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Abstract. The role of convection in introducing aerosols and portant processes are dry deposition, impact scavenging and
promoting the formation of new particles to the upper tro- the initial vertical distribution and concentration of aerosols.
posphere has been examined using a cloud-resolving modé is interesting to note that in order to sustain a vigorous
coupled with an interactive explicit aerosol module. A base-storm cloud, the supply of CCN must be continuous over a
line simulation suggests good agreement in the upper tropoeonsiderably long time period of the simulation. Hence, the
sphere between modeled and observed results including cotreatment of the growth of particles is in general much more
centrations of aerosols in different size ranges, mole fractionsmportant than the initial aerosol concentration itself.

of key chemical species, and concentrations of ice particles
In addition, a set of 34 sensitivity simulations has been car-
ried out to investigate the sensitivity of modeled results to the;
treatment of various aerosol physical and chemical processes

in the mOdel. The Size diStribution Of ael‘OSO|S iS prOVed to beAtmospheriC aerosols p|ay a Centra' r0|e in Cloud formation
an important factor in determining the aerosols’ fate within and cloud development, as particles constitute surfaces for
the convective cloud. Nucleation mode aerosols (here defiquid and ice particles to form. Both observational and
fined by 0<d<5.84 nm) are quickly transferred to the larger nymerical modeling studies have shown that an increase in
modes as they grow through coagulation of aerosols and corgerosol concentrations due to anthropogenic emissions may
densation of HSQy. Accumulation mode aerosols (here de- result in optically thicker clouds and altered rainfall rates
fined by ¢>31.0 nm) are almost completely removed by nu- and characteristics (Twomey, 1974; Albrecht, 1989; Rosen-
cleation (activation of cloud droplets) and impact scaveng-fe|d, 1999, 2000; Andreae et al., 2004; Koren et al., 2004).
ing. However, a substantial part (up to 10% of the boundarynost previous model studies in this field have focused on
layer concentration) of the Aitken mode aerosol population|ow-level stratiform clouds, as they cover a large part of the
(here defined by 5.84 natl<31.0 nm) reaches the top of the earth compared to other cloud types and thus are thought to
cloud and the free troposphere. These particles may corhaye a larger impact on the Earth’s climate through a change
tinually survive in the upper troposphere, or over time form iy aerosol properties. However, the few studies available on
ice crystals, both that could impact on the atmospheric ragnthropogenic aerosol effects on both convective clouds and
diative budget. The sensitivity simulations performed indi- jce clouds indicate a high sensitivity of the cloud character-
cate that critical processes in the model causing a substantifdtics to the boundary layer aerosol concentration, and thus
change in the upper tropospheric number concentration ofnere is a need for additional research (Andronache et al.,
Aitken mode aerosols are coagulation of aerosols, condensap2: Clement et al., 2002: Phillips et al., 2002arkher
tion of H2SQy, nucleation scavenging, nucleation of aerosolsang Lohmann, 2003; Nober et al., 2003). Recently ana-
and the transfer of aerosol mass and number between difyzeq satellite data over the Amazon basin indicate that scat-
ferent aerosol bins. In particular, for aerosols in the Aitkentered cumulus cloud cover can be reduced from 38% in clean
mode to grow to CCN size, coagulation of aerosols appeargonditions to 0% for heavy smoke conditions (Koren et al.,
to be more important than condensation o8@. Lessim-  2004). In addition, in-situ data collected over the same region
shows that the onset of precipitation is increased from 1.5 km
Correspondence toA. Ekman above cloud base in pristine clouds to more than 5km in pol-
(annica@mit.edu) luted clouds and 7 km in the most extreme form of smoky
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clouds (Andreae et al., 2004). However, elevating the onset In order to simulate convective cloud transport along with
of precipitation under smoky conditions results in more vig- cloud processing of aerosols, we have coupled a three-
orous storm clouds (higher wind speed, larger ice hydrome-dimensional cloud-resolving model based on previous model
teors), and the net effect on the area amount of precipitatiorwork (Wang and Chang, 1993a; Wang and Crutzen, 1995;
remains unknown. Wang and Prinn, 2000) with an interactive explicit aerosol
Convective clouds provide an efficient mechanism for module (Wilson et al., 2001). Observational data as well as
transporting material from the surface to the upper tropo-weather center reanalyzed data have been used to initialize
sphere. Although observational data in the upper tropospherthe model simulations. To evaluate the model, the results
are still limited, the few measurements available all indicateare compared with observed concentrations of aerosols and
the existence of high concentrations of small particles (e.gcertain key chemical species, particularly in the upper tropo-
Clarke, 1992, 1993; Nyeki et al., 1999; &tn et al., 1999; sphere (Stim et al., 1999). In this paper, only a brief evalu-
Clarke and Kapustin, 2002; Petzold et al., 2002; 8dbr et  ation of the 2-D version of the model is performed. A more
al., 2002; Twohy et al., 2002; Hermann et al., 2003; Minikin detailed comparison is presented in a sequential paper (Ek-
et al., 2003), possibly due to the vertical transport related toman et al., in preparation, 2004ising the 3-D version of the
deep convection. In addition, with sufficiently low temper- model. The main purpose of this research is not only to sim-
ature, high relative humidity, and relatively high concentra- ulate the formation and transport of aerosols within as well
tions of aerosol precursors; the outflow regions of convectiveas surrounding a convective cloud, but also to examine the
clouds are likely areas for new aerosols to form, adding eversensitivity of the aerosol concentration and the properties of
more particles to the upper troposphere (Zhang et al., 1998he cloud to various aerosol physical and chemical processes.
Clarke et al., 1999; Sbm et al., 1999; Clement et al., 2002).  In this paper, we first describe the implementation of the
However, there is still a major uncertainty regarding which explicit aerosol module into the cloud-resolving model. The
chemical compounds are most important in the aerosol nuclediscussions of the modeled features in dynamics, micro-
ation process, and to what extent these gases are scavengglysics, and chemistry of the observed storm and a brief
by the heavy precipitation associated with a storm cloud.  comparison between modeled and observed results are given
Explicit modeling of aerosol-cloud interactions in meso- following the model description. We then focus on the re-
scale cloud systems is a computationally expensive task asults of the sensitivity simulations aiming at revealing the
there are numerous processes with different temporal andependencies of the aerosol module on various physical and
spatial scales that need to be considered in simulating thehemical processes as well as initial aerosol concentration
cloud development; the physical and chemical properties in-and chemical composition. The discussions and conclusions
cluding the size distributions of aerosols and cloud dropletsare given in the last section.
as well as the interactions among these particles. Given this
broad range of conditions, most previous model studies of
aerosol-cloud interactions have used simplified description® Model
of the cloud processing, usually by considering adiabatic par-
cel models (de Reus et al., 1998; Kulmala et al., 1998a2 1 Cloud resolving model
Clement et al., 2002). Zhang et al. (1998) incorporated a

