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A Theoretical Study of the Wet Removal of Atmospheric Pollutants. Part III: The Uptake,
Redistribution, and Deposition of (NH,),SQO, Particles by a Convective Cloud
Using a Two-Dimensional Cloud Dynamics Model

A. 1. FLOSSMANN AND H. R. PRUPPACHER
Institut fur Meteorologie, Johannes Gutenburg Universitat, Mainz, Federal Republic of Germany
(Manuscript received 24 March 1987, in final form 10 November 1987)

ABSTRACT

Our model for the scavenging of aerosol particles has been coupled with the two-dimensional form of the
convective cloud model of Clark and Collaborators. The combined model was then used to simulate a convective
warm cloud for the meteorological situation which existed at 1100 LST 12 July 1985 over Hawaii; assuming
an aerosol size distribution of maritime number concentration and of mixed composition with (NH;);SO, as
the soluble compound. A shallow model cloud developed 26 min after the onset of convection leading to
moderate rain which began after 45 min and ended after 60 min. Various parameters which characterize the
dynamics and micophysics of the cloud, as well as the scavenging mechanism taking place inside and below
the cloud were computed during the cloud development. The computation showed that: 1) the scavenged aerosol
mass became redistributed inside the cloud water as the cloud grew, whereby the main aerasol mass scavenged
always remained associated with the main water mass in the cloud; 2) in-cloud scavenging of aerosol particles
was mainly controlled by nucleation while impaction scavenging played a negligible role; 3) below-cloud scav-
enging, which is caused by impaction scavenging, contributed only 5% to the overall particle scavenging and
contributed about 40% to the aerosol mass in the rain on the ground; and 4) the sulfur concentrations inside
the rain water were found to be reasonable as compared to observations available in literature, considering that
the present model does not yet include the effects of SO, scavenging.

1. Introduction

Wet removal by clouds and precipitation plays an
important role in the distribution and concentration
of sulfur species in the atmosphere (Rodhe 1978,
1983). Numerous studies (e.g., Cogbill and Likens
1974; Galloway et al. 1976) have shown that sulfate,
in turn, is 2 major component of the acidity of precip-
itation. For these reasons, the interaction of sulfur spe-
cies with precipitating cloud systems is a topic of major
importance in atmospheric chemistry.

Several field studies have addressed various aspects
of this problem (e.g., Hegg and Hobbs 1982; Lazrus et
al. 1983; Richards et al. 1983; Daum et al. 1983;
Leaitch et al. 1983). However, the complexities of the
processes involved suggest that field studies alone can-
not completely resolve current uncertainties. Instead,
a combination of models and field studies is likely the
most expedient approach. ,

Several such modeling studies have been performed.
Easter and Hobbs (1974) used an air parcel model to
describe the motion of air along a streamline through
a wave cloud, and the simultaneous production of
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cloud drops taking up SO, gas and converting it to
sulfate. The purpose of this model was to account for
the increased CCN concentration found on the down-
stream side of wave clouds. Ohta et al. (1981) used a
simple parcel model to describe air which ascended
along the side of a mountain slope producing cloud
drops which acquire salt particles by nucleation and
pollutant gases by diffusion. Walcek and Taylor (1986)
formulated a one-dimensional, semi-empirical top-
down entraining model based on the observation of
Paluch (1979), to describe the vertical variation of the
cloud liquid water content and the uptake of soluble
aerosol particles and numerous pollutant gases by the
cloud water, allowing the collected compounds to be
oxidized and acid to be formed. Similarly, Fischer
(1982) used a one-dimensional model with Kessler-
type parameterization of the cloud microphysics to de-
termine the uptake of SO, by the cloud water and the
transformation of the uptaken SO, into sulfate. Scott
(1978, 1982) described one-dimensional convective
storm models with parameterized microphysics, sulfate
scavenging and in-solution production by uptaken SO,
gas. The latter of these models was employed as an
interpretative tool for analyzing field data.

Hales (1982) constructed a highly simplified one-
dimensional, time dependent storm model capable of
predicting the precipitation scavenging of reactive and
nonreactive pollutants and elucidating observed sulfate
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deposition patterns and concentrations. The model of
Scott (1982) was subsequently extended to two di-
mensions by Easter and Hales (1983). The micro-
physics parameterization was similar to that of Scott
following the water mass in four categories: water va-
por, cloud water, rain water and snow. Aerosol particle
scavenging was assumed to occur solely by nucleation;
SO, gas was assumed to be taken up by the cloud water
through a diffusion process under equilibrium. The
uptaken SO, was allowed to be oxidized to sulfate using
prescribed oxidation rate constants. A model concep-
tually similar to that of Easter and Hales was formu-
lated by Hegg et al. (1984) employing the dynamic
framework of the warm frontal rainband model de-
scribed by Rutledge and Hobbs (1983).
Sarma (1983) modified the two-dimensional, time-
dependent cloud model of Orville (1965) to include
parameterizations of the aqueous phase oxidation of
sulfur dioxide by ozone, in order to examine the dis-
tribution of acidity in cumulus clouds caused by in-
solution sulfate production. In the model, equilibrium
was assumed to exist between SO, and the cloud water.

Tremblay and Leighton (1984) used a one-dimensional

version of the three-dimensional dynamic model of
Yau (1980) to describe the evolution of sulfur dioxide,
sulfate and ammonia within rain systems. They used
a Kessler-type bulk parameterization for the conden-
sation-gvaporation and cloud drop growth processes
and assumed the pollutant gases were in equilibrium
with the cloud water at all times. Molenkamp (1983)
formulated a two-dimensional axisymmetric Lagran-
gian cloud model involving scale dependent diffusion
with transport along a trajectory deduced from mea-
sured winds. A Kessler-type parameterization was used
for describing the cloud microphysics with the addition
of a snow phase based on observed snowflake size spec-
tra. A specific fraction of aerosol material, chemically
not characterized and in concentration of arbitrary
units, was assumed to be incorporated into the cloud
water. The rate of attachment of aerosol particles to
the cloud water was computed via semi-empirical ef-
ficiency functions. -

Finally, Chaumerliac et al. (1983) formulated a
three-dimensional mesoscale model with the capability
to simulate orographically forced clouds and precipi-
tation, as well as interactions of aerosol particles with
the clouds and precipitation. In this model, the micro-
physical processes were taken into account through
prescribed log-normal distributions of cloud drops, rain
drops and aerosol particles. Although Chaumerliac et
al. use two parameters for each type of hydrometeor
(which is one more than most others in the literature),
they are unable to correctly compute nucleation scav-
enging. This is because they use a simple exponential
relation between the number concentration of CCN
and the supersaturation, which does not allow for CCN
entrainment into the cloud.

