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ABSTRACT

A detailed spectral microphysics and scavenging model coupled to a dynamic framework
describing a medium-sized convective cloud has been used to simulate the evolution of different
clouds forming precipitation sized drops in a marine air mass. The resulting drop spectra entered
a radiation code to yield the up- and downdwelling radiative fluxes, the cloud optical depth
and the cloud albedo. If we start from the scenario that in a perturbed marine environment the
number of small aerosol particles has doubled, this can increase the albedo of a cloud forming
in this air mass of about 5% with respect to clouds forming in unperturbed conditions. This
capacity to increase the cloud albedo, however, is not persistent. The cloud itself changes the
particle spectrum. The smallest aerosol particles are reduced by impaction scavenging. The
particles between 0.01 um and 0.1 pm are depleted due to the fact that they serve as CCN and
grow through in-cloud processes. Here, our studies have shown, however, that growth due to
absorption and oxidation of gases (e.g., SO,) plays a minor role and that collision and coales-
cence of drops is the dominant growth mechanism in a region with low gas concentrations like
the remote oceans. As a result, an aerosol particle spectrum which has gained small particles
due to an enhanced production of new particles seems to relax back to a spectrum similar to

the previous undisturbed after cycling through some repeated cloud events.

1. Introduction

A large part of the earth’s oceans is covered by
shallow boundary layer clouds such as stratus or
stratocumulus. They reflect parts of the incident
short-wave solar radiation. At the same time they
absorb and emit again long-wave terrestrial radi-
ation. Thus, they represent an important aspect
for the earth’s climate. Currently, an anthropo-
genic change of their climate forcing is being
discussed. For the marine boundary layer clouds
it has been suggested that an enhanced dimethyl
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sulphide production by the ocean might lead to
an increase in concentration of small aerosol
particles, increasing the number of small cloud
droplets formed, and, thus, increasing cloud albedo
(Charlson et al, 1987). This enhanced cloud
albedo might help to counteract the anticipated
global warming due to greenhouse gases (IPCC,
1995). An effect of anthropogenically altered aero-
sol particle spectra on cloud albedo has been
documented already for the case of shiptracks,
e.g., by Ackerman et al. (1995).

However, an increase in number of small par-
ticles will also initiate a number of other processes,
among those, e.g., coagulation of aerosol particles.
But also clouds can be anticipated to affect the
atmospheric aerosol particle spectrum. The larger
particles will serve as cloud condensation nuclei
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(CCN) and the very small particles will be cap-
tured by drops due to brownian motion. Thus,
even though the increased number of particles
might alter clouds and their albedo, the clouds in
turn will change the particle spectrum. Such a
modification has been observed already for non-
precipitating boundary layer clouds, e.g., by
Hoppel et al. (1990) and Hoppel and Frick (1990).
They could attribute a minimum in the particle
spectrum in the range between 0.01 um and 0.1 um
to the cycling of marine boundary layer air
through shallow non-precipitating clouds.

The goal of this work is to study the interaction
of marine clouds and the input and output aerosol
particle spectrum on cloud albedo. Even though
this interaction is proposed by Charlson et al.
(1987) for marine stratiform clouds, the process
should be active in all types of clouds. Thus, we
have chosen as a first step to study the phenom-
enon for a shallow precipitating cumulus described
by a simple parcel model dynamics and have
coupled to this our spectral scavenging and micro-
physics model. The resulting drop size distribu-
tions have been used as input for the two-stream
calculations in the radiation model of Zdunkowski
et al. (1982) to estimate cloud albedo and optical
thickness. Then, the cloud was evaporated and
the residue aerosol particle spectrum was used as
the input spectrum for a new cloud cycle. The
modified microphysical and radiative properties
of the cloud were studied.

The approach of coupling a simple parcel model
with a spectral microphysics and radiation model
has been tested already with data from the
North Atlantic Regional Experiment (NARE)
(Hatzianastassiou et al., 1997). In the present
paper this approach was further compared with
results from a more sophisticated dynamical
framework, i.e., with the results of a 2-D model.