two-moment aerosol model into a two-dimensional cloud The cloud-resolving model (CRM) used in this study is an
and sulfate chemistry model to simulate the effects of cloudsmproved version of the model developed by Wang and
on aerosol redistribution and production in cumulonimbusCchang (1993a) with a full integration of the dynamics-
clouds. They found that the nucleation rate after cloud diS'physiCS and Chemistry sub-models (Wang et ai_, 1995; Wang
sipation in the upper troposphere increased by one order ofnd Prinn, 2000). The dynamics-physics module consists of
magnitude ComparEd to the nucleation rate before cloud fornon-hydrostatic momentum equationsi the Continuity equa-
mation. Jacobson (2003) developed a one-dimensional gasions for water vapor and air mass density, the thermody-
aerosol-cloud module suitable for implementation in global namic equation, and the equation of state (Wang and Chang,
or regional scale three-dimensional models. Results using993a). Also included are prognostic equations for the mix-
this module suggest that if aerosol number is considered (i.€ing ratios as well as number concentrations of cloud droplets,
in general small particles), impact scavenging is a more imraindrops, ice crystals and graupel particles. The microphysi-
portant removal mechanism than nucleation scavenging, reca| transformations are formulated based on a “two-moment”
moving more than 42% of the total number of particles. Onscheme incorporating the size spectra of particles (Wang and
the other hand, if aerosol mass is considered (i.e. in generathang, 1993a; Wang et al., 1995). s&four-stream radia-

large particles), nucleation scavenging is clearly the domitjon module based on Fu and Liou (1993) is incorporated in
nant aerosol removal process. These findings indicate that

medium-size particles may be most likely to survive trans-  1gkman, A. M. L., Wang, C., and Sim, J.: Explicit simulation
port within a convective cloud without being scavenged by of aerosol physics in a cloud-resolving model: Aerosol transport
precipitation. and processing in the free troposphere, in preparation, 2004.
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the model and it uses predicted concentrations of gases (in-
cluding HO and Q) and hydrometeors to calculate radiative I 1 I l I
fluxes and heating rates. Bl EeieElsey
S pure mixed
Cloud droplets in the atmosphere are formed on cloud con-

densation nuclei (CCN). In the CRM, the number of particles I

available for cloud droplet nucleation is predicted using the ‘ ‘ SO, acc

aerosol module (cf. Sect. 2.2). The number of ice nuclei (IN) — conensaten —

is in the present model version not calculated using the ex-— ™"

plicit aerosol module. An initial IN concentration is assumed —* dr deposition I :

(cf. Sect. 3), and the IN are advected in the model and re- — coagulation SOsat

moved by ice particle formation, but the IN are not affected — nucleation and impact scavenging

by coagulation of aerosols, condensation @5@y or other —  ‘growth’ T

aerosol physical processes. S0, () S04 nuc
The chemistry sub-module predicts atmospheric concen- ——

trations of 25 gaseous and 16 aqueous (in both cloud droplets

and raindrops) chemical compounds including important

aerosol precursors such as sulfate and nitrate, undergoing

more than 100 reactions as well as transport, and microFig. 1. Schematic picture of processes included in the aerosol model

physical conversions. A module of heterogeneous chemistry@fter Wilson etal., 2001).

on ice particles has been developed and is included in the

present version of the model (Wang, submitted, 26044).

This module calculates surface uptakes of several key chem-

ical species including HN§) SOp, H,O, and CHOOH by and standard deviatiomw {4, cf. Wilson et al., 2001). Fig-

ice particles. ure 1 shows a schematic picture of the different aerosol pro-
The C|oud-re50|ving model has been used in studies orf€SSes included in the model. Note that in this Study, mainly

dynamics, microphysics, and chemistry of continental deegf© reduce the computational burden, the standard deviations

convection (e.g. Wang and Chang, 1993a, b; Wang ande prescribed. Dry deposition of aerosols is calculated ac-

Crutzen, 1995) and oceanic deep convection over the Pacording to Langner and Rodhe (1991) using the dry deposi-

cific (Wang et al., 1995; Wang and Prinn, 1998, 2000). Re-tion velocities specified in Pruppacher and Klett (1997) and

sults obtained using the model have also been compared withVilson et al. (2001). In the default version of the model, due

available observations including aircraft, radar, and satellitet© the short integration time, emissions of both carbonaceous

data. The spatial resolution of the model can be flexibly set@nd sulfuric aerosols are set to zero. Therefore, carbonaceous

a horizontal grid interval of 2 km and a vertical grid interval @erosols have no additional sources other than the given ini-

i

| ]

\ I

1 nucleation

of 400 m are used in this study. tial loadings during the model integration. The continuous
source in addition to the given initial loading of the whole
2.2 Aerosol module sulfuric aerosol population (three modes) is the nucleation of

new sulfate aerosols fromJd30, and HO.
The evolution in time and space of aerosols consisting of sul- gy particle formation via binary $0-H,SO4 nucleation

fate, organic carbon, black carbon and mixtures thereof i§s gescribed using the parameterization developed by Kul-
described using a multi-modal aerosol model (Wilson et al.,ma3 et al. (1998a). The condensation coefficient as well as
2001). In this paper, we mainly describe our revision of this e intra- and inter-modal coagulation coefficients for each
module and the additional improvements needed t0 inCorpOeros0l mode is determined from the theory of Fuchs (1964),
rate the aerosol module into our cloud-resolving model. sing the geometric mean radius of each mode. Intra-modal

In our version of the aerosol module, five different modes ¢oagylation leads to a reduction of the number of the mode

are used to represent the aerosol population (Table Lyt not of the mass, whereas inter-modal coagulation leads
Among these five modes, carbon originating from both fossiliy 5 reduction of the number and mass of the smaller mode

fuel combustion and biomass burning is considered. The sizg 4 an increase of the mass of the larger mode. For the
distribution within each aerosol mode is assumed to be 109y, e sulfate modes, conversions are also enforced when the

normal and is described by three parameters: number, Mas§pper “tail” of the mode grows beyond the prescribed size

2Wang, C.: A theoretical study on the response of tropical deepl',mlt for a given mode (cf. Table 1). When the number frac-

convection to the increase of CCN concentration: 1. Dynamics andion Of aerosols located gbovg the size limit of a given mode
microphysics, submitted to J. Geophys. Res., 2004a. exceeds 5% of the total in this mode, then 5% of the num-

3Wang, C.: A theoretical study on the response of tropical deepd€r Of aerosols is reallocated to the adjacent mode (together
convection to the increase of CCN concentration: 2. Radiation andvith the corresponding amount of mass). To estimate when
tropospheric chemistry, submitted to J. Geophys. Res., 2004b.  this transfer should be performed, we assume a log-normal

www.atmos-chem-phys.org/acp/4/773/ Atmos. Chem. Phys., 4, 773-791, 2004
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Table 1. Diameter, standard deviation and collision efficiency of aerosol module modes.

