radiation is smaller than the changdhe conversion of cloud ice to aggregates and the sedimen-
in shortwave radiation for the simulations shown here, thetation of hydrometeors is also simulated in these repeated
change in longwave radiation dominates that of shortwave rasimulations. This demonstrates that the qualitative nature of
diation for the cirrus clouds perturbed by aerosol concentrathe results presented here does not depend on the stability of
tions shown in Penner et al. (2009). Penner et al. (2009) exeloud layer.

amined an instantaneous response of cloud radiative forcing The generalization of the results reported here requires fur-
to cloud-particle number changes induced by aerosols. Outher investigation. The set of simulations examined here are
simulations show that aerosol-induced cloud-mass change®o limited to form a generalized basis for determining the
(through dynamic feedbacks) can affect whether changes ieffects of aerosol on cirrus clouds and, thus, their parameter-
longwave radiation dominate those for shortwave radiation.izations for large-scale or climate models. More case stud-
Here, the consideration of changes in the IWP that resulies of cirrus clouds developing under various environmental
from feedbacks among CINC, deposition, and updrafts hagonditions are needed to establish the generalization of the
actually decreased the LW impact relative to the SW impactresults reported here.

as opposed to the simulations by Penner et al. (2009). This
indicates that the effect of aerosols on the radiative properties
of cirrus clouds and, hence, the assessment of aerosol indfP
rect effects is highly sensitive to how sub-grid cloud-scale
processes are represented in climate models. This also ind .
cates that microphysics parameterizations (to represent sub_—40 C
grid cloud processes), able to predict particle mass and numj
ber, and thereby, surface area, coupled with a prediction o
supersaturation, need to be implemented into climate model
for a better assessment of aerosol effects on cirrus clouds.

pendix A

Peposition nucleation at temperatures warmer than

t temperatures between30 and—40°C and between-5
nd—30°C, DeMott et al. (2003) and Meyers et al.’s (1992)
Barameterizations, multiplied by a scaling factor, are used

: . for deposition nucleation, respectively. For temperatures be-
The dependence of crystal optical properties on the crys P P y P

tal habit is a function of the aspect ratio of ice particles (Fu'tween—;BO and-40°C: 03
2007); the difference in the crystal optical properties is pro- Nin(m~2) = 1000exp12.96(Si —1.1)])™° x ¥ (A1)

portional to that in the aspect ratio characterizing the crystalyo e Nin is ice-crystal number concentratio$), the satura-
habit. This study assumed the columnar shape of ice crystalgyn, ratio with respect to ice and a scaling factor to take
for the characterization of the optical properties and thus calinio account the dependence of IN activation on dust mass.

culation of radiative fluxes, following Phillips et al. (2907). vis ngs, where DU 5 is mass concentration of dust parti-
The columnar shape has an aspect ratie-0f3-0.5, which .25

. . .cles with diameter less than 2.5 um and:QUs a reference
corresponds to the lower range of aspect ratios of ice parti- ) } - 3
cles. Fu (2007) showed the increase in reflected SW by cirrudUSt mass concentration. BYis set to 0.11ugm- based
clouds by~2% when the crystal habit changes from a colum- ©" dust data from the Mount Werner project used to derive
nar shape to that for plates or dendrites having aspect ratio§9- (A1) (DeMott et al., 2003). Hence, Eq. (A1) computes
around 0.7-1.0 (corresponding to the upper range of the agVIN based on variation of dust mass relative to dust mass
pect ratio). Wendisch et al. (2007) showed that that chang@PServed at the Mount Werner project. It was observed that
in the habit leads to-1.4—2.0% increases in outgoing LW. IN concentrations were almost Im_ear Wlth the concentratlon__s
These changes in SW and LW would therefore cause lesSf 1arge aerosol particles (Berezinskiy et al., 1986; Georgii
than a 5% change to the offset of the reflected SW chang&nd Kleinjung, 1967), supporting the assumption tNaj
by varying outgoing LW between the high- and low-aerosol 'S Proportional to DUYs. For temperatures betweerb and

runs shown in Table 2. This demonstrates that the qualita=30° C the same scaling factor as used in Eq. (Al) is applied

tive nature of results of this study does not depend on crystal® e parameterization of Meyers et al. (1992) as follows,

optical properties varying with the crystal habit. since dust mass data are not available in Meyers et al. (1992):
The large-scale stability of cloud layer may have an im- Njy(m~3) = 63exg12.96(S; —1) —0.639 x ¥ (A2)
pact on results here. To examine the effect of the stabil-
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