The above models give insight into the wet deposi-
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tion of atmospheric pollutants, but they lack realism
from a cloud microphysics point of view in that the
microphysical processes were considerably simplified
by bulk parameterizations, and, in some cases, the
clouds were not allowed to precipitate. Other models
lack realism, from a cloud dynamics point of view, be-
cause the dynamics behavior of the cloud was idealized
by a parcel or one-dimensional treatment. Many also
lack realism in their treatment of the scavenging mech-
anism, in that the effects of nucleation scavenging were
not considered or the drops were assumed to be in gas
equilibrium at all times.

2. Motivation and general approach

‘In an attempt to remedy some of the inadequacies
of past scavenging models and to gain a more detailed
insight into the interplay between the dynamics of a
cloud and the microphysical processes which determine
the scavenging of aerosol particles and gases, we for-
mulated a cloud microphysics model for the scavenging
of aerosol particles and gases which could be incor-
porated into the framework of any dynamic model.

In the first two articles of a series, we checked the
performance of the scavenging model by linking it to
a simple entraining air parcel model. This configuration
was tested for the case of a warm cloud and for aerosol
particles of various compositions by Flossmann et al.
(1985), and for the case of a warm cloud with am-
monium sulfate particies simultaneously present with
SO, gas by Flossmann et al. (1987).

It is obvious that entraining air parcels reflect the
dynamics of a convective cloud only in a limited way.
Therefore, the results derived from using an entraining
air parcel model had to be checked by a more realistic
dynamic model. It is well known that the dynamics of
a cloud substantially controls the microphysical pro-
cesses (condensation—-evaporation, collisional growth),
and consequently the scavenging processes. In partic-
ular, it was necessary to investigate for aerosol particle
scavenging: 1) the importance of nucleation scavenging
inside a cloud; 2) the redistribution of the scavenged
material inside the cloud water, both predicted by our
air parcel model; and 3) the contribution of below-cloud
scavenging to total scavenging, which could not be
studied by the air parcel model.

Since present three-dimensional models only al-
fowed us to include the cloud microphysical processes
in a highly parameterized fashion (which we precisely
wanted to avoid) we decided to link our scavenging
model to a two-dimensional dynamic model for a con-
vective cloud. The detailed formulation of the micro-
physical processes allows prediction of the time and
space variation of the cloud microstructure (drop size
distribution, aerosol particle size distribution, liquid
water and aerosol particle content) at each grid point
of the model.

With the two-dimensional model we decided, as a
first step, to focus on obtaining some answers to the
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three problem areas listed above, particularly because
our present two-dimensional model does not yet in-
clude gas scavenging. The decision was made to post-
pone modeling the local chemistry of a given geo-
graphic location. However, even for this general pur-
pose it was necessary to choose some reasonable
atmospheric situation as an initial condition for run-
ning the model. We chose to study at first warm clouds,
whose tops stay below the 0°C level, in order to avoid
the complications which arise from introducing an ice
phase into the model. Therefore, the atmospheric
sounding of 1100 LST 12 July 1985 over Hilo, Hawaii
was selected. Aerosol particles with a maritime number
concentration (see section 4) and a mixed composition
were chosen, with (NH;);SO,4 as the water soluble
compound. The total mass mixing ratio of the aerosol
mass was decided to be 28.65 ug m 3, of which 2.08
ug m~* was sulfate (equivalent to 0.69 ug m 3 sulfur)
(see section 4), in order to be qualitatively consistent
with the field measurements of Darzi and Winchester
(1982). During the special situation of East Asian dust
storm episodes over Hawaii, Darzi and Winchester
found aersol particle mixing ratios in excess of 20 ug
m 3 with median sulfur concentrations of 0.30 g m ~3
and maximum sulfur concentrations of 6.6 ug m .

This special Hawaiian situation, with aerosol par-
ticles composed of considerable amounts of water in-
soluble material, will help in future comparisons of the
results derived from our maritime warm model cloud
and the results of our model applied to a continental
cloud with the ice phase included. For the latter case
it is necessary to assume aerosol particles with some
water insoluble portion. By using the same mass frac-
tion of sulfate to total aerosol mass, we will then be
able to eliminate the aerosol particle composition as a
factor in the scavenging. This will allow us to attribute
the differences between a maritime and a continental
cloud to the aerosol particle number distribution, the
presence or absence of an ice phase, and the dynamic
characteristics alone.

3. The present model

The basic dynamic framework employed in this
study is a two-dimensional slab-symmetric version of
the three-dimensional model, which has been described
in detail, e.g., by Clark (1977, 1979), Clark and Gall
(1982), Clark and Farley (1984), and Hall (1980),
whose formalism shall be used below.

