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ABSTRACT

A theoretical model is formulated which allows the processes that control the wet deposition of atmospheric
pollutants to be included in cloud dynamic models. The model considers the condensation process and the
collision~coalescence process which, coupled together, control the fate of atmospheric aerosol particles
removed by clouds and precipitation through nucleation scavenging and impaction scavenging. The model
was tested by substituting a simple parcel model for the dynamic framework. In this form the model was
used to determine the time evolution of the aerosol particle mass scavenged by drops as well as the aerosol
particle mass left unactivated in air as “drop-interstitial”’ aerosol. In the present computation all aerosol
particles are assumed to have the same composition. Our study shows for inside cloud scavenging: 1) collision
and coalescence causes among the various drop size categories a redistribution of the scavenged aerosol
particles in such a manner that the main aerosol particle mass is always associated with the main water mass,
thus ensuring that if a cloud reaches the precipitation stage it will also return to the ground the main aerosol
particle mass scavenged by the cloud; 2) although the main aerosol particle mass is contained in the large
drops, the mass mixing ratio of the captured aerosol in the cloud water is larger inside smaller drops than
inside larger drops, implying that smaller drops are more contaminated than larger ones; 3) through
nucleation scavenging the total number concentration of aerosol particles is predicted to become reduced by
48 to 94% depending on the composition of the particles, the reduction being mainly confined to aerosol
particles larger than 0.1 um in radius. This implies that a drop interstitial aerosol exists that consists of a
particle population reduced in number concentration by up to 94% and reduced in mass by several orders
of magnitude, as compared to the particle concentration outside the cloud. 4) Although the aerosol particle
mass scavenged by impaction scavenging cannot completely be neglected in accounting for the total amount
of aerosol particle mass scavenged by clouds, it is smaller by several orders of magnitude than the aerosol
particle mass removed by nucleation scavenging.

)

1. Introduction be exclusively concerned here, wet deposition operates

It has been well established that the loading of the via the removal of aerosol particles by condensation
atmosphere by aerosol particles is determined on the (r;ucr:lleatlon slcaven'gmg)', ie., by transforming fsgme
one hand by the rate at which these particles are of the aerosol particles into drops as a result of drop

introduced into the atmosphere and, on the other :ﬂcgsglo:nféﬂ?bthfmviﬁﬁnagi v:;iti?: Srczl";e(:lva}ln (;f
hand, by the rate at which the particles are removed © b Y Imp P EIng),

by dry and wet deposition involving clouds and iie.,v byhatta;]lirilg aerosol particles to cloud arf}d rain

A . . rops through the mechanisms of Brownian diffusion,
precipitation. In warm clouds, with which we shall inertia, hydrodynamic forces and through phoretic
' and electric forces, and via the transport of the
scavenged materials to the ground. The efficiency
with which impaction scavenging operates has been

—
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al. (1978), Lai et al. (1978), Grover et al. (1977),
Wang and Pruppacher (1977), Kerker and Hampl
(1974) and Hampi et al. (1971). Due to the difficulties
in controlling and measuring the ambient conditions,
field studies, on the other hand, have thus far not yet
led to quantitative data on the efficiency of impaction
scavenging. An exception to this are the field obser-
vations of Radke et al. (1980) who deduced impaction
scavenging efficiencies considerably larger than those
theoretically predicted.

Little is known of the efficiency with Wthh aerosol
particles are scavenged by nucleation. Field observa-
tions of Radke (1983) and of Hegg and Hobbs (1983)
suggest, however, that nucleation scavenging is of
considerable importance to the overall scavenging
mechanism. From their field observations they con-
cluded that most of the sulfate mass inside a cloud
enters a drop via drop nucleation on sulfate particles,
while a smaller amount of sulfate enters by gas
scavenging via oxidation to sulfate of the scavenged
S0O,, and a comparatively much smaller amount
enters via impaction scavenging of sulfate particles.
They also deduced that through nucleation scavenging
the total number concentration of aerosol particles
decreases by 80 to 92% across the cloud base as a
result of nucleation scavenging, whereby the particles
of radii larger than 0.1 um are most efficiently
reduced. Since the results on nucleation scavenging
are only based on relatively crude estimates, further
quantitative studies are needed to arrive at a general
view of the relative importance of nucleation and
impaction scavenging, both of which not only deter-
mine the amount of aerosol particle mass inside the
cloud water but also control the aerosol particle
population located in the air between the cloud drops
(cloud interstitial aerosol).

A study of literature further illustrates that little is
known of the fate of the aerosol particles once they
have been captured by cloud drops through nucleation
and impaction scavenging. Thus, it is expected that
during the growth of cloud drops by the stochastic
collision-coalescence process a substantial redistri-
bution of the aerosol mass would take place. This
expectation raises the question of whether during this
redistribution the aerosol particle loading will prefer
certain drop size classes.

In order to shed more light on this question, we
have developed a theoretical model in which the
condensation process, the collision—-coalescence pro-
cess, and the process of impaction scavenging of
aerosol particles are coupled in such a manner that
for a given aerosol type and particle size distribution,
the evolution in time of the aerosol mass inside the
drops and the aerosol mass remaining in the air as
drop-interstitial aerosol can be determined.

2. The present model

In the present study we formulated a theoretical
model that 1) describes the time evolution of a drop
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size distribution originating on aerosol particles of a
given size distribution and of given uniform compo-
sition and its subsequent growth by condensation and
collision and coalescence; 2) describes the simulta-
neous time evolution of the aerosol particle mass
captured by and redistributed among the various
cloud drop size categories; and 3) describes the si-
multaneous time evolution of the mass and distri-
bution of the aerosol particles left unactivated in the
air as drop interstitial aerosol.