2. Model description

The model results presented here make use of
three different modules. The first one is a dynamic
module which is either a parcel model (0-D) or a
2-D model. Interactive with the dynamic frame-
work the microphysical module is iterated. A
radiative module then calculates «off-line> the
radiative properties of the cloud. We will first
present the modules for microphysics and radi-
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ation common to both approaches and then their
coupling into the different dynamic frameworks.

2.1. The microphysics module

The basic framework employed in the present
study is the module DESCAM, i.e., the detailed
scavenging and microphysical model as discussed
in Flossmann et al. (1985, 1987). There, the aerosol
particles are treated in a spectral form. Apart from
dynamical processes, the number of particles of a
certain size changes due to activation to drops,
due to size changes resulting from humidity
changes, and due to impaction scavenging by
drops. The nucleated drops then grow by con-
densation or evaporate, collide and coalesce, and
eventually break up. During their lifetime they
further scavenge particles and the scavenged pol-
lutant mass is redistributed through the micro-
physical processes. The extension of this
microphysical and scavenging model to the scav-
enging of two different types of aerosol particles
(e.g., (NH,),SO, and NaCl for marine air masses)
is described in Flossmann (1991) and the inclusion
of effects of gaseous H,O, and O; on the uptake
and oxidation of SO, was presented in Flossmann
(1994). Currently, the model contains prognostic
equations for 11 distribution functions as summar-
ised in Table 1. For further details on the terms
changing the density distribution functions see
Flossmann et al. (1985) and Flossmann (1994).

2.2. The radiation module

The radiation model used is described by
Zdunkowski et al. (1982) and has already been
applied in connection with DESCAM in
Hatzianastassiou et al. (1997). It treats the mul-
tiple scattering with a practical improved flux
method (Zdunkowski et al., 1980) for the solar
spectrum and the atmospheric window region. For
the remaining infrared spectrum an extended emis-
sitivity method is used, taking into account all
overlapping effects and grey clouds. The accuracy
of this method is discussed by Zdunkowski and
Breslin (1979). The model incorporates the effects
of atmospheric water vapour, carbon dioxide,
ozone, pollution gases such as NO,, as well as
dry air and aerosol particles. The spectral integra-
tion is made in six spectral intervals covering the
short wave (SW) and infrared (IR) regions. The
optical properties of atmospheric gases permit the
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Table 1. 11 density distribution functions as used in the DESCAM model with m being the drop mass and
m4p being the aerosol particle mass; the drop and aerosol particle categories are logarithmically equally
spaced with a mass doubling every second category

Density No. classes,
distribution minimum and
function maximum radius
fa(m) drop number density distribution function 69, 1 um—-2580 pm

8 APd,(NH,) 2504("”)
gapd.Nac1 (M)
86 (m)
86d.s(6)(M)
8Gd.H,0, (m)
86d.03(M)

mass density distribution function for (NH,),SO, particles in the drops
mass density distribution function for NaCl particles in the drops

mass density distribution function for the sulfur species S(4) in the drops
mass density distribution function for the sulfur species S(6) in the drops
mass density distribution function for H,O, gas in the drops

mass density distribution function for O; gas in the drops

69, 1 pm—2580 pm
69, 1 pm—2580 pm
69, 1 pm—2580 pm
69, 1 pm—2580 pm
69, 1 um—-2580 pm
69, 1 pm—2580 pm

aerosol particle number density distribution function for (NH,),SO,

Sapa,(viy,50,(Map)  particles in the air

81, 1073 um—10 pm

aerosol particle number density distribution function for NaCl

fapa.Nac1(Map) particles in the air

81, 1073 um—10 pm

the mass density distribution function for (NH,),SO,

gAPa,(NH,),50,(Map)  particles in the air

8apa.Nac1(Map)