The model utilizes the anelastic form of the equa-
tions of motion, continuity, and the first law of ther-
modynamics. The anelastic framework permits the
thermodynamic variables to be cast into a perturbation
form. The form taken is

0=108(z)+8(z) + 0'(x, z, 1) = G(z)(1 + 6*%)
T=T(z)+ T(z) + T'(x, 2, t) = T(z)(1 + T*)
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p=p(z)+ p(z) + p'(x, z,t) = p(z)(1 + p*)
p=p(2)+p(2)+p'(x,2,1) = p(2)(1 + p*)
W, = W,(2) + Walx, 2, 1)

(1)

where z is the Cartesian coordinate in the vertical di-
rection. The potential temperature, temperature, pres-
sure, density of dry air, and water vapor mixing ratio
are 8, T, p, p and w,, respectively. The terms in (1)
with overbars represent the atmospheric conditions for
an idealized atmosphere with constant stability I' (see
Clark and Farley 1984). This is the atmosphere in
which a linear perturbation theory is applied. The terms
in (1) with tildes represent the differences between the
actual hydrostatically-balanced environmental sound-
ing and the constant stability atmosphere. The x and
t represent the horizontal Cartesian coordinate and
time. The terms in (1) with the asterisk represent nor-
malized deviations from the chosen idealized constant
stability environment. The overbar terms are taken as

6(z) = 8o exp(I'z)

T(z) = 6, exp(I‘z){l - cpo% - exp(-—I‘z)]}
_ g 1/x

p(z) = po[l - c,,_ao? [1- exp(—I‘Z)]}

g
c,,()ol"

p(z) = po exp(—FZ){l -

(1/x)—1
X1~ exp(-Pz)]} )

where 6y, pp and po represent the environmental po-
tential temperature, pressure and density at z = 0 of
the model. Here ¢, is the specific heat of the air at
constant pressure, « = R/c, where R is the gas constant,
and g is the acceleration of gravity.

In Cartesian coordinates the horizontal and vertical
momentum equations are

671 1 61'.1 3

— — — 3
dt ox ox 0z 3)
_dw ép' _ ¢ cp'
—_=—— =4 0. y———= -
p i 3 + pg 7 0.608w o wL]
6T31 6133 .
ox 0z (4?

where u = horizontal velocity, w = vertical velocity,
7;; = Reynolds stress tensor, w;, = liquid water mixing
ratio.

The anelastic form of the continuity equation is ex-
pressed as

4 _ d _
a—‘x(Pu) + a—z(pW) =0 (5)
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and the first law of thermodynamics is expressed by

_db* pL, - N

Y Cen + V- (pKnV0*)
where: L, is latent heat of evaporation, K, the eddy
mixing coefficient and Cjp, the change of water vapor
mixing ratio due to condensation or evaporation.

The stress tensor is taken proportional to the defor-
mation D;; according to the first-order theory of Sma-
gorinsky (1963) and Lilly (1962) where

7ij = pKnDyj ¢)

and the deformation tensor D;; and the eddy mixing
coeflicient K, are expressed as

(6)

ou;  Ou; 2 O
D=—+—<L-25,.
7ex;  ax 3 % 3% ®
Ca):
Y bR, Ri<l
En=i m2 ©)
0, Ri=1

where Def is the total deformation in two dimensions
and Ri is the local Richardson number, with C = 0.2,
and

Def = 3 [(D} + D) + Dh]'2 (10)

Ri= g:% [6* + 0.608w, — w ] Def “%  (11)

The same eddy mixing coefficient used for momentum
is applied to the eddy mixing of heat and moisture,
i.e., an eddy Prandtl number of unity is assumed. Also,
the effective grid scale, A, is

A = (AxAz)? (12)

where Ax and Az are the model grid spacing for the
horizontal and vertical directions, respectively.
The continuity equation for water vapor is written

as ‘ ~

~aw -

£ _E_v = ~Cp + v '(PKmvwv)-

t .

The above framework for modeling the dynamics of
convective clouds was coupled with our model for the
scavenging of aerosol particles, where, following Floss-
mann et al. (1985)

_dw, _
Crn=p —df- ~ V- (pKnVwr)

(13)

(14)

with w; given by Eq. (31) in Flossmann et al. (1985).
The supersaturation, as determined by the dynamics
and microphysics of the cloud was computed following
Hall (1980). For details see Flossmann (1987).

The time rate of change of the cloud drop number
density distribution function f; is given by the relation
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8fu(m) _

) = <V D) + V- (K V )] + 5

Ofulm) | | Ofalm)
a |, o

X [V (m)fa(m)] +

con/eva

+ a fa(m)

afa(m)
Y, +

afim)
ot *

ot

d,break .
(15)

The time rate of change of the number density distri-
bution function for aerosol particles remaining in the
air, fap,, is given by

=V <[V fara(map)]

AP,coll d,coal

at

3 fapa(Map)
ot

+ 3 fara(Map) + 3 fapa(Map)
ot ot

con/eva

+ V. [KmeAPa(mAP)] +

act

(16)

AP coll

The time rate of change of the mass density distribution
function of aerosol particles in the drops, gapa, is given
by '

o =V - [vgapa(Map)]
Agapa(Map)

+ V- [K,Vgara(map)] + Y

act

o
+ Zgara({m)

+ agapa(m)
ot

at

AP,coll

+ dgapa(m)
ot

con/eva

dgapra(m)

* ot

» (17)
d,break

d,coal

and the time rate of change of the mass density distri-
bution function for the aerosol particles remaining in
the air, gap,, 1S given by

38aral{ Map) ‘___

o ~V [vgapa(map)] + V

dgapa(Map)

X [KnV gava(map)] + 3

act

+ dgara(Map) 4 dgara( Map)
ot at

con/eva

(18)

AP, coll

where m is drop mass, m,p the aerosol particle mass,
v the velocity field of air, g, (m) the cloud drop mass
distribution function {=m[l — Qapa(M)}fu(m)}; ¥
is time rate of change of the functions f;, gard, fara,
gara; ¥l aa i change due to activation of aerosol par-
ticles to drops, ¥ | con/eva the change due to condensation
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and/or evaporation of drops, ¥| apcon the change due
to aerosol particle collection, ¥ | 4.0m the change due to
_ collision and coalescence of drops, ¥| 4ureax the change
due to drop break up, Qap.(7map) the aerosol mass
mixing ratio distribution function {= gApa(mAp)/
[mapfara(map)]} and Qaps(m) is aerosol mass mixing
ratio distribution function { = gaps(m)/[mfz(m)]}.
The first three terms in Egs. (15) and (17) and the
first two terms in Eqs. (16) and (18) were evaluated
from the above described dynamic framework of the
two dimensional cloud dynamics model. The remain-
ing microphysical terms were evaluated from the
equations given and discussed in detail by Flossmann
et al. (1985).