This model is formulated theoretically in a general
manner by means of a self-consistent set of equations
to be used in conjunction with a convective cloud
model which predicts the dynamic and thermody-
namic input-parameters. Before linking the present
scavenging model to a detailed convective cloud
model, we decided to test it under simplified condi-
tions, i.e., by linking it with an entrainment parcel
model. The present article describes the numerical

" evaluation of our model in the latter form, leaving

an evaluation inside the framework of a dynamic
model to a later communication.

Introducing the number and mass density functions
f4, faras Zapa and gapa (see list of symbols in the
Appendix) for the drops in air, and the aerosol
particles in air and in the cloud water, we may express
the time rate of change of the drop number density
distribution function by

o = V] + V- [KY fam)]

4 fa(m) " a fo(m)
ot a |.

3fum)
* ot

d
+ o= [Valm) fi(m)] +

act con/eva

+ a fa(m)

d fa(m)
EY +

AP, coll at

>
d, break up

(1)
the time rate of change of the number density distri-

bution function for the aerosol particles remaining in
the air by

d, coal

0 fapa(m
_.i‘“’a(t ae) -V [vf;\Pa(mAP)] + V [K,.V fapa(ap)]
+ af;\Pa(mAP) + af;\Pa(mAp)
ot act T con/eva

+ 3 fara(Map)
ot

3 (@)

AP, coll

the time rate of change of the mass density distribution
function of aerosol particles in the drops by

Agapa(mm) —

o =V« [vgara(m)] + V - [K,,Vgapa(m)]

dgapa(m)

3
* 5z Velmigaram] + =55 7]
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+ 9gapa(m) + dgapa(m)
‘ at con/eva ot AP, coll
+ 9gara(m) o+ dgapa(m) . (3)
ot d, coal ot d, break up

and the time rate of change of the mass density
distribution function for the aerosol particles remain-
ing in the air by

0gapa(m
—&\:;t—) = =V - [vgara(map)] + V - [K,,Vgapa(map)]
+ Ogapa(Map) + 9gapa(Map)
at act at con/eva
+ 0gapa(Map) @)
at AP, coll

For the physical meaning of the terms with subscripts
on the second line of Egs. (1)-(4) see Appendix.

While the first three terms in Egs. (1) and (3) and
the first two terms in Eqgs. (2) and (4) must be
evaluated from the dynamic framework of the chosen
dynamic cloud model, the remaining microphysical
terms can be evaluated from the relations below.

The time rate of change of the drop spectrum due
to collision and coalescence between the drop is

a : mf2
j‘;i?(tm) = Ja(m — m") ff(m")Ko(m — m’, m’)

d, coal

X dm' — j:o Jam) ff(mHKy(m, mdm'. (5)

The time rate of change of the aerosol particle
mass inside the drop growing by collision and coales-
cence is

dgapa(m)

m/2
Y = J; [@ara(m)Ym’ + Qapa(m — m')

d, coal
X [m — m1] fl(m") fa(m — m")Kq(m — m’, m)dm’

— &ara(m) fo JSa(m"Kg(m, m)dm’, (6)

in which we have introduced the new variable Qapq

(defined in the Appendix) in order to improve the
computational efficiency by reformulating Eq. (6) as

dgara(m) 00 4pdm)
TR = ) S
at d, coal ¢ at d, coal
dfq(m X
+ mOuedm) | )
t d, coal
r:)
with -—[d(ﬁ) given by Eq. (5), with
al d, coal
8Qapa(m) 1 f G N
— = — mm
at & coal mfé(m) o [QAPd( )
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+ Qapa(m — m') - (m — m') — Qapa(m)m]
X fa(m") fa(m — m"Ky(m — m', m'ydm'.
The terms

a fa(m) 0gapa(m)
ot )

d, break up

(N

d, break up

in Egs. (1) and (3) were evaluated by using the drop
breakup procedure used by Hall (1980), which was
modeled after Danielson et al. (1972). This procedure
parameterizes the drop breakup process as a sponta-
neous breakup of droplets larger than a specific size.
Upon the appearance of such size drops the drop
mass is instantaneously redistributed according to the
reference spectrum prescribed by Hall (1980, his
Table 2).

The rate at which the number of aerosol particles
in air is reduced due to being captured by the growing
drops is

af.;xPa(mAP)
at

AP, coll

- _ Lw Saps(Map) fal(m)Kap(map, mydm, (8)

and the rate at which aerosol mass is reduced by

. capture is

9gapa(Mar)
ot

AP, coll

= —J:O gapa(Map) fa(mM)Kap(map, mydm.  (9)

This capture process contributed aerosol particle-
mass and water mass to the drops. The resulting
increase in mass of the drops changes the drop
spectrum according to

dfai(m) a (dm )
— =—— =" Sam)}), (10).
0t lap, con om \ dt | ap, con ‘
with
d ©
?m = f MapfapMap)Kap(Map, M)dmap.
L | AP, coll 0 .

(11

The time rate of change of aerosol particle mass
inside the drops resulting from the capture of aerosol
particle is

dgapa(m ®
gAj';;( ) = Jo(m) f 8ara(Map)Kap(Map, m)
AP, coll o
d [dm
% _ 9 [am
dmAP om [ dt AP, co“gAPd(m)] ) (12)

wherein the first term on the right-hand side of Eq.
(12) represents the contribution due to the collection
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of aerosol particles, and the second term on the right-
hand side represents the contribution due to the shift
of the whole drop number distribution resulting from
the drop growth by intake of aerosol particles.