Dry count Geometric Collision efficienéy
geometric standard Estimated lower/higher
diameter size  deviatidh limits are given within
intervaf (o5ta) parenthesis
(um)
Nucleation mode S@ 0-0.00584 1.59 0.5 (0.5/0.5)
Aitken mode SQ 0.00584-0.031 1.59 0.06 (0.0075/0.125)
Accumulation mode S@ >0.031 1.59 0.025 (0.0075/0.075) for
r<0.lum
0.0075 (0.0001/0.01) for
r<1.0um
0.05 (0.0025/0.075) for
r<2.5um
1.0 (1.0/1.0) for
r>2.5um
Pure BC - 2.0 -
Mixed BC/OC/SQ - 2.0 Same as for accumulation mode4SO

D Based upon values given in Wilson et al. (2001).
2) Based upon values given in Fig. 17-17 in Pruppacher and Klett (1997).

distribution for each aerosol mode, and compare the modele@he critical saturation rati6* is then obtained by inserting

mass weighted average diameter within each mode (diameter* back into Eq. (1)

of average mass) with the theoretical diameter of the average

mass for when the “tail” contains 5% or more of the total 2 [ A3

aerosol number. S =1+335 ©)
The activation of a drop at a certain supersaturation de-

pends on the composition of the solute. Only a part of theThe dry particle radius is related to the variablg and we

aerosols in an aerosol size bin may be activated. Considegan find the critical activation radiug*:

the simplified Kohler equation (e.g. Pruppacher and Klett,

1997) R — 4M, py, 1/3 6
A B - L2TMypsus (S — D2 (©)
Sv,w=1+___3, (1)
a a wherep, is the density of the salij, is the van’t Hoff dis-

wheres, ,, is the saturation ratia; is the droplet radius and  sociation coefficient (in the simulations set to 2) afids
2M 04 the environmental saturation ratio. For any aerosol size bin
A= “RTpy (2)  that hasr* within its boundariesk,in, < R* < Ryuax), the bin
v must be split so that only particles with radius larger than
_ 3umgM,, R* are activated. The total number of aerosols activated can
AT Mpy be obtained by integrating the distribution function fréth

Here, M, is the molecular weight of water and; is the to R”?‘”' Only pure _sulfate aerosols and mixed aerosols are
. : . considered to constitute CCN. In many model studies, a sim-
molecular weight of the salty, /, is the surface tension of

water with respect to aifg is the universal gas constarit plified empirical relationship is used to describe droplet acti-

is temperaturep,, is the density of waten is the number of vation (e.g. Pruppacher and Klett, 1997):
!ons into which a salt molecule dissociates in water and Neen = CCN - s,’j e @
is the mass of the salt. ’

By taking the first derivative of Eq. (1), the critical radius \yheren¢cy is the number of activated CCM, ,, is the su-

©)

vation can be written as: and continental air. A sensitivity simulation is conducted to
. 3B compare this traditional parameterization of aerosol activa-
at=y—- (4)  tion with the description based orbKler theory.

Atmos. Chem. Phys., 4, 773-791, 2004 www.atmos-chem-phys.org/acp/4/773/
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The activation of droplets determines the number ofof thunderstorms were formed along the cold front, and the
aerosols that are scavenged via nucleation scavenging. Araircraft measurements were conducted along a cross-section
other path for scavenging of aerosols is through collisionthrough the center of one of these storm clouds.
with falling raindrops, graupel or ice crystals, i.e. the pre- During the measurement flight, particles smaller than
cipitation (impact) scavenging. The collision efficiengyin 1um diameter were sampled and counted using two TSI-
this case is by definition the probability of collisions between 3760 CPCs with lower cutoffs at 0.007 and 0.Qd8 diam-
an aerosol and a precipitating droplet in a geometric volumeeter, respectively. Note that the former cutoff of the parti-
swept out by the precipitating droplet in a given time inter- cle counter is about 0.0016m smaller than the upper limit
val (the droplet’s effective cross-sectional area multiplied byof size of what is termed “the Aitken mode sulfate aerosol”
the effective fall speed of the droplet with respect to the fallin our model. A counterflow virtual impactor (CVI) was
speed of the aerosol; Pruppacher and Klett, 1997). To theused to sample cloud particles larger thabum aerody-
oretically determinet is complicated since the aerosol size namic diameter. Water vapor was measured using a Lyman-
varies over orders of magnitude and because the large rainx absorption hygrometer and observations of carbon monox-
drop size results in complicated flow patterns (drop oscilla-ide and ozone mixing ratios were performed using the laser
tions, wake creation, eddy shedding, etc.). Pruppacher andiode technique and chemiluminescence technique, respec-
Klett (1997) present an overview of the problem. The effi- tively. The aircraft measurements were carried out in the
ciency of Brownian diffusion induced particle-particle inter- anvil region of the storm. The research aircraft entered the
actions decreases rapidly with increasing particle size and isumulonimbus cloud at approximately 14:36 UTC at an alti-
thus the most important removal process for small particlesude of~10.4 km. The aircraft flew a distance o260 km
(diameter<0.2um). Inertial impaction and interception in- across the frontal zone before leaving the cloudy air at about
crease in importance as the aerosol size increases. These pit5:03 UTC. In situ data from this level are presented in Fig. 5
cesses are most important for particles with diameters largein Strom et al. (1999).
than 1lum. The previous arguments indicate that whereas The meteorological part of the CRM simulation is ini-
there are efficient removal processes for small and large partitialized using analyzed 3-dimensional initial data fields of
cles, the collision efficiency for particles in the 0.1 to L1® pressure, temperature, winds and specific humidity obtained
size range is relatively small. As a first attempt to simulatefrom the National Centers for Environmental Prediction
the variability of impact scavenging with aerosol size, differ- (NCEP). Horizontally interpolated fields of NOQ Oz and
ent values off for the different aerosol bins in the model are SO, obtained from surface observations conducted by the
defined (Table 1). A simulation using constdhéqualto 0.1  Co-operative Programme for Monitoring and Evaluation of
(and only for accumulation mode aerosols) is included as ghe Long-Range Transmission of Air Pollutants in Europe
sensitivity study (cf. Table 2). (EMEP, Hjellbrekke and Hanssen, 1998) are used to initialize

Both number concentration and mass mixing ratio of thethe chemistry module. There are no observations of gaseous
five aerosol modes, i.e. all together 10 variables, are incorHNO3 or HoSO4 available from EMEP. Initial concentrations
porated in the cloud-resolving model as prognostic variablesf these compounds are instead obtained by combining re-
undergoing transport, mixing, dry deposition, and nucleationsults from previous simulations using the CRM (Wang and
as well as impact scavenging besides aerosol microphysiChang, 1993a; Wang and Crutzen, 1995) and measured par-
cal processes. The advection scheme used to calculate thigulate concentrations of NDand S@ from EMEP. Verti-
transport of these aerosol variables is the same revised Bottal profiles of all chemical compounds are prescribed as to
scheme as developed in Wang and Chang (1993a). For thédecrease with height except fog@vhich is based on previ-
mixed mode, the ratio between BC, OC and;S€®assumed ous work.
to be constant during the simulation. For Aitken, black carbon, and mixed mode aerosols, a hor-

izontally constant surface concentration of 50¢his as-

sumed initially. The surface concentration of accumulation
3 Observed case and initial model conditions mode aerosols is set to be 500T For ice nuclei particles

(IN), the initial surface concentration is set to be 100ém
The selected case to simulate is a cumulonimbus cloud withThese aerosol concentrations are representative for what may
extended anvil over northern Germany, observed during thée observed in urban continental air (Seinfeld and Pandis,
Stratosphere-Troposphere Experiment by Aircraft Measure1998). All aerosol concentrations are initially prescribed to
ments (STREAM) on 29 July 1994 (8tn et al., 1999). Con- decrease with height as a function of air density (surface con-
vection was initiated as cool air from the Atlantic Ocean centration multiplied by pjcyer /ps,,,face]3, cf. Fig. 2). This
was advected towards Western Europe after several weekype of vertical dependence is in fairly good agreement with
of stagnant weather with clear skies, high temperatures anthe observations by Sdbdler et al. (2002) and Petzold et
weak winds. During the preceding high-pressure period, aal. (2002). The initial mass concentration for each mode is
build-up of high boundary layer concentrations of aerosolcalculated by assuming spherical particles with a density of
particles, CO and ©®had occurred. Several smaller groups 1.7 g cn2 and a radius of 6.29 nm for the Aitken mode and

www.atmos-chem-phys.org/acp/4/773/ Atmos. Chem. Phys., 4, 773-791, 2004
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Table 2. Summary of sensitivity simulations conducted using the CRM.