4. Initial conditions and description of heating source

The present model was initialized with a warm cloud
sounding taken at Hilo, Hawaii at 1100 LST 12 July
1985 (see Fig. 1). The total number concentration of
the aerosol particles was chosen to be 590 cm >, and
the initial size distribution function for the dry particles
was given by a modified gamma function

Jara(lnr) = Are*t exp(—Br") (19)

with4=25X10cm™3 um™2 B =15 um™, &
= 1, v = 0.5. The total mass mixing ratio of the aerosol
particles, wapq, was 28.65 ug m ~>. All aerosol particles
were assumed to be of uniform composition, consisting
of 10% ammonium sulfate and 90% insoluble silicate.
Therefore, the mass mixing ratio for (NH4),SO, was
2.87 ug m >, equivalent to 2.08 ug m~> SO4 or 0.69
ug m ~ sulfur, consistent with the field measurements
of Darzi and Winchester (1982). The specific gravity

AL
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FIG. 1. Sounding for 1100 LST 12 July 1985, at Hilo, Hawaii.
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of these aerosol particles was assumed to be 2.0 g cm .
For a discussion of the values given above see section
2. From the size distribution of the dry aerosol particles
(Eq. 19), we computed the initial size distribution for
the moist aerosol particles by allowing the dry particles
to grow to their equilibrium size at the local relative
humidity.

The present model covered a domain of 10 km in
the vertical and 20 km in the horizontal. The grid spac-
ings were Az = 200 m and Ax = 400 m, and the time
step was At = 5 sec.

The dynamic model of Clark and collaborators,
which we used for our model study, is driven by a
sensible and latent heat flux from the surface as for-
mulated by Clark and Gall (1982) and by a parame-
terized version of the detailed calculations of Smolar-
kiewicz and Clark (1985). In their studies, the fluxes
were assumed to be proportional to the incoming
shortwave solar flux .S, so that

S =8, cosZ (20)

where S, is the solar constant taken as 1395 W m™
and Z is the sun’s zenith angle given by

b

cosZ = sing sin& + cosg cosd Cosg, 21)

where ¢ is the geographic latitude, 6 is the sun’s dec-
lination angle,

5 = 2345 2m(ng —
180 365

ny is the number of the chosen day of the year, ¢, is
the solar hour angle

”2)], 22)

m(12 — hy)
12

and A, is the hour of the day.

The average surface sensible heat flux Py was as-
sumed to be 58%, and the latent heat flux P to be 2%
of the incoming solar flux. These fluxes are assumed
to consist of a background heat flux and a Gaussian
perturbation fraction. The surface sensible heat flux is
thus represented by

PyS "(X‘Xo)z)]
— 1+ ayex — 24
o [ " p( 204 @9
6
and the surface latent heat flux is

1+

- PQS -(x - X0)2

Q ———-————an [1 + ap exp(-——————zgg22 )], (25)
6

¢, = @3)

H =

1+
with
66x

M V(1 - Ba) .
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o= B0
© Var(1 - Bp)

where it was assumed that the fraction of the total en-
ergy which goes into the Gaussian perturbation of the
sensible heat flux was 8y = 50% and the fraction that
goes into the Gaussian perturbation of the latent heat
flux was Bp = 0.1%. We assumed that the half-width
- of the Gaussian perturbation was ¢ = 3600 m and o,
= 3600 m. The coordinate x, locates the middle of the
domain where the cloud was forced to develop. These
heat and moisture sources were assumed to have their
maximum value at the ground and attenuate expo-
nentially with height so that at 150 m they had de-
creased in strength to 1/e of their surface value.

The complete composite model was evaluated on
the CRAY-1A at the National Center for Atmospheric
Research in Boulder, Colorado. The model run re-
quired 5 hours of computer time.

@7

5. Results and discussion

The results of our study are summarized in Figs. 2~
13, and Tables 1-3. In Figs.2-10 vertical cross sections
of the following quantities are plotted at 20, 30, 45,
and 60 minutes; potential temperature, 8, relative hu-
midity, RH, horizontal velocity, u, vertical velocity,
w, mass distribution function of the aerosol particles
in the air, gap,, mass distribution function of the aerosol
particles in the cloud water, gap4, cloud drop mass dis-
tribution function, g, liquid water content w;, mass
mixing ratio of aerosol particles in the air, wap,, and
mass mixing ratio of the aerosol particles in the cloud
water, wapg. In the following, we shall discuss the be-

(a) TIME =20 min 8 (K}
4 320
s
x2 304 ——3
N 300 ——|
0 W~
0 4 8 12 16 20
X {KM)
(c) TIME =20 min u{m/sec)

8
X (KM)
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TABLE 1. Pertinent extreme values of cloud characteristics.

Time (min)
20 30 45 60
RH s (%) 91.4 102.4 102.0 100.9
Winax (M 577) 0.28 9.45 8.20 6.20
Wema (8k87') 2,15 X 107 0.75 1.64 2.16
Wapdmax (8 k&™) 0 23X 107 263X107° 276 X 107*
Wapamin (B k&™) 21X 107 60X 10°*  20%x1077  3.3Xx107

havior of these functions at specific times after cloud
initiation.