The time rate of change of the drop spectrum due
to the condensation or evaporation of drops is

d fo(m) d [dm e
2l (5 aem).

at confeva
The corresponding time rate of change of the
aerosol partlcle mass inside drops of a given size
category is

dgapa(m)
ot

con/eva

__96 [dm
con/eva dt

gm(m)] . (14)

con/eva

where from Pruppacher and Klett (1978, their Eqgs.
13-28)

dm
dt con/eva
[s _ 20,:M, ve® M, paprn’ :|
™ RTpwa Mpha®— )]
| = 4rwa (LeMw'_l)+ RT . (15)
k¥T\ RT Mwesat wD¥

In the present model the growth by vapor diffusion
of the unactlvated drops were also considered, for
which

. 8 fapa(Map)
ot

con/eva

4 [drhAp
6m_Ap dt

f:wa(mAP)] - (16)

con/qva

0gapa(Map)
ot

con/eva .
i) [dmAp
am AP dt

(17)

gAPa(mAb):I >

con/eva

with

dm AP
dt

con/eva
[svw _ 29wy +
RTpwr  Mpr® — ry’)
L (% _ 1) + AT
kT \RT Mg, DY
The quantities ‘

8 fa(m)
ot

ve® M,papry’ ] F,

= 4xr

. (18)

dgard(m)
act ot

af;\Pa(mAP)
ot

’
act

9gapa(Map)
act ot

act
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in Egs. (1)-(4), respectively, were evaluated for an
aerosol of given size distribution and composition
and for a given supersaturation s,,,, from the relations
(see Pruppacher and Klett, 1978, p. 146):

A BrN3

=2 1
Sow = T = P (19)
Wl’gl A = 2M0,)/((RTp,), B = (v®eM,ponp)/(Mspy);
an
0w . _ A . 3Ba’ry '
da 0= a? + (@ — )P’ (,20)

Equations (19) and (20) determine a. and ry, through

the relatlons
D [D? 12
40 ===+ [T - ] )

2
ac3(A = Sowlc) ]l/B
= | 2L T o) 21
e [A L) 1 Qi)
with \
[ - 28?4~ 6Bds,,
3Bs2, — 3B%s,,’
BA?
E= ———i—- (2ic,d)

3Bs2, — 3B%s,,’

where a. is the critical radius for activation and ry,
is the critical radius of a4 dry aerosol nucleus which
can become activated to a drop at the given super-
saturation. An evaporating drop was considered to
become an aerosol particle when its size reached the
value g, again.

Although it would be desirable to eventually eval-
uate Egs. (1)~(4) in conjunction with a two-dimen-
sional convective cloud model, we decided in the
present study to test our scavenging framework in
conjunction with a simple entraining air parcel. For
this purpose, the first three terms on the right-hand
side of Egs. (1) and (3) and the first two terms on
the right-hand side of Egs. (3) and (4) were replaced
by the terms —u fa(m)U; ~ugapa(m)U; —pl fara(map)
— [ara(map)lU; —ulgapa(marp) — & :\Pa(mAP)]U respec-
tively.

In addition, the following relations were needed to
form a closed set of equations for completely describ-
ing the conditions in the air parcel (see Pruppacher
and Klett, 1978, p. 354—357):

dr _ _gU _ WT =TV + 2 G, (22)
dt Cpa Cra
where '
aw
Cpn = dtz + u(wt — wiHU, 23)
d
_%/ = - ﬂ(wV - W’V)U - CPhs (24)
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W__g [Tt ]

d 1+yL Ty
- ﬁ U?; v=05, (25
oL,
pa = I;I;-IF ; @7
ig;_P - _% (28)
y= 9}.{@ (29)
Sow = w:;w -1 (30)

W= wp + wiap = J; ) mfdm)[1 — Qapa(m)ldm

+ J:" Map fara(Map)[l — Qara(Mmap)ldmap. (31)

The equations given above represent a closed system
when 77, w),, f'spa, 2'ara, as well as the aerosol particle
composition, have been specified. Note that the
primed quantities refer to the parcel’s environment,
and that the liquid water content w¥ is due to the
liquid water content of the drops and the liquid water
attached to the unactivated aerosol particles. In order
to facilitate numerical computations, we also have
.expressed everywhere the mass of a particle in terms
of the logarithm (In) of its radius.

3. Cases chosen for evaluation

The theoretical model described in Section 2 was
numerically evaluated for the following cases.

a. Case 1l

In case 1 it was assumed that the initial drop size
spectrum was given and described by the relation

2 —u\2
falna) = 3 Na exp(lna #') ,  (32)

i=1 (21")1/20',‘ 2”20','

with Ng; = 300 cm™3, Ny, = 200 cm™3, g, = In(9
X 10_4), My = ln(ll X 10—4), o, = 0.2, gy = 0.3, wr,
= 2.78 gm™>. This drop size distribution was allowed
to broaden by stochastic collision and coalescence in
the manner described by Berry and Reinhardt (1974)
and by Berry (1974a,b,c). The coalescence efficiency
for drops was assumed to be unity, while the values
for the collision efficiency of drops were assumed to
be a combination of those given by Davis (1972),
Jonas (1972), Klett and Davis (1973), Lin and Lee
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(1975), and Schlamp et al. (1976), in a selection of
values given by Hall (1980). While growing by collision
and coalescence the drops were allowed to pick up
aerosol particles from the air by impaction scavenging
with an efficiency as given by Grover et al. (1977)
and Wang et al. (1978). The dry aerosol particles
were assumed to have a particle size distribution
given by the relation

Sara(Inry) = 107147733, (33)

In one evaluation of case 1 the scavenged aerosol
particles were prohibited from being redistributed
among the drop size categories due to collision and
coalescence, while in the other evaluation of this case
the scavenged particles were allowed to be redistrib-
uted. :

b. Case 2

In Case 2 it was again assumed that the drop

-spectrum was given but in this case was described by

the relation

l v+1 v+1
Ja(lna) = 3N, %‘(iy-‘:)l_) [g] exp[—(u +1) %] ,
' (34)

with » = 0, w, = 1 g m~3, and with the mean drop
mass m given from the mean drop radius @ = 13 um
and 9 um, with' Ny = 108 and 273, respectively.
These two drop size distributions were again allowed
to broaden by a stochastic collision-coalescence pro-
cess assuming the same coalescence and collision
efficiencies for drops as those used for case 1. While
growing by collision and coalescence the drops were
allowed to capture aerosol particles from the air by
impaction scavenging with an efficiency given by
Grover et al. (1977) and Wang et al. (1978). The
aerosol particles were assumed to follow the size
distribution Eq. (33). The scavenged aerosol mass
was then allowed to be redistributed among the drop
size categories as a result of collision and coalescence
between the drops.