Simulation  Simulation  Characteristics

number name

1 R Reference simulation

2 Al No coagulation of aerosols

3 A2 No coagulation, no condensation 03$00, on aerosols

4 A3 No condensation of $50, on aerosols

5 B1 No dry deposition of aerosols

6 B2 10 times higher dry deposition velocity for all aerosols

7 C1 Constant collision efficiency constant

8 Cc2 Collision efficiency multiplied by 2.

9 C3 Collision efficiency divided by 2.

10 C4 No impact scavenging of aerosols

11 C5 Impact scavenging of BC included (in same manner as for
acc. mode S@

12 C6 Lower limit of impact scavenging (cf. Table 1)

13 C7 Higher limit of impact scavenging (cf. Table 1)

14 D1 Aerosol initial number concentration (but not mass)
multiplied by 2 throughout the whole model domain

15 D2 Aerosol initial number concentration (but not mass) divided
by 2 throughout the whole model domain

16 D3 Constant initial aerosol concentration throughout the whole
model domain (surface concentration used for all aerosols,
instead of decreasing concentration with altitude scaled by density)

17 D4 Aerosol initial mass concentration multiplied by 2
throughout the whole model atmosphere

18 D5 Aerosol initial mass concentration divided by 2

throughout the whole model atmosphere

485 nm for the accumulation, mixed and black carbon modes. To achieve computational efficiency, we make use of the
The nucleation mode aerosol concentration is assumed to bievo-dimensional version of our model in the sensitivity sim-
zero at the beginning of the simulation. ulations. Results obtained using the 2-D version of the model
may slightly differ compared to the 3-D-simulation results
(not shown in this paper), as the 2-D model version only
simulates the cloud development along a cross-section of the
In order to evaluate the behavior of the aerosol module in_convective cloud. For example, a comparison between the

) . two model versions shows that the depth and the extension
corporated into the cloud-resolving model and to explore the . ; ) .

. . . . of the simulated anvil are not identical. However, for exam-
dependencies of this module on various physical and chem-_. o S
) I .~ _1ning the sensitivity of the model this difference should not
ical processes as well as on initial aerosol concentranon% S

; s . ... be of major importance.

and chemical compositions, we have designed 34 sensitivity
simulations. These sensitivity simulations, targeting various The 2-D simulations are carried out over a ¥&D grid
physical and chemical parameters or processes, are categdemain, covering 300 km horizontally and 20 km vertically.
rized into 8 groups, hereafter labeled as Al to H4 (cf. Ta-The 2-D chemical compound and meteorology fields used

ble 2). for the initialization of the model are cross-sections extracted

4 Results

Atmos. Chem. Phys., 4, 773-791, 2004 www.atmos-chem-phys.org/acp/4/773/
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Table 2. Continued.

Simulation  Simulation  Characteristics

number name
19 D6 Altered vertical slope of initial aerosol distribution (surface
concentration multiplied bydvei / osur face) > instead of
(Prevet / Psurface)®)
20 D7 Initial Aitken number concentration multiplied by 100
throughout the whole model domain
21 D8 Initial BC number concentration multiplied by 10
throughout the whole model domain
22 El Emperical nucleation scavenging parameterization (cf. Eg. 5)
23 E2 10 times larger critical radius (cf. Eq. 4)
24 E3 10 times smaller critical radius (cf. Eq. 4)
25 E4 Halved nucleation scavenging over the whole model domain
26 E5 SQ used for aerosol density instead of (WHSOy (in Eq. 4)
27 F1 Aerosol nucleation rate decreased by a factor of 2
over the whole model domain
28 F2 Aerosol nucleation rate decreased by a factor of 10
over the whole model domain
29 F3 Aerosol nucleation rate increased by a factor of 10
over the whole model domain
30 G1 10 times higher initial 5504 concentration (up to 4 km altitude)
31 G2 10 times lower initial SO, concentration (up to 4 km altitude)
32 H1 No transfer of aerosols between the modes
33 H2 2 times larger radius for transfer (cf. Sect. 2.2)
34 H3 2 times smaller radius for transfer (cf. Sect. 2.2)
35 H4 10% transfer of number instead of 5% (cf. Sect. 2.2)

from the thermodynamically most unstable area of the previ-cloud water content (CWC), crystal number density (CND),
ously described 3-D initial fields (cf. Fig. 3). Open boundary condensation nuclei (radius7 nm, CN), and mixing ratios
conditions are applied for all variables, i.e. the normal in- of CO and @ are indicated in the figures. Modeled max-
flux to the model domain is equal to zero. Starting time isimum values at 10.4 km of CWC, CND, CO ang @iffer
12:00 UTC and the simulation is integrated for 3h. Eachless than 20% from the observations. Note that modeled and

time stepis 5s. observed parameters at the same altitude level may not corre-
spond exactly to each other; they should rather be considered
4.1 Reference simulation as representative values of the cloud anvil.

A reference run was first designed for the sensitivity study. As mentioned in Sect. 3, the weather before the pas-
The purpose of this reference run is mainly to provide asage of the cold front on 29 July had given rise to en-
“baseline” result that is in agreement with observational datahanced boundary layer concentrations of aerosol particles,
for comparison with the rest of the sensitivity tests. CO and Q. Figure 5d displays that high concentrations of
The characteristics of the simulated storm development arditken mode aerosol particles are rapidly transported from
displayed in Fig. 4. Figure 5 shows the 2-dimensional distri-the surface up to the free troposphere within the convec-
bution of various model parameters after three hours of simtive cloud. The simulated concentration at 10.4 km altitude
ulation. Available observed maximum values-t0.4 km of  is about two times higher than the observed one. However,

www.atmos-chem-phys.org/acp/4/773/ Atmos. Chem. Phys., 4, 773-791, 2004



780 A. M. L. Ekman et al.: Explicit simulations of aerosol physics in a cloud-resolving model

Initial Aerosol Concentration

20 T I T
1 — Aitken/Mix/BC mode
] -+ Accumulation mode
)
181+ b
|
I
L
16t 1
2
2
r
r
14 b
b
i
H
B
12f+ .
*
+
*
+

Altitude (km)
[
o
+
1

*

0 i i i i iz
0 100 200 300 400 500

Number of aerosols (cm"3)

Fig. 2. Vertical profile of initial aerosol concentration.

the measurements only consider particles with a radius larger
than 7 nm, whereas the Aitken mode size interval includes all
particles with a radius larger than 6 nm. If a log-normal size
distribution is assumed and the upper “tail” of the particles Fig. 3. Initial concentration for chemical compou(a) SO, (ppbv),
between 6 and 7 nm is removed, the modeled maximum partb) O3 (ppbv), andc) CO (ppbv).

ticle concentration at 10.4 km is reduced to 24" cm—3,

which corresponds very well with the observations.