At t = 20 minutes. Figure 2 shows the distribution
of (a) 6, (b) RH, (c) u, and (d)w. Note the warming
of the air near the ground due to the sensible heat flux,
the rise of relative humidity between 500 and 1000 m
with a maximum of 91.4% (see Table 1), the conver-
gence~divergence system set up in the flow near the
ground, the rising air at the domain center with a max-
imum velocity of 0.28 m s~ (see Table 1), and the
downdraft at the domain’s sides. In Fig. 3 we have
plotted (a) gap, and (b) wy . Note from Fig. 3a that the
size distribution of the aerosol particles is still uniform
at all grid points, with the exception of a slight shift of
the aerosol size spectrum towards larger sizes in the
center of the domain due to the uptake of moisture by
particles. This is also reflected by the behavior of wy,
which rises to a maximum of 2.15 X 107° g kg ™' (see
Table 1). ‘

At t = 30 minutes. Figure 4 shows the distribution

-of(a)é,(b)RH,(c) u,and (d) w. Note that the warm-

(b) TIME =20 min RH (%o}

4 16
= 0
g2
= 80
N 28

==
0 T 60
0 4 8 12 16 20
X {KM)

{d) TIME =20 min wim/sec)

12
X (KM)

FG. 2. Distribution of (a) 6, (b) RH, (¢) u, and (d) w inside domain at ¢ = 20 min;
A8 = 4°K, ARH = 8%, Au=025ms™, Aw =003 ms™".
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{a) TIME = 20 min 9aPq
L .
s B = o
X2 m S R Sy
0 e e it AT AT AT
8 10 12
X (KM)
(b} TIME = 20 min w {g/kg)
L}
$
=2t 213107 1
N
' 215 !0‘5@
0 : £
0 4 8 12 16 20
X (KM)

FI1G. 3. Distribution-of gAPa and w, inside domain at ¢ = 20 min;
Awy, = 6.66 X 107 g kg™'; on the left-hand side and right-hand side
\of each box r = 1073 and 10 um, respectively.

"ing of the air due to heat flux from the ground has
increased and so has the convergence~divergence pat-
tern and the updraft with 2 maximum of 9.45 m s~!
(see Table 1). The relative humidity has increased to
a local maximum of 102.4%, equivalent to a supersat-
uration of 2.4%. In Fig. 5a and 5b, notice that a cloud
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has formed and has a maximum liquid water content
wy of 0.75 g kg~'. Most of the liquid water is in drops
of radius smaller than 30 um. In Fig. 5c the mass mix-
ing ratio, wapy, Of the aerosol particle material inside
the cloud water is displayed. Notice that the main
aerosol mass is associated with the main water mass
inside the cloud. Correspondingly, Fig. 5d illustrates
the “consumption pattern” of aerosol particles by
showing that the mass mixing ratio of aerosol particles,
W apa, left as drop-interstitial aerosol is greatly reduced
inside the cloud. Such an interstitial aerosol has been
found in field studies by various authors, e.g., Radke
(1983). Figure 6a shows how the liquid water inside
the cloud is distributed over the various drop size cat-
egories. The drop mass distribution function g, dem-
onstrates that most of the liquid water is still contained
in the small cloud drop size categories and no precip-
itation size drops have developed yet. Comparing the
mass density distribution function of aerosol particles
in the drops, gaps, in Fig. 6b, with Fig. 6a, shows that
the main aerosol mass is associated with the main water
mass inside the cloud. The changes in the size distri-
bution of aerosol particles in the air, gap,, caused by
nucleation of aerosol particles to drops, is displayed in
Fig. 6¢. Inside the cloud region, all large particles have
disappeared due to consumption by nucleation and
only particles much smaller than 0.1 um are left in the
air, Also note the shift of the aerosol particle spectrum
towards larger sizes near the cloud edges due to “wet”
aerosol particles. The double maximum in the aerosol
particle size spectrum near the cloud edges is due to
entrainment of large particles into size categories emp-
tied by previous nucleation. These particles are now
additionally available for nucleation in the next time
step.

{a} TIME=30 min 8 (K) {b) TIME = 30 min RH(%/o)
4 320 —— i 4 16
f "z‘ 40
xa T z 80
— 7:\_ =0
0 0 r PE e
0 4 8 12 % 20
X (KM) X (KM)
{c) TIME =30 min ulm/sec) (d) TIME = 30min wim/sec)
4 4
b3 -
=¥ €.
N N
0 L , .
0 4 12 20 0 % 20
X (KM}

FIG. 4. Distribution of (a) 8, (b) RH, (¢) u, and (d) w inside domain at { = 30 min;

Af = 4°K, ARH = 8%, A

u=1ms ', Aw=1ms™\.
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FIG. 5. Distribution of (a) w., (b) w, for drops of @ < 30 um, (c) wapy, and (d) w,p, inside
domain at ¥ = 30 min; Aw, = 0.125 g kg™', Aw, (@ < 30 pm) = 0.13 g kg™, Awaps = 3.9

X 108 gkg™!, Awape =4 X 1078 gkg™".

At t = 45 minutes. Figure 7 shows the distribution
of (a) 8, (b) RH, (¢) u, and (d) w. The thermal dis-
turbance has now reached 6 km, and the moisture field
has split into five supersaturated regions with a maxi-
mum supersaturation of 2.0% associated with an up-
draft of 8.2 m s™! (see Table 1). The splitting of the
supersaturated region is the result of downdrafts (see
Fig. 7d) which develop near the cloud edges and bring
down drier air. The convergence-divergence flow pat-
tern (see Fig. 7¢) has become more complex, has wid-
ened, and extends to higher levels. Fig. 8a and 8b dem-
onstrate that, at 45 minutes, liguid water is falling to
the ground as rain. Inside the cloud, two maxima of
liquid water have formed, the largest value reaching
1.64 g kg™! (see Table 1). Figure 8c shows that the
distribution of the mass mixing ratio for aerosol par-
ticles inside the cloud and rain water, w,p,, closely
follows the distribution of the liquid water content,
wy, indicating again that the main aerosol mass is al-
ways associated with the main water mass. The “con-
sumption pattern” of the aerosol particles is reflected
by Fig. 8d which shows the mass mixing ratio of aerosol
particles, wap,, left as interstitial aerosol inside the
cloud. In Fig. 9a the drop mass distribution function,
8w, is plotted at various locations inside the cloud-
precipitation domain. The drops have now grown con-
siderably compared to Fig. 6a at 30 minutes and have
reached millimeter size in the low portion of the do-
main. Comparing the mass density distribution func-
tion of aerosol particles in the drops, gaps (Fig. 9b)
with g, (Fig. 9a) shows again that the main aerosol
mass is associated with the main water mass, even when
most of the water is in precipitating drops.