the mass density distribution function for NaCl particles in the air

81, 103 um—10 pum
81, 1073 um—10 pm

splitting of the IR emission spectrum into two
major spectral intervals. In the window region
(8.75-12.25 um) the gaseous absorption is rela-
tively weak so that scattering effects by particles
are considered. In the remaining IR spectral inter-
val (3.7-8.75 and 12.25-100 pum), scattering effects
are neglected owing to the dominant gas and
droplet absorption. The complexity of the solar
absorption of atmospheric gases as well as the
significant wavelength dependence of droplet
absorption, require the subdivision of the SW
spectrum into four intervals: (0.28—1.0 pm),
(1.0-1.53 um), (1.53-2.2 um) and (2.2-6.0 um).
The model requires also the extinction and absorp-
tion coefficients as well as the asymmetry factor
of the phase function for the water droplet and
the aerosol particle spectra. These quantities are
derived by Mie calculations for the droplet and
aerosol particle spectra of the DESCAM output.
The composition of the cloud particles is taken
into account through the calculation of the refract-
ive indices (real and imaginary) for the individual
components of each cloud constituent (see
Hatzianastassiou et al., 1997).

2.3. The microphysical and radiative module in the
air parcel framework

The dynamics of the rising and entraining air
parcel and its coupling to the DESCAM module

has been described, e.g., in Flossman et al. (1985).
The combination yields the dynamic, thermodyn-
amic and microphysics every 2 s which represents
the time step chosen. The resulting cloud droplet
and aerosol particle spectra were stored every
100 s to yield the input for the radiation module.
Thus, the grid spacing for the radiation module
changes. It is equal to 50 m for the first 1000 m in
the sub-cloud region next to the ground. In the
cloud region which extends from 1000 m to 4100 m
the grid distance changes so that the radiation
code levels correspond to the altitudes where the
droplet spectra were stored. Above the cloud
region up to 59 km the grid distance increased.

In order to study the processing of the aerosol
particle spectrum by the cloud, both, the cloud
droplet spectrum and the moist interstitial aerosol
particle spectrum at 4100 m where the ascending
motion came to a halt were stored. For each size
bin the residual aerosol particle mass after com-
plete and instantaneous evaporation was calcu-
lated following:

m _ Zapa(m)
AP,res fd (m) B

for the drops, and

garal(Map)

MAp.in =
APin Sara(Mgp)’
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for the interstitial aerosol particles. Assuming a
spherical equivalent radius the combination of
dried-off interstitial aerosol particles and cloud
residues yields a new initial dry aerosol particle
spectrum. Before introducing this aerosol particle
spectrum into a new cloud cycle the particles
larger than 4 pm are removed in order to correct
for the processes of sedimentation disregarded so
far in the parcel model dynamics.

2.4. The microphysical and radiative module in the
2-D framework

The slab-symmetric dynamic model employed
in the present study is a two-dimensional version
of the three-dimensional model developed by
Clark and co-workers (Clark, 1977, 1979; Clark
and Gall, 1982; Clark and Farley, 1984; Hall,
1980). The coupling of DESCAM with this
dynamic framework is discussed in Flossmann
and Pruppacher (1988). For the model results
presented here, however, the gas phase concentra-
tions were set to zero and only the interaction of
drops and aerosol particles was studied. The model
covered a domain of 10 km in the vertical and
20 km in the horizontal. The grid spacings were
Az=200m and Ax=400m resulting in 52 x 52
grid points. The overall time step was At =5 s with
a possible reduction in the condensation routine.
The time step represents a compromise between
rapid processes like cloud microphysics and turbu-
lence and the computational effort to integrate
such a large model over a 1-h time period. The
1-D radiation model was then applied to a cut
through the model domain at x=12.8 km. It uses
the same grid spacing as the dynamic model up
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to 10 km. Above the grid spacing was the same as
for the parcel model framework.