The transport of high concentrations of 5@nhd CO from  the results of the given sensitivity simulation and the corre-
the boundary layer to the top of the cloud can clearly be seesponding values of the reference run. Model variables used
in Figs. 5h and j. For @ high concentrations in the free in the comparison include the concentration of Aitken mode
troposphere are usually a result of downward transportof O sulfate aerosols as well as mixing ratios of CO and 80
rich air from the stratosphere. However for the present casethe upper troposphere (where observations of aerosol num-
a plume of polluted air with elevateds@oncentrations close ber and CO are available), and surface precipitation, repre-
to the surface is transported from the eastern boundary of theenting several aspects of interest dealing with aerosol mi-
model to the free troposphere (cf. Fig. 5i). crophysics, convective transport of important trace gases, as

The sensitivity of the modeled results to a given param-well as cloud dynamics and microphysics. It is worthwhile
eter or process is judged by the relative difference betweemoting that our sensitivity simulations are carried out using a
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Fig. 4. Time development of simulated maximum vertical wind ve-
locity, maximum precipitation and model domain average precipi-
tation.

“real” atmospheric case rather than an idealized case of dee
convection. The impact of the tested parameters or processes

on the interactions among aerosols, cloud droplets, and clouffig. 5¢c. Modeled Nucleation Mode particle concentration (Ci
dynamics thus are included. after 3h simulation. The modeled value at 10.4 km is indicated in
the figure.

4.2 Aerosol microphysics (experiment A, F and H)

In the aerosol module, the accumulation mode sulfatesation of HSOy, or both coagulation and condensation pro-
aerosol, which serves as the major part of CCN in the modelgcesses being switched off; the F series with reduced nucle-
mainly originates from coagulation of aerosols and conden-ation rate; and the H series with altered or no transfer be-
sation of HSOy on Aitken mode aerosols. The concentra- tween the various modes.

tion of Aitken mode aerosols is determined by the rates of Itis found that the largest change in Aitken mode number
aerosol nucleation, condensation of30, and coagulation concentration (MNC) at 10.4 km occurs when no coagula-
involving nucleation mode aerosols. In order to explore thetion of aerosols or transfer between the different modes is
sensitivity of the modeled results to these processes, we haveonsidered, or when the size limit for transfer between the
designed the A series with coagulation of aerosols, condenmodes is increased (case Al, A2, H1 and H3; Fig. 6a). The
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Observed max. value (r>7nm): 2.6e4 cny?
Modeled max. value (r>6nm): 6.4e4 cm

2D

Modeled max. value (in cloud): 0 cm™

Fig. 5d. Modeled Aitken Mode particle concentration (in Fig. 5f. Modeled Mixed Mode particle concentration (cr) after
100 cn13) after 3h simulation. Modeled and observed values at3h simulation. The modeled value at 10.4 km is indicated in the
10.4 km are indicated in the figure. figure.

Modeled max. value (in cloud): 0 cm™® 27 ©" Modeled max. value: 109 cm™

Fig. 5e. Modeled Accumulation Mode particle concentration Fig. 59. Modeled BC Mode particle concentration (cf) after 3h
(cm—3) after 3h simulation. Modeled and observed values atSimulation. The modeled value at 10.4 km is indicated in the figure.

10.4 km are indicated in the figure.

concentration at 4.0 km is higher in this case than in the ref-
main pathway for Aitken mode aerosol to CCN appears to beerence simulation. Vertical wind speeds are stronger and thus
coagulation of aerosols, as the concentration of Aitken modenore SQ and CO is transported vertically compared to the
particles in the upper troposphere is higher compared to theeference case results. However, the Aitken MNC at 10.4 km
reference case in case Al (Fig. 6a). Anincrease in the Aitkens lower compared to the reference case, as more particles are
MNC cannot be seen if only condensation of30, on the  scavenged through nucleation scavenging within the convec-
aerosols is excluded. tive cloud in case H3.

For all A cases as well as the H1 and H2 simulations, not A decrease in the aerosol nucleation rate by a factor of two
enough CCN are produced from the Aitken mode to sustaincase F1) somewhat affects the average upper tropospheric
a vigorous storm cloud. Thus, the average accumulated preAitken MNC. The convective cloud is less developed in this
cipitation (Fig. 6d) is reduced and vertical wind speeds arecase compared to the reference case and the transport of trace
substantially weaker than for the reference run results. As gjases to the free troposphere is weaker. If the nucleation rate
consequence of the weak storm development, the mixing rais reduced by a factor of 10 (case F2, note that the amount
tios of both CO and S@in the upper troposphere are lower of available SOy is the same as in the reference case), the
than those of the reference simulation (Figs. 6e and f). Theaverage Aitken MNC at 10.4 km decreases by approximately
convection is also less developed for the H4 case (10% num20%. Surprisingly, we have found in these model simula-
ber transfer between the modes instead of 5%) compared ttions that the decrease in Aitken MNC was not caused by
the reference run and the precipitation and transport of traceveaker convection and vertical wind speeds, but instead by
gases to the free troposphere is just as weak as in the A simstronger convection and thus more efficient nucleation and
ulations. impact scavenging (the average precipitation increases com-

For the H3 case on the contrary, when particles are alpared to the reference case). When fewer nucleation mode
lowed to be transferred more rapidly from Aitken to accumu- particles are produced, more;80O, is available, and the
lation mode compared to the reference case, the convectiogrowth of nucleation and Aitken mode aerosols to CCN due
becomes more intense. As seen in Fig. 6¢ the droplet numbeb condensation becomes very efficient. As seen in Fig. 6b,
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Fig. 6. Percentage difference at t=3 h (@) average Aitken mode
particle number concentration at 10.4 k(b) ice/droplet particle
number concentration at 10.4 krfc) ice/droplet particle number
concentration at 4 km(d) average surface precipitatio(e) aver-

age CO concentration at 10.4 km gffidaverage S@concentration
between reference simulation and sensitivity simulation series A, F
and H.