At t = 60 minutes. Figures 10a and 10b show the

liquid water content pattern of a slowly deteriorating
precipitation system. The main cloud body has now
split up into three distinct regions, and the liquid water
associated with the precipitation is significantly re-
duced, i.e. precipitation from the cloud is stopping.
Figures 10c and 10d demonstrate, again, how closely
the distribution of the liquid water is reflected by the
pattern of wapg and wap,, 1.€., how closely the maxima
of the liquid water are associated with the maxima of
Wwapg and the minima of w p,. :

It is quite instructive to compare the water budget
of the cloud with the aerosol particle budget. For that
purpose, Fig. 11 shows, as a function of time, the cu-
mulative condensed water mass (curve 1), the total
water mass as drops in air (curve 2), and the cumu-
lative water mass which reached the ground as rain
(curve 3). A cloud began to develop about 26 minutes
after the heating began,” and precipitation started
reaching the ground after about 43 minutes. A close
look at curve 1 shows that about one-half of the con-
densation occurs after the precipitation starts near 43
minutes. From curve 2 we notice that the total airborne
water mass decreases by nearly one-half from the time
it reached its maximum near 37 minutes till the end
of simulation time. The decrease of this curve right
after its maximum is due to evaporation of drops. The
subsequent decrease is due to the fallout of rain. The
sum of curves 2 and 3 gives the total liquid water in
the domain, and the difference between this sum and
curve 1 is due to the loss of water vapor by evaporation.
In Fig. 12 the total acrosol mass in the air of the com-
putational domain (curve 4), the camulative mass of
aerosol scavenged by nucleation (curve 5), the total
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10 um, respectively.

aerosol mass inside the cloud water (curve 6), the cu-
mulative mass of aerosol deposited on the ground by

rain (curve 7), and the cumulative mass of aerosol

scavenged by impaction (curve 8) are plotted as a
function of time. Curve 4 decreases very slightly with
-time as particles are consumed by the drops, and as
these are subsequently deposited on the ground. Nu-
cleation scavenging (curve 5) begins at the onset of
cloud formation, i.e. about 26 minutes after the onset
of solar heating. This time correlates with the time
when aerosol is first found in the cloud water (curve

FLOSSMANN AND H. R. PRUPPACHER

1865

6). The amount of aerosol mass removed by impaction
scavenging (curve 8) is considerably smaller than that
removed by nucleation. It remains insignificant until
39 minutes after the initiation of heating when precip-
itation size drops start leaving the cloud base. This is
a result of the fact that inside the cloud the main aerosol
mass is consumed by the nucleation of drops on the
large aerosol particles, leaving to impaction scavenging
only a negligible mass of small drop-interstitial aerosol
particles. The effects of impaction scavenging become
noticeable as soon as rain drops leave cloud base and
fall through air where there are still numerous large
aerosol particles. Aerosol particles scavenged by both
nucleation and impaction reach the ground inside the
rain shortly thereafter (curve 7). The sum of curves
(5) and (8) gives the cumulative scavenged aerosol
mass. This sum is larger than the sum of curves (6)
and (7). The difference between these sums is due to
the fact that some drops had evaporated and released
the scavenged aerosol mass back into the air.

The curves given in Figs. 11 and 12 are further com-
pared in Table 2 in terms of five efficiencies, defined
as

cumulative rain mass on the ground
E 1 = . s p :
total liquid water in the domain

_ curve(3)
curves(3) + (2)
_ cumulative rain mass on the ground
~ cumulative water mass converted from vapor

E,
_ curve(3)
curve(l)

_ cumulative aerosol particle mass in rain
total aerosol particle mass in the drops

E;
curve(7)

~ Curves(6) + (7)

cumulative aerosol particle mass in rain
cumulative aerosol mass scavenged by nucleation

i

_ curve(7)
B curve(5)

E;

cumulative aerosol particle mass in rain

cumulative aerosol mass scavenged by
nucleation and impaction

_ curve(S) N
" curves(5) + (8)’ (28)

Here E, and E, define two precipitation efficiencies
with which the water vapor and the cloud water is con-
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F1G. 7. Distribution of (a) 6, (b) RH, (¢) u, and (d) w inside domain at ¢t = 45 minutes;
A0 =4°K, ARH = 8%, Au=2ms™, Aw=1ms™".

verted to rain water. The definition of these efficiencies them with E;, E4 and E;s for aerosol particle scavenging.
have been chosen in a slightly different manner from The values of E; and E, show that the precipitation
those typically found in literature (e.g., see Foote and efficiency of the model cloud is relatively small. This
Fankhauser 1973), in order to meaningfully compare is somewhat expected since the cloud is relatively shal-
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FiG. 8. Distribution of (a) wL; (b) w, for drops of a < 30 um, () Wapa, and (d) wap, inside
domain at 7 = 45 min; Aw; = 0.125 g kg™', Aw, (a < 30 gm) =0.175 g kg™}, Awaps = 5.2
X 10 gkg™!, Awapg = 4.7 X 107 g kg™, _
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low, subjected to considerable evaporation, and has
only the relatively inefficient collision—coalescence
mechanism for forming precipitation. An analogous
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behavior is found for the efficiencies E;, E; and Es.
The close correspondence between the efficiencies E,
and E; and between E, and E,, or Es demonstrate
again, in another way, that the main aerosol mass
closely follows the main water mass. Efficiency E; will
become 1 eventually, when the cloud completely evap-
orates and the liquid water suspended goes to zero.
The same is true for £3. In our case, however, the cloud
simulation was stopped at 60 minutes when the rain
stopped but the cloud had not yet completely dissi-
pated. Efficiencies 2, 4 and 5 decrease after a maximum
near 57 minutes due to the fact that deposition becomes
rapidly less than the still ongoing condensation and
scavenging. '