3. Initial conditions

3.1 For the parcel model dynamics (0-D)

The initial vertical profile for temperature and
humidity for the medium sized cumulus cloud was
the one used already by Lee et al. (1980). The
initial dry aerosol particle spectrum for the refer-
ence case A was assumed to be of maritime type
consisting of a superposition of three log-normal
distributions as proposed by Jaenicke (1988).

dN _ nr
m—fAPa(n')
3 n
X ex <_M> 0
P\™ 2(logay /)

The parameters we used pertain to a typical
marine air mass taken from Jaenicke(1988) and
are summarised in Table 2. All particles were
assumed to consist of 100% (NH,),SO,. The
authors are aware of the fact that this assumption
is not completely true for the marine aerosol
population. As was already detailed by Fitzgerald
(1991) the large marine particles are composed of
sea salt while the small one consist of sulphate.
We have, however, decided to simplify the scenario
essentially for two reasons. First, the solute effect
for aerosol particles in equilibrium with an atmo-
sphere almost or at saturation is rather small.
Second, our interest in the current study is the
cycling of particles through more than one cloud

Table 2. Parameters for the maritime aerosol particle distribution as given in eq. (1) for the air parcel

dynamics
Mode i n; R; log o; Chemical compound Case A Case B
1 133 0.0039 0.657 (NH,),SO, 1xny 2 x1ny
66.6 0.1330 0.210 (NH,),SO, 1xn, 1xn,
3 3.06 0.2900 0.396 (NH,),SO, 1 xn; 1xny

n;=total number of aerosol particles per cm?; R;=geometric mean aerosol particle radius in um; o;=standard
deviation in mode #; chemical composition of the aerosol particle modes; the number concentrations as used in case

A and B detailed in Table 4.
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event. Considering different chemical composi-
tions would create heterogeneous particles with a
different degree of mixing complicating signific-
antly the calculation for a second cloud event.
Thus, we deliberately reduced the particles to
consist only of sulphate. The concentration of
gases were set to 0.5 ppb(v) for SO, and H,O,
and 30 ppb(v) for O;. The model parcel was
launched at 900 mb (=1000 m) with an initial
relative humidity of 99% and a vertical velocity
of 1 m/s. Several sensitivity tests were performed
using modified parameters for eq. (1) (case B) or
the processed particle spectrum after one cloud
cycle (cases E, F, G, H). The details are summar-
ised in Table 3.

The radiation model was initialised with the
same temperature and humidity profiles as the air
parcel model. Apart from the cloud droplet also
an aerosol particle spectrum and trace gases (CO,,
NO,, O;) inside and outside the cloud region
were considered. The aerosol particle spectra
inside the cloud were the ones calculated from the
microphysical model at the corresponding height.
The vertical aerosol particle profiles outside cloud

Table 3. Summary of the cases considered

N. HATZIANASTASSIOU ET AL.

were taken from the initial conditions. The Oj
distribution was taken from Craig (1965) and a
constant CO, concentration with height was used,
as in Zdunkowski et al. (1982). The pollution gas
NO, was taken as 0.2 parts per million at the
surface and decreasing linearly within the first
1000 m, and zero concentration above. The surface
temperature was set to 295.15 K. The surface
emissivity was set to 0.98 (the mean emissivity
value for water and ocean surfaces). The ground
albedo over water was set to 0.1. The radiation
code was initialised for 50° latitude and for the
Julian date 212 (30 July) at 12.00 UTC.

3.2. For the 2-D model dynamics

The initialisation of the present model is the
same as that in Flossmann (1998): The sounding
was taken at day 261 (18 September 1974) of the
GATE campaign at 12 GMT. Our 2-D model
domain was oriented north-south, as this was the
main wind direction. In the lowest 2 km and above
6 km the wind was southerly while in between the
wind was northerly. The initial dry aerosol particle

Case Dynamics Input aerosol particle spectrum
A 0-D maritime
B 0-D maritime, 2 X n,
C 2-D maritime
D 2-D maritime, 2 x ny, 2Xn,
E 0-D dried-off particle spectrum after 1900 s from case A
F 0-D dried-off particle spectrum after 1900 s from case B
50% dried-off particle spectrum after 1900 s from case A and 50% initial particle spectrum
G 0-D from case A
50% dried-off particle spectrum after 1900 s from case B and 50% initial particle spectrum
H 0-D from case B