¢. Case 3

Unlike case 1 and case 2, in which the initial drop
size distribution was assumed, the drop size distri-
bution in case 3 was computed assuming that the
spectrum was controlled by nucleation, condensation,
and collision and coalescence. For this purpose the
parcel condensation model of Lee et al. (1980) and
of Lee and Pruppacher (1977) was coupled with our
collision-coalescence model structured after Berry
and Reinhardt (1974) and Berry (1974a,b,c). While
being activated to drops, aerosol particles were allowed
to be consumed by nucleation scavenging. In addition,
each drop was allowed to pick up aerosol particles by
impaction scavenging with an efficiency as given by
Grover et al. (1977) and Wang et al. (1978). During
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growth of the drops by collision and coalescence the
aerosol mass, scavenged by these two mechanisms,
was then allowed to be redistributed among the
various drop size categories.

A modified gamma distribution of the form de-
scribed by Deirmendjian (1969) was used to describe
the size distribution of the aerosol particles subjected
to nucleation and impaction scavenging:

Jara (In7x) = Ar§*' exp(—Bra"),

with 4 = 4.9759 X 10" cm™ um™3, B = 15.1186
pm ™03 o = 2, 4y = 0.5. In case 3 the aerosol size
distribution was assumed to be a continental type
with a total number concentration N, = 1000 cm 3,
and a composition ¢ = mgny~! = 1.0; the soluble
portion of the aerosol was assumed to consist of
ammonium sulfate (NH;),SO, with a molecular
weight. of M; = 132. The quantities D,, M, €, w»
o, Owras Vas kas Pas Cpas @1, Oy Ay, Ar, L,, F, were
assumed to have the values given by Pruppacher and
Klett (1978). The temperature and humidity distri-
bution assumed in the present case was that used by
Lee et al. (1980) in their computations. The initial
updraft radius was assumed to be 350 meters, and

the initial updraft speed was assumed to be 1 m s~

- (35)

d. Case 4

The conditions used in case 4 were the same as
those in case 3, except that the aerosol material was
assumed to have a composition ¢ = 0.01, with the
‘water insoluble portion to consist of silicate.

e. Case 5

The conditions used in case 5 were the same as
those in case 3, except that a maritime-type aerosol
was considered with N, = 100 cm™3 and € = 1, and
for A = 5.333 X 10 cm™ pm™2, B = 8.9443 um™3,
a = 1, ¥y = 0.5 in the aerosol size distribution
(Eq. (35)).

In cases 1 and 2 we assumed that the aerosol
particles scavenged by the drops through impaction
scavenging were dry. In cases 3 to 5 two conditions
were compared with each other as follows.

Under the first condition (continuous lines in Figs.
3d, e, 4d e, 5d, e) the aerosol particles scavenged
through nucleation scavenging were assumed to be
initially dry, and those particles that did not become

activated to drops, but were allowed to be scavenged -

by impaction scavenging, were assumed to remain
dry during the whole scavenging process.

Under the second condition (dashed lines in Figs.
3d, e, 4d, e, 5d, e) the aerosol particles scavenged
through nucleation scavenging were assumed to be
initially in equilibrium with humid air of 99% relative
humidity. Those particles that did not become acti-
vated to drops but were exposed to impaction scav-
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enging were also allowed to grow according to the
humidity in the parcel. ‘

All five cases were evaluated with the help of Egs.
(1)-(31), using numerical procedures outlined in Hall
(1980), Smolarkiewicz (1983) and in Flossmann
(1985). '

4. Results and discussion

The results of our computations are displayed
graphically in Figs. 1-5, where five cases were distin-
guished. The results of case 1 are illustrated by Figs.
la—c. The time evolution of the drop size distribution
specified in Section 3 is shown in Fig. la in time
intervals of 50 seconds during which the drops were
allowed to grow by collision and coalescence. The
growth behavior is expressed in terms of the mass
distribution function g, which is plotted against the
drop radius. We notice from this figure that the drop
size distribution broadens relatively rapidly, so that
in approximately seven minutes the main water mass
has become associated with precipitation size drops
of radii between 100 and 1000 um. Although these
drops comprise the main water mass of the cloud,
the main number concentration of drops still remains
“left behind” in the radius interval 5-30 um. In Fig.
1b the mass distribution function gapq for the aerosol
particle mass inside the drops is plotted against the
drop radius for the entire collisional evolution of the
drop size spectrum, during which the drops were
allowed to capture by impaction scavenging the aero-
sol particles of the size distribution specified in Section
3. For obtaining the results plotted in Fig. 1b we
purposely made the incorrect assumption that the
captured aerosol mass would not become affected by
the collision and coalescence which takes place among
the growing drops, i.e., it was assumed that the
amount of aerosol material, which a given drop size
category contains, is solely the result of the amount
of aerosol material which the drops of this size
category captured from the air by itself. We note
from Fig. 1b that under these conditions, during the
whole growth period of 400 seconds, the main aerosol
mass is contained inside drops which belong to the
small size end of the drop size distribution, i.e., inside
drops of nonprecipitating size, despite the fact that
during this time period the main water mass of the
drop size distribution continuously shifted to increas-
ingly larger drop sizes.