Some additional conclusions can be deduced from
Fig. 12. Since impaction scavenging contributes only
negligibly to in-cloud scavenging but is the only below-
cloud scavenging mechanism, it is feasible to make a
comparison between in-cloud and below-cloud scav-
enging. Comparing the cumulative aerosol mass taken
up by impaction scavenging (curve 8, Fig. 12) with
the cumulative mass of aerosol taken up by both nu-
cleation and impaction scavenging (curves 5 and 8,
Fig. 12) shows that below-cloud scavenging only con-
tributes about 5% to the overall particle scavenging.
This relatively small value is due to the very low cloud
base which our maritime cloud exhibited. Looking at
E;5 of Table 2 we see that due to the low rain efficiency
E;,, only 14% of the total scavenged aerosol mass was
deposited by rain on the ground. From a comparison
of curves 7 and 8 in Fig. 12 we see that below-cloud
scavenging contributed about 40% to the aerosol mass
in the rain water on the ground, assuming that all the
acrosol mass which is scavenged below cloud base does
reach the ground in the rain. This implies that in-cloud

{a) TIME =60 min w_(g/kg) {b) TIME =60 min w_fa<30pumiig/kg)
4t 1 of ]
g g ]
< 2} § 2+ ]
N N [ s E
n; .
0 4 20 0 4 20
X (KM) X (KM}
€} TIME=60min _ wypyla/kg) d) TIME =60 min  wppq(g/kg)
“ 1 4 ]
[ s 2310° ] i ]
5 RSPV Nl I 3 ]
€2 K/ 134 ]
b N > 1N}
N : 'r.\-..\“j oy b
0 Y Iy 0 ) ) ]
0 4 8 12 % 20 0 [3 8 12 % 20
X {KM)

X (KM)

F1G. 10. Distribution of (2) wy, (b) w, for drops of a < 30 um, (C) Wapg, and (d) wap, inside
domain at 7 = 60 min; Aw, = 0.125 g kg™', Aw; (a < 30 um) = 0.358 g kg~!, Awap, = 4.6
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FiG. 11. Cumulative condensed water mass (curve 1), total water
mass as drops in air (curve 2), and cumulative water mass as rain
on the ground (curve 3), as a function of time.

scavenging contributed about 60% to the aerosol mass
in the rain on the ground.

Murakami et al. (1983) found during field obser-
vations in Japan that, for sulfate particles, below-cloud
scavenging contributed to the total precipitation scav-
enging about 20% while Petrenchuk (1970) deduced a
value of about 75% and Scott (1978) a value of about
2% to 10%. This variability is understandable if we
consider that the contribution of below-cloud scav-
enging strongly depends on the precipitation efficiency
of a cloud.

Some additional results of our computation are
summarized in Table 3 and Fig. 13. In Table 3 the
total rain R (column 2), the rain rate RR (column 3),
the total amount of sulfur Sy, deposited on unit area
(column 4) the deposition rate of sulfur SRy, (column
§), the cumulative concentration of sulfur in the de-
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FIG. 12. Total aerosol mass in air inside computationai domain
(curve 4), cumulative acrosol mass scavenged by nucleation (curve
5), total aerosol mass in airborne cloud water (curve 6), cumulative
aerosol mass in rain on ground (curve 7), and cumulative aerosol
mass scavenged by impaction scavenging (curve 8), as a function of
time.
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TABLE 2. Precipitation and scavenging efficiencies as defined
by Eq. (28) as a function of time.

Efficiency (%)

Time

(min) E, E; E, E, | Es
434 0.02 0.01 0.00 0.00 0.00
45.1 1.18 0.79 0.38 0.27 0.26
46.8 8.17 5.63 2.63 1.95 1.85
4384 22.56 20.40 7.3 7.21 6.78
50.1 333 31.67 11.06 11.79 11.09
51.8 37.35 37.38 12.32 13.88 13.05
53.4 39.26 39.44 12.89 14.98 14.10
55.1 35.33 42.23 13.20 16.00 15.07
56.8 42.14 44.50 13.34 16.57 15.62
58.4 4324 44.80 13.24 16.31 15.41
60.1 43.86 45.93 13.11 15.88 15.03
61.8 43.39 46.30 12.67 15.32 14.53
63.4 43,17 47.39 12.26 14,77 14.04

posited rain water Co,m (column 6), and the concen-
tration of sulfur in sequential rain water samples Cq
(column 7) have been listed for different times, and
were totaled over the whole rain area. The RR, SRy,
and C,, are sampled over 100 second intervals. Col-
umns 2 and 3 show that the cloud system was weak in
that it produced not quite | mm of rain, with a rain
rate maximum of about 9.6 mm h™! at 48 minutes.
From a comparison of columns 3 and 5 we notice that
the rain rate RR and the sulfur deposition rate SRgep
behave analogously going through a maximum at about
48 min. This again reflects the fact that the main sulfur
mass is associated with the main water mass, as stated

‘earlier. A look at the sulfur concentrations of the se-

quential rain water samples shows that the concentra-

TaBLE 3. Total rain R (mm), cumulative (column 2); rain rate RR
(mm h™*) (column 3); total sulfur S, (mg m™2), cumulative (column
4); deposition rate of sulfur SRy, (mg m™ h™!) (column 5); concen-
tration of sulfur in rain C,,, (mg liter™), cumulative (column 6);
concentration of sulfur in rain Cyq (mg 17*), sequentially sampled at
time (column 7); at different times, ahd totalized over the whole rain
area. RR, SR 4, and C,, are sampled over 100 sec intervals.