Table 4. Parameters for the maritime aerosol particle distribution as given in eq. (1) for the 2-D dynamics

Chemical H; Case C Case D
Mode i n; R; log o; compound (400 m) (>400 m) (>400 m)
1 133 0.0039 0.657 (NH,),SO, 3000 1xny 2xny
2 66.6 0.1330 0.210 (NH,),SO, 3000 1xn, 2Xn,
3 3.06 0.2900 0.396 NacCl — 0xng 0xny

n;=total number of aerosol particles per cm?; R;=geometric mean aerosol particle radius in pm; o;=standard
deviation in mode i; chemical composition and scale height H; (m) of the aerosol particle modes; the number
concentrations above 400 m altitude for the cases C and D of Table 4.
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Table 5. Albedo and cloud optical thickness for 2
different times calculated with the radiation model
for the cloud properties resulting after 200 s and
1900 s simulation time for case A and case B

Case A/ Case A/ Case B/ Case B/
0-D 200 s 1900 s 200 s 1900 s
A 0.56 0.57 0.61 0.64
T 11.05 17.06 14.37 24.61
200 ey T
(a)
t=200s 4
N,=85 cm
'T‘/\
£ 100 [ .
N7
Q-'D
0 A saanl 2 L L
1 10 100 1000 10000
radius a (um)
0.8 T —r-rrrem
(©
=200s |
w,=0.32 gm
i
5 04 F E
3
o0
0‘0 JI \- sl '] Ald
1 10 100 1000 10000

radius a (um)
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spectrum was again given by eq.(1). The two
small modes i=1 and 2 were assumed to consist
of (NH,),SO, particles and the large mode i=3
was set to hold only NaCl particles. The para-
meters are summarised in Table 4. This aerosol
particle size distribution was assumed to exist
homogeneously throughout the MBL (marine
boundary layer), i.e., in the lower 400 m for the
cases considered. For the height dependency above
the MBL 2 different scenarios were studied. In the
Ist case (case C), the (NH,),SO, particles were
assumed to decrease exponentially with height

2 T T A
(b)
t=1900s _
N=2 cm
(T/'\
g1} ]
2
Q_-U
0 '8 il L oaseal 41 aang
1 10 160 1000 10000

radius a (um)

2 1 v n
=1900s  _
w=152gm"

z
&b
AN

O iy fUTTTY TS MY
1 10 100 1000 10000
radius a (um)

Fig. 1. Cloud drop number density distribution function f3(m) and cloud water mass density distribution function

g, for case A after 200 s and 1900 s of cloud life time.
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with a scale height of 3 km while the NaCl particles
were assumed to be zero above the boundary
layer. In the second case (case D) the (NH,),SO,
particles above 400 m were doubled with respect
to case C while the NaCl concentration was still
assumed to zero. The parameters are summarised
in Table 5.

The cloud was driven by a surface sensible and
latent heat flux as a percentage of the incoming
solar radiation. The method is described in
Flossmann (1991). The radiation model was ini-
tialised in the same way as for the parcel model
calculations. Only the date was adjusted, the latit-
ude was set to 9% and the surface temperature
to 301 K.

4. Model results

When the air parcel was launched for the refer-
ence case A at 1000 m it immediately reached
saturation and then supersaturation. A cloud
formed on about 85 condensation nuclei per cm?
(Fig. 1a). During the ascent of the air parcel the
processes of condensation, collision-coalescence,
break-up, impaction scavenging, gas scavenging,
oxidation and entrainment changed the droplet
spectrum. When the parcel lost its buoyancy and
came to a halt at around 4100 m after 1900 s of
life time the drop spectrum had a liquid water
content of 1.52 g/m>® mainly comprised in the
precipitation sized drops (Fig. 1b, d).