If, however, the aerosol mass added to each drop
size category by impaction scavenging is allowed to
be affected by the collision—coalescence process a
completely different result emerges. This result is
illustrated in Fig. 1c in which again the mass distri-
bution function gapq for aerosol particles is plotted
as a function of drop. radius. We notice from this
figure that as a result of the collision—coalescence
process the aerosol particle mass scavenged from the
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FIG. la. Case 1. Time evolution of the drop mass distribution function g,, as a function of drop radius « for an assumed
initial drop size spectrum [Eq. (32)] of initial total drop concentration N, = 500 cm™ and of a constant liquid water content
wy = 2.78 gm™3. Aerosol particle size distribution given by Eq. (33). Note the changing ordinate scale.

air by impaction becomes redistributed among the
drop size categories. Thus, we note that as the main
water mass becomes shifted to larger drop sizes the
main aerosol particle mass becomes shifted along
with the main water mass so that after about seven
minutes the main aerosol particle mass is completely
inside the main cloud water mass, i.e., inside drops
of precipitation size. The result is not quite trivial as
the number of precipitation drops is only a very small
fraction of the total number of cloud drops present.
One therefore could have expected that the main
aerosol mass would be associated with the large
number of nonprecipitating drops rather than the few
precipitating ones.

The present results of Figs. la—c emphasize that a
correct description of the aerosol particle removal
mechanism not only must include a correct descrip-
tion of the intake by the drops of aerosol particles
from the air but also a correct description of the

redistribution of this aerosol particle mass as a result
of the stochastic collision—coalescence process among
the drops. If such a correct description is used, one
finds that the main aerosol mass always is closely
associated with the main water mass in a cloud, thus
insuring that if a cloud reaches the precipitation stage
the main aerosol mass will become returned to the
ground with the main water mass of the cloud.

The results of case 2 are displayed in Figs. 2a—-d.
The time evolution of the mass distribution function
g, for the drops for the two initial size distributions
specified in Section 3 has been plotted together with
the associated time evolution of the mass distribution
function gspq for the aerosol particles captured from
air by impaction scavenging, and redistributed among
the drop size categories as a result of collision and
coalescence of the drops. In contrast to Figs. la—c the
time evolutions have been plotted in three-dimen-
sional form with the scale of the ordinate remaining
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FIG. 1b. Case 1. Time evolution of the mass distribution function gaps and total particle mass wA.;d inside the radius a.
Aerosol particles captured by impaction scavenging by drops of size spectrum evolving in time as given in Fig. la. No
redistribution of aerosol particle mass due to collision and coalescence is allowed. Note the changing ordinate scale.

the same at all times. We note from Figs. 2a-b for a

drop size distribution with @ = 13 um that precipi-

tation size drops are formed relatively quickly. Cor-
respondingly, the main aerosol particle mass is also
carried quickly into the cloud water composed of
precipitation size drops. For the drop spectrum with
a = 9 pum we note from Figs. 2¢ and 2d that, as
expected, it takes considerably longer to develop
precipitation size drops. The shift of the main aerosol
mass also takes correspondingly longer and the total
amount of the aerosol mass scavenged is compara-

tively lower due to the dependence of the collection

efficiency on drop and aerosol particle radius. The
sequence 2a—d illustrates again the manner in which
the captured aerosol particle mass is affected by
redistribution of cloud drops following collision and
coalescence and how this redistribution is significantly
controlled by the original size spectrum of the cloud
drops.. '

The results of case 3 are displayed in Figs. 3a-f.
Figures 3a, b give the time evolution of drop size
distribution in intervals of 200 seconds. Drops are
formed by condensation on the aerosol particle size
distribution specified in Section 3 and subsequently
grow by collision and coalescence. This size evolution
is documented by the number distribution function
/5 as a function of drop radius in Fig. 3a, and by the
mass size distribution g,, as a function of drop radius
in Fig. 3b. We note from Figs. 3a, b that the drop
size distribution on the continental aerosol of com-
position ¢ = 1.0 broadens only a little and does not
form precipitation size drops. Therefore, we expect
from the results of Figs. 1 and 2 that the niain aerosol
mass remains contained in drops of non-precipitating
size. This is indeed verified by the results shown in
Fig. 3c. As a consequence of this, the main aerosol
mass will not be returned to the ground. Considering
the total aerosol particle mass in the cloud water per

4



15 MARCH 1985 A. I

FLOSSMANN, W. D. HALL AND H. R. PRUPPACHER 591
T 08 t=0 sec 1 150 - ] 300
“E 1 3 ) :
2,91 wpy=0 gm® N 2991 16° | 4927 10
o 04 _ 1
0.2 11 J
0 T T T G T * T 0 T T T
00 10 102 103
a{microns)
o{16° ' I
50 _ 200 3410° 350
1057 16° 3 3821 10° ) 5169 10
08 -
] 2 |
04 J | J 1
0 - : 0 : : 0 :
-5 “0'5
-5 4410
110 100 ) 250 4 400
- o = = _5
2 2059 10° 3 4,485 10° ] 5,332 10
] N -
1 ] 2
- } 1- ‘
0 T T v 0 v T 0+— /\ v +

FIG. 1c. Case 1. As in Fig. 1b except that a redistribution of the scavenged aerosol particle
mass due to collision and coalescence is allowed.