4.3 Aerosol dry deposition (experiment B)
Fig. 5j. Modeled CO concentration (ppb) after 3 h simulation. Mod-

eled and observed values at 10.4 km are indicated in the figure.  The results of series B (dry deposition, Fig. 7) suggest that
the modeled Aitken MNC at 10.4 km is not particularly sen-
sitive to the formulation of dry deposition of aerosols. Mod-
eled average Aitken MNCs differ less than 10% compared to
the particle/droplet number concentration at 10.4 km is alsahe reference simulation. The convection is slightly stronger
higher in the F2 case compared to the reference simulationn the B1 case where more CCN are available, resulting in
The convection is less intense in the F3 case, where the nuncreased transport of trace gases to the free troposphere and
cleation rate is increased by one order of magnitude. Therenore precipitation. In the B2 case, the maximum vertical
is a slight change in the Aitken MNC in the free tropospherewind speed within the convective cloud is somewhat lower
and also in droplet/ice particle number concentration in thiscompared to the reference case and the transport of trace
case. gases to the free troposphere is reduced. The maximum
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Fig. 7. Same as Fig. 6, but for sensitivity simulation series B. ) ] o ] )
Fig. 8. Same as Fig. 6, but for sensitivity simulation series C and E.

precipitation rate over the model domain is also in general . N
. . largest when the impact scavenging is removed completely
lower than for the reference case throughout the simulation o L
S o ...~ (C4). However, even in this case, the change in Aitken MNC
but the average precipitation rate is higher (the precipitation .
. S ...~ Is only slightly more than 10% compared to the reference
is more evenly distributed) and the total average precipitation : N
actually increases by-40% case. Despite the §mal| changes in Aitken MNC, the shape of
' the cloud clearly differs among the C cases and the reference
4.4 Aerosol scavenging processes (experiment C and E) simulation (due to the altered number of available CCN), re-
sulting in a change of the average precipitation amount by
Once the cloud starts to develop, the scavenging of aerosoldP to 50%. In addition, as can be seen in Fig. 8c, the aver-
via nucleation scavenging (aerosols activated to form cloucge droplet concentration at the cloud base (which is mainly
droplets) or by impact scavenging (aerosols removed by preaffected by the number of CCN) is changed by up to 100%.
cipitating particles) will influence the upper tropospheric It is interesting to note that for the two cases with lower
concentration of aerosols. We have tested the sensitivity otollision efficiency than in the reference case, the convection
the modeled results to various setups in the scavenging caturns out to be less intense with reduced vertical wind speeds.
culations. Accordingly, the concentration of trace gases at 10.4km is
In sensitivity series C (Fig. 8), different collision coeffi- lower; the difference is up to 15% for CO and up to 40% for
cients (cases C1 to C4 and C6 to C7) along with additionalSO,. The insensitivity of upper tropospheric Aitken MNCs
impact scavenging of BC aerosols (case C5) are tested. Thi different treatments of impact scavenging is not entirely
change in average Aitken MNC in the free troposphere is thea surprise. Kinetically speaking, the collection efficiency of
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aerosol_s,.pa_rticularly tho;e in the size range of Aitken mode, 2) Aitken MNC at 10.4 km b) dropletice NC at 10.4 km
by precipitating particles is very low (Table 1; see also Prup- 60 60
pacher and Klett, 1997).

The usage of a new aerosol module in the CRM (cf.
Sect. 2.2) introduces the possibility to calculate size-
dependent nucleation of cloud droplets. This method has
been compared with the method using an empirically de-
rived formula in experiment E1. The sensitivity of the size-
dependent nucleation on the calculation of the critical activa-
tion radius is tested in series E2—E5. In the case where the 60 60
critical activation radius is 10 times smaller compared to the D1D2D3 D4 Do DO D7 DS D1D2D3 Da Do DED7DS
reference case (E3), a larger fraction of Aitken mode parti-

40 40

20 20

Change relative to ref sim (%)
o

Change relative to ref sim (%)
o

c) droplet/ice NC at 4 km d) precip at surface
cles are considered as CCN and thus scavenged in the nucle _. 150 = 100"
ation of cloud droplets. Hence, the average Aitken MNC at < <
10.4 km decreases by almost 90%. For the other E cases, th @ 5 5
changes in average Aitken MNC is small. The shape and the g 50 S I I
extent of the cloud are clearly different for all E cases com- ¢ o = = =
pared to the reference case and the average precipitation ralg _SOMI III g I ll I
either increases (E3 and E4) or decreases (E1-E2, E5) by g o -50
20% or more. In both the E1 and E2 cases there is also a sub & -100 3
stantial decrease in the average droplet/particle concentratior © _,, © -100

at 10.4km. This suggests the empirical method commonly D1D2D3 DA DS D D7 DS D1D2D3 DA D5 D6 D7 D8
used in cloud-resolving models for calculating nucleation of €) CO at 10.4 km fS02 at 10.4 km
cloud droplets underestimates the nucleation-scavenging rat 30

of aerosol. For the E3 case, where the convection is more in-
tense compared to the reference case, there is a considerab
stronger transport of trace gases to the free troposphere.

In the E5 case, the sulfate aerosols are assumed to consit
of SOy instead of (NH)2SOy, to test the sensitivity of the
modeled results to the chemical composition of the aerosol.
The critical radius for activation is higher in this simulation,
and fewer aerosols are available as CCN. The convection is
less intense, the average precipitation amount is lower com-
pared to the reference simulation and the vertical wind speed
is reduced. However, the average Aitken MNC at 10.4 km isrig. 9. Same as Fig. 6, but for sensitivity simulation series C and E.
almost unchanged. This sensitivity simulation shows a po-
tential impact of different aerosol compositions on cloud de- ) _ S
velopment and precipitation amounts. In a future model ver-& maximum 50-70% change in precipitation is in agreement
sion, it would be desirable to include additional aerosol com-With the study by Nober et al. (2003).
pounds such as ammonium and nitrate as prognostic vari- In Simulations D2 a.nd D5, Where the particles are feWer or

20 50

10

-1

o

-30
D1 D2 D3 D4 D5 D6 D7 D8 D1 D2 D3 D4 D5 D6 D7 D8
simulation simulation

-20

Change relative to ref sim (%)
o

Change relative to ref sim (%)
o

ables. smaller compared to the reference simulation, the convective
activity is limited and vertical wind speeds are low. In case
4.5 Initial distribution of aerosols (experiment D) D7, where more Aitken mode particles are available initially,

the convection is also less developed compared to the refer-
The sensitivity of the model to the initial distribution and ence case because of inefficient particle growth by coagula-
concentration of aerosols is tested in experiments D1-D8gion of aerosols and condensation 0f$0s due to the high
(Fig. 9). The modeled average precipitation increases subparticle number. Compared to the reference case, average
stantially in case D3 and D6 (where the decrease of thdrace gas concentrations at 10.4 km decrease up to 20% for
aerosol number concentration with height is either removedCO and 45% for S@ However, the Aitken MNC at 10.4 km
or reduced) whereas it decreases in cases D2, D4, D5 anig@ not substantially altered by the change in precipitation and
D7. For cases D1, and D8 the change is small. In a globavertical wind speeds within the cloud. Differences are less
model sensitivity study of anthropogenic aerosol impact onthan 10%.
convective warm precipitation, Nober et al. (2003) obtained The fact that the Aitken MNC at 10.4 km after 3 h of sim-
local changes of up to 100% in precipitation amount and re-ulation is almost unaffected by the choice of initial aerosol
lated latent heat release. The result in the present study gfrofile suggests that the chemical and physical conversions
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a) Aitken MNC at 10.4 km b) Dropletiice NC at 10.4 km Changing the initial distribution and concentration of
- 60 = 60 aerosols is one way to affect the number of available CCN
9;“ 0 % 40 within the model domain. The radiation-type of lateral
& o boundary conditions adopted in the current model setup actu-
° 2 c 2 ally maintains a supply of aerosols from the inflow boundary
é 0 - g (| T E— to the rest of the model domain (the gradient of the normal
3 20 - s %0 flux of variables at the inflow lateral boundary is set to zero).
o) ) This assumption is equal to assuming a zero-gradient plume
g 40 & 40 resident just outside the inflow boundary. Another way to
© e ° o simulate the external influence on the number of available
Sl uiaton S uation= CCN in the model is to apply an added flux of aerosols flow-
¢) Dropletlice NC at 4 km d) Precip at surface ing into the domain through a different setup of the lateral
o 190 = 100 , ‘ boundary conditions, equivalent to assuming a given con-
T 100 = centration gradient of a plume. This could result in that
2 o g more aerosols are available as CCN during the simulation,
g >0 g and hence that the strength of the convection is altered. For
2 9 ¢ o NN future studies, the effect of an external supply of aerosols on
‘g 50 % the modeled results will be examined.
) g 50
3 -100 =
© 150 © -100 4.6 Initial concentration of aerosol precursor (experi-
Glsimulation(32 GlsimulationG2 ment G)
e) CO at 10.4 km f) SO2 at 10.4 km