In order to study the maximum change imposed
on the considered aerosol particle spectrum by
the cloud cycle we have instantaneously dried the
cloud hydrometeors and re-established a modified
aerosol particle distribution. This size distribution
is a composite of the evaporated cloud residues
and the never-activated interstitial aerosol
particles.

Fig 2 shows the initial aerosol size distribution
and the distribution modified by the cloud event.
We find several modifications in different size
ranges. The very small particles have decreased
due to impaction scavenging by cloud drops (due
to brownian motion which is especially important
for small aerosol particles). In the size range
between 0.01 and 0.1 pm radius we find an import-
ant gap in the distribution. It is caused by the fact
that all aerosol particles larger than 0.012 pm have
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Fig. 2. Initial dry aerosol particle spectrum (dashed line),
interstitial dry aerosol particle spectrum at 1900 s (dash
dot line) and drop residual aerosol particle spectrum at
1900s (solid line) as a function of the dry particle
radius.

been activated to form drops. The low activation
size is due to the evolution of the supersaturation.
Directly above cloud base the supersaturation
achieved 0.6% dropping rapidly to values well
below 0.3%. Only below cloud top the supersat-
uration increased again dramatically to values
above 1% caused by the collision-coalescence
effect reducing significantly the drop surface for
vapour deposition. Thus, after 1900 s all particles
larger 0.012 um have activated to drops and have
grown to particles of 0.1 pm and above. This
growth is caused by in cloud processes such as
collision/coalescence, impaction scavenging and
gas uptake. We found for our present study with
low gas concentrations in a remote marine envir-
onment, however, that the contribution of SO,
uptake and oxidation to the in-cloud particle
growth was negligible. This is in agreement with
our earlier studies (Flossmann et al, 1987).
Consequently, the effects of gas uptake will be
neglected in the remaining discussion.

The sharp lower and upper limits of the gap
are model-induced. The lower limit at 0.01 pm
results from the fact that only one volume of
homogeneous particles is considered neglecting
heterogeneous mixing effects (Baker et al., 1980).
The upper limit at 0.1 um results from the fact
that inside one drop class only the total aerosol
particle mass is followed loosing the information
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Table 6. Albedo and cloud optical thickness for case
C and case D calculated with the 2-D dynamic
framework after 45 min of simulation time (19 min
of cloud life time)
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Table 7. Albedo and cloud optical thickness for 2
different times calculated with the radiation model
for the cloud properties resulting after 200 s and
1900 s simulation time for case E and case F

2-D Case C Case D Case E/ Case E/ Case F/ Case F/
0-D 200 s 1900 s 200 s 1900 s
A 0.52 0.56
T 11.72 14.0 A 0.35 0.5 0.44 0.60
T 4.08 9.93 6.37 17.28
5. ! ! 1 1 ! L L ! ]
(@
4 L
_— 3'—— r
w
2._ L
1'_. L
0. T T 1 ¥ 1 T T T li
8 9 10. 11 12, 13. 14. 15. 16. 17. 18
x (km)
5.- | 1 | | 1 1 | | l
®)
4] L
34 -
X
2__ L
1 -
0. T T [} T T 1 T T T
8 9 10 11. 12 13 14 15 16. 17 18

x (km)

Fig. 3. Drop number concentration in #/cm? after 45 min of model time (19 min of cloud life time) for case C (a) and
case D (b) considered; contour spacing 10 #/cm?; the outmost contour line is 1 #/cm?; the shaded area is the visible

cloud (¢, >0.1 g/kg).
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about the original size. Thus, drying a drop class
results in a monodisperse aerosol.

Even though the sharp edges of the gap are
induced by the model architecture we are con-
vinced that the existence, position and approxi-
mate size of the gap is realisticc. Numerous
measurements of cloud modified marine particle
spectra have confirmed this so-called «Hoppel
minimum> (Hoppel et al, 1990; Hoppel and
Frick, 1990).