kilogram dry air wapg we. note further from Fig. 3c
that the main aerosol particle mass is captured during
the drop nucleation stage at the beginning of the air
parcel’s lifetime, while at later times the total amount
of captured aerosol particle mass increases only very
little with time as a result of continued nucleation of
aerosol particles transported into the parcel by en-
trainment, impaction scavenging of the aerosol par-
ticles left unactivated during condensation and de-
trainment of drops. In Figs. 3d, e the aerosol mass
distribution function gsp, and the aerosol number
distribution function f,p, for the aerosol particle left
uncaptured in air have been plotted as a function of
the particle radius. We note from these figures that
the uptake of aerosol particles by drops -through
nucleation and impaction scavenging causes a corre-
sponding disappearance of aerosol particles in air. As
suggested from Fig. 3c this disappearance of aerosol
particles is most pronounced during the condensation

stage, leaving in the air. aerosol particles of a size
distribution which is truncated at the large size end
of the particle distribution. This size distribution
remainder represents the ‘“drop-interstitial-aerosol”
which in comparison to the original aerosol distri-
bution is considerably reduced in number and mass.
In fact, we note from Fig. 3d that the total number
concentration of aerosol particles in air has become
reduced by about 76% during the nucleation stage,
while the mass has become reduced by several orders
of magnitude. This truncation is very sharp in our
computational case since we assumed that all aerosol
particles have the same composition. Under atmo-
spheric conditions a less sharp cutoff is expected due
to the heterogeneous composition of natural aerosols.
We further note that the rotal number of aerosol
particles in air N, and the corresponding total aerosol
particle mass in air per kilogram air wap, continues
after ¢ = 400 seconds to slightly decrease in time due
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FIG. 2. (a) Case 2. Three-dimensional display of the time evolution of the drop mass
distribution function g, as a function of drop radius « for an assumed initial total drop size
spectrum {Eq. (34)] with @ = 13 um, an initial total drop concentration N; = 108 cm™, and a
constant liquid water content w, = 1 gm™. Aerosol size distribution given by Eq. (33). (b)
Case 2. Three-dimensional display of the time evolution of the aerosol particle mass distribution

" function gaps for aerosol particle mass inside drops of radius «. Aerosol particles captured by
impaction scavenging by drops of size spectrum evolving in time as given in (a). Scavenged
aerosol mass is allowed to be redistributed. (c) Case 2. As in (a), except that @ = 9 um and the
initial total drop concentration N; = 237 cm™, (d) Case 2. As in (b), but for a drop size

. spectrum evolving in time as given in (c).
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to impaction scavenging. During this time the super- a lowéring of s,, on account of the entrained air
saturation remains practically unchanged. After ¢ which increases in dryness with height. Consequently,
= 1400 seconds, however, N, increases again due to fewer aerosol particles become activated, i.e., more
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"FIG. 3a. Case 3. Time evolution of drop number distribution function J2 as a function of drop radius for an assumed initial size
distribution of aerosol particles {Eq. (35)] of composition ¢ = 1.0, (NH,),SO4, and of initial concentration N, = 10° cm™3, growing by
condensation and collision~coalescence in an atmosphere of assumed vertical temperature and humidity distribution.
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FIG. 3b. Case 3. Time evolution of drop mass distribution function g, as a function of drop
radius for the conditions specified in Fig. 3a.
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FIG. 3e. Case 3. Time evolution aerosol particle mass distribution gaps for aerosol mass in air between cloud drops (interstitial acrosol)
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1071620 61102 5
= qg] teOsec ] 600 102 1200 1° 1800
2 %] u=100m/sec . 208 4 205 61 070
2 061 Qup- | <4 : -4 i ”
= 08 Qupp0 4 2785 10 ] 1512 10 ‘ 1099 10
2 04 ‘ ﬂ
< 21 2 ]
e 02 21
0 : . 0 e 0 —
- 6110°
] 200 1° 800 ] 1400
N B2 ‘] 244 . 188
6880 1 | 2226 164 1320 10
2 2 2
0 . — 0 R
64162 | |2 6{162
] 400 0 1000 1600
oS d 0 2 142
‘ 3805 0° 1796 16 “q 0 e7 w6t
2 2 2
0 —— o o

FIG 3f. Case 3. Time evolution of aerosol particle mass mixing ratio Qapq in cloud drops as a
function of drop radlus for the conditions specified in Fig. 3a.
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remain as interstitial aerosol. Figure 3f illustrates the
time evolution of the mixing ratio Qpq, Which is the
ratio of aerosol mass to cloud drop mass, as a
function of drop radius. We note that this mixing
ratio strongly increases with decreasing drop size,
implying that the smallest drops are also the most
contaminated. However, we have to recall that the
mass associated with the aerosol particles in these
small drops is very small indeed. Thus, although the
large drops are characterized by very small values of
QOard, they still carry the main aerosol mass. We also
note from Fig. 3f that the total mass mixing ratio
QOapa Of aerosol particle mass in the cloud water
decreases with time as a result of continued “dilution”
of the captured aerosol material due to the diffusion
growth of the drops. If the unactivated aerosol is
considered to be “dry™ all the time, the results are as
given by the continuous line in Figs. 3a-f. If, on the
other hand, the unactivated aerosol particles are
assumed to grow and reach a size at which they are
in equilibrium with moist air in the cloud, the results
given by the dashed line are found. We note that the
functions f3, g., gaps and Qupq differ only insignifi-
cantly from the dry aerosol case so that the dashed
and continuous lines would practically lic on top of
each other. However, significant differences between
the dry and moist cases are found for the functions
fara and gup. given in Figs. 3d, €. As expected, the
number and mass size distribution of the moist
interstitial aerosol is now shifted to larger sizes,
shifting also the cutoff separating the activated from
the unactivated aerosol particles. Also the total num-
ber concentration of interstitial aerosol particles is
somewhat lower. The trend with time, however, is
the same; therefore, in order to conserve space these
numbers are not shown.