30

The modeled temperature, relative humidity and th&64
concentration determine the simulated nucleation rate of
aerosols. Nucleation mode particles grow rapidly to become

— - Aitken mode and then accumulation mode particles and they

20 50

10
10 may hence be a major source of CCN. The G series of experi-
ments are designed to examine the sensitivity of the model to
-50 ' the initial H,SO4 concentration (Fig. 10). Thed$0Oy con-
_30 centration will determine how many nucleation mode parti-
G1 G2 G1 G2 i ; ; it
simulation simulation cles that are formed initially (if b}SO4 is a limiting factor),
as well as how much $80, that is available for condensa-
tion at the beginning of the simulation.

Change relative to ref sim (%)
o

Change relative to ref sim (%)
o

Fig. 10. Same as Fig. 6, but for sensitivity simulation series G.

For the G1 case, where more$;, is available initially,

taking place within a convective cloud are very fast, and thethe convection s more intense compared to thg .ref'erence
case and more particles are scavenged by precipitation, re-

changes in Aitken mode aerosol properties in the upper tro-

posphere are mainly influenced by these rapid conversions.s,'UIting in a lower average Aitken MNC at 10.4km. The av-

not the initial conditions. Already at an early stage of the erage accumulated precipitation over the model domain is
similar as for the reference case, but the precipitation is more

simulation, accumulation mode and Aitken mode aerosols id d and th ) initation i bstantiall
are scavenged by intense precipitation. Hence, the conce videspread and the maximum precipitation 1S substantially

tration of particles after 3 h of simulation is more determined ow<ter. t‘_l'herelz IS atlsci;\ 5|iqn|f(;c§nt increase in the droplet con-
by the formation and growth of small particles than by the “€'ration close to the cloud base.

initial concentration of CCN. For the G2 case, less,BO, is available at the beginning

It is also interesting to note that, despite the small changeof the simulation and fewer nucleation mode particles are
in Aitken MNC, the average droplet/particle number concen-formed. The convection is less intense and both the average
tration at 10.4 km changes by over 10% in a majority of the and maximum precipitation rate are substantially lower. The
D simulations. The explanation may be that the ice nucleitransport of Aitken mode particles to the free troposphere is
number is not calculated using the explicit aerosol modulealmost the same, or somewhat weaker, compared to the ref-
(cf. Sect. 2.2). Hence, processes that will have a crucial inerence case. Lower vertical wind speeds also result in lower
fluence on the number of ice crystals formed are e.g. upirace gas concentrations at 10.4km. For both G cases, the
draft velocity, relative humidity and temperature and not thetotal condensed 80O, after 3 h of simulation is almost un-
Aitken MNC. affected.
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Fig. 11b. Average (both horizontally and over 3 h of simulation)
RE B ® i i effective rain drop radius, ice particle radius and graupel radius at
400 m, 10 km and 8 km, respectively. Also shown in the figure are
| | | | . .« . . . .
0 20 20 60 80 100 the maximum and minimum horizontally averaged effective radii
radius (um) simulated over the 3-h period.

Fig. 11a. Average (both horizontally and over 3 h of simulation) ) ) ) )
effective cloud droplet radius at cloud base (2.0km). Also shown©f aerosols or condensation 0b8ICy is considered. In this

in the figure are the maximum and minimum horizontally averagedcase, the average droplet radius-45.m. Fewer particles

effective cloud droplet radius simulated over the 3-h period. are available as CCN and hence the existing droplets may
grow larger.

The smallest cloud droplets are found in the E3 and H3

4.7 Hydrometeor properties cases. In both these simulations, more CCN are available

compared to the reference simulation and the average droplet
Besides the upper tropospheric distributions of aerosols andadius decreases to 14 and/Ai&, respectively. The average
chemical species, the characteristics of the cloud droplets androp radius for rain at the lowest model level (400 m) is also
precipitation particles can also be changed by altered descripsmaller in the E3 and H3 simulations. Compared to the refer-
tions of physical and chemical processes. Figure 11 showgnce case, the falling raindrops below the cloud decrease by
various hydrometeor characteristics for a selected number a87% and 7%, respectively. Consistently with this result, rain
sensitivity simulations (the selected cases are the ones wherrops higher up in the cloud (e.g. at 7.2km), are in the E3
a clear difference in the Aitken MNC at 10.4 km compared and H3 simulations smaller (23% and 5%) than in the ref-
to the reference case was obtained, as well as the case whegeence simulation and graupel particles at 8 km altitude are
the initial Aitken MNC was increased by a factor of 100).  also smaller.

Close to the cloud base (at 2km), the average drop ra- At the top of the cloud, the simulated ice particles are ac-
dius over 3 h of simulation is approximately 2én for the  tually slightly larger over the 3 h simulation period in the E3
reference simulation. The largest change in cloud dropleland H3 cases compared to the reference case. More wa-
size is obtained in the A2 simulation where no coagulationter vapor is transported to the top of the cloud, the vertical
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simulation. In all of the sensitivity simulations where the
onset of the rain is later compared to the reference simula-
tion, there are generally fewer particles available to constitute
CCN, the cloud is less developed, and the rainfall also termi-
nates sooner. One exception is the D7 case, where actually
more Aitken mode particles are available at the beginning of
the simulation (a concentration which is not unrealistic for
polluted urban air). In this case, the particles with smaller
sizes are so numerous that they cannot grow efficiently to be-
come CCN. For the D1, E3 and H3 simulations, where more
CCN are available throughout the simulation and the con-
vection is more intense, the graupel and ice formation occur
earlier than in the reference simulation. The amount of sur-
face precipitation is also substantially larger compared to the

rain at 4.8 km ice at 10 km graupel at 6.8 km

H3 H3

H3

D7

T

D7

H1 H1

G2 G2

E3 E3 reference case (cf. Figs. 6, 8 and 9). Another interesting re-
5 sult for the D1, E3 and H3 simulations is that the variability
§ D5 D5 in the ice particle radius during the integration is much larger
E compared to the other cases (cf. Fig. 11b). The reason is most
2]

likely that the updraft velocity is stronger when the convec-
tion is more intense, which allows a more efficient growth
of the ice crystals, and also that more ice particles can form
in the upper part of the cloud than in the other cases. As a
result, a large variability in the ice particle radius is obtained.