Concerning the cloud processed aerosol particle
spectrum we can see that a redistribution of the
aerosol particle mass took place. The number of
small particles has decreased and the number of
large particles consequently increased due to an
effective collision-coalescence process going on
between the drops. This process also is reflected
in the cloud drop spectrum at 1900 s (Fig. 1b, d).
The dried-off aerosol particles of as large as 40 um
in Fig. 2 are, however, an artefact of the parcel
model which does not allow to consider the effect
of sedimentation.

The resulting cloud radiative properties for this
case A are summarised in Table 5.

In an attempt to study the effect of an increasing
number of small aerosol particles on the develop-
ment of the precipitating cloud and its radiative
properties, we have doubled the number of par-
ticles in the first mode (case B). As could be
expected (Charlson et al., 1987) the number of
small droplets formed almost doubled (159 cm 3
instead of 85cm™3 at 200s). Thus, an albedo
results which is 5% larger than the one of the
reference case (Table 5). Also, the optical thickness
increased significantly. Consequently, we confirm
that an increase in the initial number of aerosol
particles smaller than 1 pm results in an increase
in cloud albedo. The time and amount of precipita-
tion formed, however, did not change significantly.

In order to verify that this result is not an
artefact of the parcel model geometry, we did a
similar study in the 2-D model framework (case
C). The model simulation started at 12 GMT.
After 26 min of model time a cloud had formed.
After 14 min of cloud life time the first rain fell
from cloud base and after 19min of cloud life time
the first rain reached the ground. Fig. 3a displays
the cloud drop number distribution for the case
C after 19 min of cloud life time. Fig. 3b gives the
distribution for an enhanced number of small
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particles (case D). We see confirmed that the
number of droplets formed has significantly
increased. Fig. 4 shows the rain rate for the two
cases C and D. We see that the evolution of the
rainfall is still quite similar. This can be attributed
to the fact that for both cases the initial aerosol
particle distribution stays in the range of typical
marine concentrations which easily form precipita-
tion (compare Flossmann (1998)).

The resulting radiative properties for case C
and D can be found in Table 6. Here, we observe
an increase of cloud albedo and optical thickness
in the same order of magnitude as the parcel
model calculation (compare Table 5), the dimen-
sion of the cloud in the 2-D framework being
similar (~3000 m) to the one calculated with the
parcel model. Thus, we can conclude that despite
its simplifying geometry the parcel model is
adequate for the type of problem to be studied.
Thus, for the following sensitivity studies again
the parcel model framework will be used.

In order to study the possible effect of clouds
on the processing of aerosol particles we have
re-introduced the dried-off aerosol particle distri-
bution after the cloud event simulated with the
air parcel model in case A and B into a new cloud
cycle (case E and F). Fig. 5 gives f; and g,, for the
2nd cloud cycle for cases E and F. In general, we
see that the number of drops in the second cloud

20 —

case C, R=1.71 mm

4 i case D, R=1.66 mm

rain rate (mm/hr)
S
|

40 45 50 55 60
time (min)

Fig. 4. Time evolution of the rain rate in mm/hr, for the
cases C and D considered; R is the total precipitation
(mm).
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Fig. 5. Cloud drop number density distribution function f;(m) and cloud water mass density distribution function
g, for case E (a and b) and F (c and d) after 200 s (solid line) and 1900 s (dashed line) of cloud life time.

cycle is significantly reduced with respect to the
first. This is mainly due to the precipitation in the
first cloud. It accumulated a large number of

Table 8. Albedo and cloud optical thickness for 2
different times calculated with the radiation model
for the cloud properties resulting after 200 s and
1900 s simulation time for case G and case H

Case G/ Case G/ Case H/ Case H/
0-D 200 s 1900 s 200 s 1900 s
A 0.52 0.58 0.57 0.62
T 8.62 15.15 11.1 20.21

Tellus 50B (1998), 5

particles in the large drops. The resulting “tail” in
the evaporated particle spectrum (Fig. 2) was trun-
cated at 4 um before entering a second cloud cycle.
Still, we note that the number of drops formed in
case F remains slightly higher than for the case E,
reflecting the initial conditions of case A and B.
In general, the production of precipitation sized
drops is slightly enhanced in the second cloud
cycle due to the reduced number of drops.