The results of case 4 are displayed in Figs. 4a-f.
These figures illustrate the behavior of the same
variables as those given in Figs. 3a—f, except that the
behavior shown applies to a continental aerosol of ¢
= (.01, as specified in Section 3. Thus, we note from
Figs. 4a, b that the drop size spectrum which develops
from this aerosol particle spectrum broadens relatively
quickly and, in contrast to the aerosol particles of ¢
= 1.0 assumed for case 3, produces precipitation size
drops within about 23 minutes. Correspondingly, the
main aerosol mass contained in the cloud water also
“reaches” precipitation size drops within this short
time, as seen from Fig. 4c. We further note that the
total aerosol mass wapq in g kg~! contained in the
cloud water continues to increase with time, although
this increase is much smaller in comparison to the
initial increase during the condensation period. The
variation of the aerosol particle number and mass
concentration in air is illustrated in Figs. 4d, e. Note
that during the initial condensation stage the number
concentration of the aerosol particles in air decreases
by about 48%. Unfortunately, however, the present
data do not allow any conclusion concerning the
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effects of impaction scavenging on the total amount
of material scavenged, as these effects are completely
overpowered by the effects of nucleation scavenging.
The time variation of the mixing ratio of the aerosol
particle mass in the cloud water is given in Fig. 4f
which exhibits a similar rapid increase with decreasing
drop size.

The results of case 5 are displayed in Figs. Sa-f. In
this case a maritime aerosol of ¢ = 1.0 of size distri-
bution specified in Section 3 was assumed. We note
from Figs. 5a, b that in this case the drop size
distribution broadens even faster, leading to precipi-
tation size drops within about 17 minutes. Figure 5c
shows the expected corresponding rapid redistribution
of the main aerosol mass entering the precipitation
size drops within the same short time. We also note
the continued but small increase of the aerosol mass
wapa In cloud water as time proceeds. The corre-
sponding loss of aerosol particle number and mass
concentration is displayed in Figs. 5d, e. In this case
the decrease in the number concentration of aerosol
particles during the condensation stage amounts to
94%. The time variation of the mixing ratio of the
aerosol particle mass in the cloud water is given in
Fig. 5f with the same features as those in Figs. 3f
and 4f. .

The multiple peaks in the drop size distribution f3
(and, correspondingly, in the mass distribution of the
aerosol in the cloud water gapq) are somewhat unex-
pected. Previous studies on condensation with models
allowing entrainment (Warner, 1973; Mason and
Jonas, 1974; Lee and Pruppacher, 1977, and Lee ef
al., 1980) show that entrainment of nuclei leads to
the development of two modes in the drop size
distribution, and a third mode representing the pool
of the unactivated aerosol particles. Such a double
maximum in the drop size spectrum is indeed fre-
quently found in atmospheric clouds (see, e.g., Prup-
pacher and Klett, 1978). It is our opinion that this
agreement is due to an artificiality, namely, that in
the previous models the term describing the entrained
nuclei does not contain the requirement that the
entrained nuclei must be activated before they can
grow by diffusion. Rather, in previous models all the
nuclei entrained were treated as activated and allowed
to grow upon entry into the cloud. If, however, the
requirement of activation before growth is imposed
also on the entrained nuclei, then multiple peaks
appear as long as (as in previous condensation models)
all aerosol particles treated by the model have the
same composition, and as long as (as in most previous
condensation models) the drops formed by conden-
sation are not allowed to mix by turbulent motions
in the cloud. The constraint of activation on the
entrained nuclei has as a consequence that new drops
only appear after a critical time has elapsed, a time
after which the vapor pressure again is large enough
to raise the supersaturation in the parcel above that
required for activating aerosol particles to drops.
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FIG. 4b. Case 4. As in Fig. 3b, but for conditions specified in Fig. 4a.
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During this “recovery” of the vapor field, the previ-
ously formed group of drops had time to grow by
diffusion and thus to “detach” itself somewhat from
the next following group of aerosol particles activated
to drops. Evidence from field observations for such
multiple peaks can, for example, be found in Fig. 7
of Ryan et al. (1972). We expect that the multiple
peaks will disappear if the aerosol particles involved
in the condensation mechanism have a chemical
nature which varies from particle to particle and is
not uniform (as assumed in the present and all
previous condensation models) and if the turbulence
in the cloud is allowed to mix the drops.

We also should emphasize that the disappearance
- of the multiple maxima and eventually the double
maxima in the drop size distributions presented here
are a result of the choice of increasingly broader drop
size categories which “swallow up” the different peaks.

5. Conclusions

A theoretical model was formulated which involves
a coupling of the condensation process and the col-
lision—coalescence process for studying the fate of
aerosol particles removed by cloud drops through
nucleation scavenging and impaction scavenging.
From this model a determination was made of the
time evolution of aerosol particle mass scavenged by
drops, and of the aerosol particle mass left unactivated
in air as drop-interstitial aerosol. Our study suggests
four phenomena. 1) The collision—coalescence process
is responsible for a redistribution of the scavenged
aerosol particle mass inside the cloud water in such
a manner that the main aerosol particle mass is
always associated with the main water mass, thus
ensuring that if a cloud reaches the precipitation stage
it also will return to the ground the main scavenged
aerosol particle mass. This result has yet to be verified
by field observations. 2) Although the main aerosol
particle mass is contained in the large drops, the
mass mixing ratio of the captured. aerosol in’ the
cloud water is larger inside small drops, implying that
smaller drops are more contaminated than larger
ones. This result is in good qualitative agreement
- with the field studies of Georgii and Woétzel (1970).
3) Inside a cloud a drop interstitial aerosol exists

which consists of a particle population reduced in’

number concentration through nucleation scavenging
by up to 94%, and reduced in mass by several orders
of magnitude, as based on the aerosol particle popu-
lation outside the cloud. This result is in qualitative
good agreement with the field studies of Radke (1983,
his Fig. 2), if his approximate data for aerosol particles
larger than 0.3 um are disregarded due to his admit-
tedly still unresolved experimental difficulties, and if

it is recalled that our computations were carried out -

for aerosol particles which all had the same compo-
sition; this is in contrast to the heterogeneous com-
position of natural aerosols. 4) Although the amount
of aerosol mass scavenged by impaction cannot com-
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pletely be neglected in accounting for the total aerosol
particle mass removed by clouds, our results show
further that independent of composition the aerosol
particle mass removed by nucleation scavenging is
larger by several orders of magnitude than the aerosol
particle mass removed by impaction scavenging inside
clouds. This conclusion has been qualitatively verified
by the field studies of Radke (1983) and Hegg and
Hobbs (1983).