Time

{min) R RR Saep SRip  Ceum Cieq
43.4 3IxX 10 0.20 8 x 1073 0.06 0.27 0.29
45.1 0.02. 1.85 0.01 0.50 0.32 0.27
46.8 0.12 6.31 0.04 295 0.35 0.47
48.4 0.37 9.55 0.17 5.27 0.46 0.55
50.1 0.58 5.27 0.30 3.33 0.51 0.63
51.8 0.68 2,73 0.37 2.02 0.53 0.74
53.4 0.74 1.81 0.42 1.70 0.56 0.94
55.1 0.79 1.19 0.46 1.39 0.59 1.17
56.8 0.81 0.60 0.49 0.81 0.61 1.36
58.4 0.82 0.27 0.51 0.43 0.62 1.56
60.1 0.83 0.14 0.52 0.24 0.62 1.76
61.8 0.83 0.06 0.52 0.11 0.63 1.88
634 0.83 0.02 .52 0.05 0.63 2.26
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tion ranges between 0.27 and 2.26 mg 1™!, equivalent
to a sulfate concentration ranging between 0.81 and
6.78 mg 1~!. Unfortunately, no field measurements of
the sulfur concentration in the cloud and rain water
of Hawaii are available for the exact time period to
which our model calculations apply. However, we
never intended to describe the local cloud and precip-
itation chemistry of Hawaii in detail, but rather qualify
some general scavenging behavior of atmospheric
clouds (see our discussion in section 2). Nevertheless,
we decided to check whether the computed sulfur con-
centrations were in line with measurements of SO,%~
concentrations in rainwater collected in Hawaii. Thus,
Miller and Yoshinaga (1981) measured SO,2~ concen-
trations of 0.3 to 8.0 mg 17!, Parungo et al. (1982)
measured 9.6 to 38.4 mg 17!, and Harding and Miller
(1982) found 0.2 to 36 mg 17", Considering that our
model does not yet include the contribution of gas
scavenging to the SO,42~ concentration, we can con-
clude that our model results are in line with observa-
tions. :

As far as the time and spatial variation of the sulfur
concentration in rain water and its relation to the pre-
cipitation rate is concerned, it was noticed during field
observations (e.g., see Kins 1982) that the sulfur con-
centration is high in the beginning of the rain event,
decreases with increasing rain rate to a maximum, and
increases again towards the end of the rain event. Such
behavior is reasonable, because in the beginning of the
rain event the falling drops evaporate, thus raising the
moisture level of the air between the cloud base and
the ground and raising the sulfur concentration in the
falling drops. This effect decreases rapidly as the rain
rate increases, thus decreasing the sulfur concentration
in the rain water. Subsequently, the concentration rises
again as the cloud disintegrates and the rain rate de-
creases.

The results of our computations are consistent with
such an observed behavior, as demonstrated in Fig. 13.
This figure exhibits the rainfall rate and the sulfur con-
centration in the rain water across the rain domain 7
minutes after the rain first reached the ground (50
minutes after starting the simulation). This figure
shows that a pronounced minimum in the sulfur con-
centration of the rain water is associated with a rain
rate maximum underneath the cloud core, flanked by
two maxima in the sulfur concentration of the rain
water coming from the wings of the cloud where the
rain rate is small. Would such a system pass overhead
at a fixed location, it would lead to the observed rainfall
rate versus concentration behavior, as seen in field ob-
servations.

Column 7 (Csq) in Table 3 appears not to be in
support of this behavior, as the sulfur concentration of
the sequential rainfall samples is relatively low at the
beginning of the rain event and steadily increases until
the end of the simulation without showing a minimum
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FiG. 13. Comparison of concentration of sulfur in rain water with
rainfall rate across domain at ¢ = 50 minutes.

at the time of the rainfall rate maximum. This behavior
is the result of a masking effect caused by the fact that
the values listed in column 7 are totaled over the whole
rain area. Due to the very low base of the cloud con-
sidered, and the high relative humidity of the air be-
tween cloud base and ground, the falling rain drops
evaporate very little during their fall, thus preventing
an initial maximum of the sulfur concentration. Since
the cloud system is relatively weak, it begins to dete-
riorate by evaporation rather quickly after the onset of
rain (see Fig. 8). As a result, the sulfur concentration
of the rain water, totaled over the whole rainfall do-
main, continues to increase even through the time of
the rainfall rate maximum, as the rain with relatively
high sulfur concentrations from the deteriorating cloud
regions overshadows the rain of low sulfur concentra-
tion from other cloud portions.

Finally, we noticed during our model computations
that the sulfur concentration varies significantly across
the drop size spectrum. This implies that cloud and
rain water do not have the same composition. This
result is in contrast to many scavenging models less
detailed than ours, particularly models with Kessler-
type parameterizations (see our summary of other
models in section 1).

Another quantity which has been introduced in the
literature as a measure of the amount of pollutants
scavenged by clouds and rain is the washout coefficient
W (e.g., see Scott 1981), which is commonly defined
by the ratio of the pollutant concentration in the rain
water (g (pollutant/1) to the pollutant concentration
in air [g (pollutant)/m?]. In our calculations we obtain
washout ratio which have values near 1000.
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6. Summary and conclusions

By means of a detailed microphysical model imbed-
ded in a two-dimensional convective cloud model, we
were able to simulate the wet deposition of atmospheric
aerosol particles, keeping track of the aerosol mass in
the air, inside the drops in the cloud, and inside the
drops which have arrived on the ground. This study
of a shallow warm cumulus allows the following con-
clusions.

1) The collision—coalescence process caused a re-
distribution of the aerosol particle mass scavenged by
the cloud drops in such a way that the main aerosol
mass scavenged was always associated with the main
water mass.

2) Inside the cloud scavenging of aerosol particles
was almost completely controlled by nucleation scav-

enging.

3) The amount of sulfur removed by below-cloud

scavenging, which is caused by impaction scavenging,
contributed about 5% to the overall particle scavenging
and contributed about 40% to the aerosol mass in the
rain on the ground.

4) Due to the low rain efficiency of the cloud, only
14% of the total scavenged aerosol mass was deposited
by rain on the ground.

5) Inside a cloud, a “drop-interstitial” aerosol exists
which consists of small particles whose mass mixing
ratio is reduced by several orders of magnitude in com-
parison to its value outside the cloud, i.e., nucleation
. scavenging removes more than 99% of the aerosol mass.

6) Contrary to the assumption made in many con-
temporary cloud models which include wet deposition,
our results show that cloud and precipitation water do
not have the same composition.

7) The sulfur concentrations in the rain water agreed
reasonably well with field observations cited in litera-
ture, if consideration is given to the fact that the present
calculations did not include SO, scavenging.

Conclusions 1, 2 and 5§ meet with the expectations
derived from our previous studies with a simple parcel
model (Flossmann et al. 1985).
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