Table 7 gives the resulting radiative properties
of the clouds. The low cloud albedo and optical
thickness indicate the extremes possible in such
precipitating clouds. We can conclude that clouds
process the aerosol particle population in a way
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Fig. 6. Initial dry aerosol particle spectrum for case A
(short dashes), case B (long dashes), case G (solid line)
and case H (dotted line) as a function of the dry par-
ticle radius.

which reduces the total number of particles. This
counteracts an increase of small particle, e.g.. by
new particle production. Naturally, introducing
the processed aerosol particle spectrum directly
into a renewed cloud cycle greatly exaggerates the
effect as normally the processed aerosol particles
mix with the ambient undisturbed aerosol before
serving again as CCN. We tried to take into
account this effect by taking a mixture of 50%
processed aerosol particles and 50% undisturbed
aerosol particles as input for a second cloud cycle
(case G and H). The cloud, then, resembles more
the one for the first cloud cycle (case A and B;
compare Table 5) with respect to the number of
drops formed. Also the radiative properties given
in Table 8 approach those for case A and B
staying, however, below.

It is interesting to note that the cloud radiative
properties of the second cloud cycle of the
enhanced number case H resembles those of the
first cloud cycle of the undisturbed case A indicat-
ing the tendency of clouds to counteract, e.g., an
anthopogenically induced increase of particle
number. This resemblance becomes understand-
able looking at Fig. 6. Here, we see the input
spectra for case A, B, G, and H. Case H approaches
in large parts the reference spectrum A. This is
caused by the choice of parameters for case B and

N. HATZIANASTASSIOU ET AL.

the mixture imposed for case G and H. For
different parameters this result will change, how-
ever, we believe that the tendency will persist.

5. Summary and conclusions

We have simulated with our DESCAM model
coupled to a dynamic framework the evolution of
different clouds. The resulting drop spectra then
entered a radiation code to yield the up- and
downwelling radiative fluxes, the cloud optical
depth and the cloud albedo. If we start from the
scenario that in a marine environment the number
of small aerosol particles increases, this can
increase the albedo of a cloud forming in this air
mass of about 5% with respect to the albedo of
clouds forming in an unperturbed aerosol popula-
tion. This capacity to increase the cloud albedo,
however, is not persistent. The cloud itself changes
the particle spectrum. The smallest aerosol par-
ticles are reduced by impaction scavenging. The
particles between 0.01 um and 0.1 pm are depleted
due to the fact that they serve as CCN and grow
through in-cloud processes. Here, our studies have
shown, however, that growth due to absorption
and oxidation of gases (e.g., SO,) plays a minor
role. We have found that already in Flossmann
et al. (1987) and it has been confirmed for this
study (Hatzianastassiou, 1997). This is in agree-
ment with studies of Feingold et al. (1996) who
found that collision and coalescence of drops is
the dominant growth mechanism in a region with
low gas concentrations like the remote oceans.

Thus, cloud processes change the aerosol par-
ticle spectrum in such a way that in a second
cloud cycle the albedo is lower. In the case studied
here, however, the mechanism of precipitation
formation was not much altered as already the
initial particle spectrum produced rain easily.

Consequently, from these preliminary studies
we can conclude that indeed an enhanced number
of small aerosol particles increases cloud albedo
as predicted by Charlson et al. (1987). However,
the clouds themselves work towards a reduction
in particle number, thus, reducing the perturba-
tion. However, more studies are necessary to
quantify the processes and to determine the condi-
tions under which they occur. Also, we have to
keep in mind that the study presented here applies

Tellus 50B (1998), 5
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to a shallow precipitating cumulus cloud. Further
studies for non-precipitating and stratus clouds
need to be made in the future.
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