D1 D1

A3 A3

111
aini

A2 5 Conclusions

The role of convection in introducing aerosols and promot-
ing the formation of new particles to the upper troposphere
has been examined using a cloud-resolving model coupled
with an interactive explicit aerosol module. The size dis-
tribution of aerosols is an important factor in determining
2 2 0 2 the aerosols’ fate within the convective cloud. Accumulation
time (hrs) time (hrs) time (hrs) mode aerosols, as ideal CCN, are removed almost completely
by the heavy precipitation within the modeled storm cloud.
Fig. 12. Time for onset and termination of rain, ice and graupel Nucleation mode aerosols grow fast due to coagulation of
formation at 4.8 km, 10 km and 6.8 km, respectively. aerosols and condensation 0f$0, and are in addition ef-
ficiently scavenged by falling precipitating drops. Hence,
there is only a small part of the population (concentrations
wind speed is higher and the ice particles can grow more efof a few particles per cf that reaches the free troposphere.
ficiently. This result is in contrast with the findings by e.g. Aitken mode aerosols are to some extent removed by nucle-
Sherwood (2002) who using satellite-retrieved data found aation scavenging, but the particles in the lower part of the
negative correlation between aerosol optical depth and ic&ize range are not efficient as CCN and are thus transported
crystal radius at the top of convective clouds. to the top of the storm cloud. Once in the free troposphere,
Previous model studies have indicated that convective preAitken mode particles may grow over time and are eventually
cipitation may be suppressed as a result of higher atmoavailable as effective CCN and IN. In the model simulations,
spheric aerosol loading (e.g. Phillips et al., 2002). Andreaeup to 10% of the Aitken mode particles in the boundary layer
et al. (2004) observed substantial changes in precipitatiomeach the anvil of the cloud.
amount and precipitation characteristics during periods of A set of 34 sensitivity simulations performed, using var-
heavy smoke over the Amazon basin. However, no firm con-ous physical and chemical settings as well as different ini-
clusion could be drawn if the increased particle amount re-tial aerosol concentrations and chemical compositions, indi-
sulted in a net positive or a net negative precipitation changecates that critical processes in the model causing a substan-
The onset of the rain occurs at about the same time in altial change in the upper tropospheric Aitken MNC (between
of the simulations (Fig. 12). It starts somewhat later in sim-ten and several hundred percent) are coagulation of aerosols,
ulations Al, A2, D5, G2, H1 and D7 than in the reference condensation of bS50y, nucleation scavenging, nucleation

Al

1
=
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Py
o'

H

o
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IN

Atmos. Chem. Phys., 4, 773-791, 2004 www.atmos-chem-phys.org/acp/4/773/



A. M. L. Ekman et al.: Explicit simulations of aerosol physics in a cloud-resolving model 789

of aerosols, and also the transfer of aerosol mass and nunthe ground. In the present study, the simulated ice particles
ber between different aerosol bins. Less important processés the free troposphere are actually somewhat larger if the
are dry deposition, impact scavenging, and the initial verticalaerosol concentration in the boundary layer is high. How-
distribution and concentration of aerosols. ever, the average radius of cloud droplets, rain droplets and
Coagulation of aerosols is the major pathway in the modelgraupel particles becomes smaller. In the present model, the
for production of Aitken mode particles. When this process aerosol module does not predict the number of available par-
is shut off, the production of CCN is reduced by several or-ticles for ice nucleation (cf. Sect. 2.1). Hence, the growth of
ders of magnitude. No vigorous convection is initiated as aice crystals in the upper part of the cloud is more dependent
result, which means that condensation 8@, onto parti-  on the vertical velocity, temperature and most importantly
cles cannot alone produce enough new CCN. Omitting conwater vapor supply, than on the aerosol concentration in the
densation in the model also results in a slower growth ofboundary layer. For future studies, the number of available
small particles and the convection becomes weaker than imce nuclei will just as the number of CCN be predicted by the
the reference simulation, but not as weak as if coagulation ofierosol module.
aerosols is left out of the model. A noticeable variation in the development and characteris-
The simulation of nucleation scavenging in the presenttics of the convection has been found in all of the sensitivity
model version is size-dependent, and the calculation of thesimulations. In order to sustain a vigorous storm cloud, the
critical radius for activation of particles appears to be of ma-supply of CCN must be continuous over a considerably long
jor importance to the modeled results. If the critical acti- period during the simulation. Hence, the treatment of the
vation radius is decreased by a factor of 10 in the modelgrowth of particles is in general much more important than
the characteristics of the cloud becomes substantially differthe initial aerosol concentration itself. Another alternative
ent and the Aitken MNC in the free troposphere decreasegor sustaining the CCN concentration within the model area
by nearly 90% compared to the reference case. In additioncould be by a maintained supply of aerosols from outside the
use of the empirical method for the calculation of nucleationmodel domain. However, it is also crucial that enough CCN
scavenging leads to a decrease of the Aitken MNC at 10.4 knare available at the beginning of the simulation for the actual
by more than 10%. initiation of the convection. Otherwise, the cloud develop-
The present study shows that the parameterized rate of nunent becomes slow, vertical wind speeds weak and precipi-
cleation clearly affects both the upper tropospheric Aitkentation amounts low. In addition, although not having a sub-
MNC and ice particle/droplet number concentration (andstantial effect on the upper tropospheric Aitken MNC, chang-
hence the overall cloud development). Atmospheric nucle4ng the initial atmospheric aerosol concentration results in a
ation is still a poorly known process. For instance, it has beerchange in surface precipitation and vertical wind speeds of
shown that observed nucleation rates frequently exceed thosgp to 50-70%, and this is consistent with a recent study us-
predicted by sulfuric acid-water nucleation theories and lab-ing the same cloud-resolving model but simpler aerosol mod-
oratory measurements (Weber et al., 1997; Covert et al.ule (Wang, 2004a, b). No straightforward relationship be-
1992; Viisanen et al., 1997; Clarke et al., 1998; Kulmala ettween the initial atmospheric aerosol loading and the amount
al., 1998b; O’Dowd et al., 1999; Birmili and Wiedensohler, of precipitation could be found, but in case of a continuously
2000). higher supply of CCN, the total surface precipitation amount
Due to the possible overlap of different modes of aerosolsgenerally increases. These results all suggest further research
“remapping” aerosol size distribution by allowing transfer of on the effect of anthropogenic aerosol on convective clouds
aerosols from one mode to another is a common and necesnd precipitation.
sary procedure in aerosol models of modal type. The set of
sensitivity simulations aiming at the transfer of particles be-AcknowledgementsiVe would like to thank M. Barth and one
tween the different sulfate modes indicate that certain degre8°nymous reviewer for valuable comments on the manuscript.
of cautiousness should be applied for this procedure. Even he f'rSF author would like to than_k the Knut and Alice Wallgnberg
. . . oundation postdoctoral fellowship program on sustainability and
relatively small change in assumed mass transfer limit (from,
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is dependent on the calculation of the diameter of average
mass (which determines the shape of the distribution funcEdited by: B. Karcher
tion) and an error in this calculation by a factor of two causes
substantial changes in the cloud development.
Previous studies (Sherwood, 2002; Phillips et al., 2002)
have suggested a negative correlation between ice crystal size
at the top of a convective cloud and aerosol loading close to
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