_At this point it must be stressed that the authors
are fully aware of the tentative nature of the values
existing in literature for the efficiencies with which
aerosol particles are scavenged by impaction with
drops. In fact it has been suggested (Radke et al.,
1980; Barlow and Latham, 1983) that various factors

-existing in atmospheric clouds may cause the scav-

enging efficiency to be considerably larger than those
found in the theoretical laboratory studies cited in
Section 1. However, the present study shows quite
convincingly that impaction scavenging contributes
but little to the total amount of aerosol mass removed
by nucleation scavenging. Thus, computations with
an efficiency as large as near unity for all drops and
aerosol sizes have yielded results which altered the
present ones by less than 0.5%. This finding is phys-
ically reasonable, as nucleation scavenging removes
the main aerosol mass, leaving for impaction scav-
enging drop-interstitial-aerosol particles quite large in

_number but quite small in total mass. Even if this

small mass would be removed by impaction scaveng-
ing with an efficiency of unity, the removed mass
would still not contribute significantly to the total
mass removed. ,

Also, at this point, it must be stressed that the
present authors are fully aware of the many short-
comings of the ‘“air-parcel-model” for studying the
scavenging process as compared to using a two- or -
three-dimensional cloud dynamics model. However,
it is argued here that the conclusions drawn from the
present model are not specified to the dynamic model
used and thus are expected to be verified by a two-
dimensional convective cloud model. On the other
hand, there is no a priori difficulty in removing the
air parcel dynamics from our presently used scaveng-
ing model and instead coupling our scavenging model
with a more detailed cloud dynamics model. Such a
coupling is planned for the near future.

Further, we must emphasize that the present study
only applies to aerosol particles of uniform compo-
sition. Impaction scavenging may be considerably
more prominent in removing aerosol particles if an
external mixture exists in air of aerosol particles of
very different chemical composition.

.Also, we must stress again that the present model
only applies to in-cloud scavenging and does not
consider below-cloud scavenging. Again, in below-
cloud scavenging, impaction scavenging may take a
more prominent role than it does in in-cloud scav-

enging.
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Finally, it should be added that the present model
can easily be applied to the scavenging of gases from
the atmosphere which, once scavenged, will suffer the
same redistribution among the various cloud drop
size categories as the aerosol particles do. Such an
application is presently also underway.
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APPENDIX

Definition of Terms

a, a drop radius, mean drop radius of
distribution

Cra specific heat of air

D, diffusivity of water vapor in air

. _ a_ D, (27er)'/2]“

b D"[a + A, + aa. \ RT
(Pruppacher and Klett, 1978, Egs.
13-13)

€, €t w water vapor pressure, saturation vapor
pressure over water

E,y collection efficiency for drops colliding
with drops .

E,p collection efficiency for drops colliding
with aerosol particles

Japa aerosol particle number distribution
function for aerosol particles in air

fa cloud drop number distribution
function

F, ventilation coefficient = 1.00

+ 0.108X2, for X < 1.4; and =0.78
+ 0.308X, for X > 1.4, with X

= Ns.'*Ng.'”? (Pruppacher and
Klett, 1978, p. 443)

g : acceleration of gravity

8Apd aerosol particle mass distribution
function for aerosol in cloud water

g.m) cloud drop mass distribution function
= m[1 — Qapa(m)} fa(m)

8APa aerosol particle mass distribution
function for aerosol in air

K, collection kernel for drops colliding

’ with drops
Kap collection kernel for drops colliding
' with aerosol particles
K, turbulent eddy diffusion coefficient
k. thermal conductivity of air
1/2—1
kr _ ka[: a_ . k. (21rMa) ]
a+ AT aanacpa RT

(Pruppacher and Klett, 1978, Eqgs.
13-20) N

L, latent heat of evaporation

m, Map,
My, M

M,, M,,
M;
Na’ Nd

Ns.
Oara(m)

Oara
QOara(Map)
r, rn

R
R
T, T,

U
V(m)
v

Ward, Wara
WL, WLap
z

ar, &

Av; AT

Va
Oj
Ow/a
Pw
PAP

Vdacr

‘P |cond/eva
¢ I AP, coll
\bld, coal

\Md, break up

2
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mass of drop, of growing aerosol
particle, of dry aerosol particle, of
water-soluble component in aerosol
particle

‘molecular weight of water, salt, air

total number of aerosol particles per
unit volume of air (per kg of air),
total number of drops per unit
volume of air (per kg of air)

Schmidt number = »,/D,

aerosol mass mixing ratio distribution
function = gapq(m)/mfs(m)

total mass mixing ratio of aerosol
particles in cloud water

aerosol mass mixing ratio distribution
function = gapa(7ap)/Map fara(Map)

radius of growing aerosol particle,
radius of dry aerosol particle

universal gas constant

radius of updraft

absolute temperature, virtual
temperature

updraft velocity

terminal velocity of drops

velocity field of air

aerosol mass in drops, in air, per unit
volume (per kg) of air ‘

liquid water content of drop cloud, of
unactivated aerosol particles

vertical coordinate

thermal accommodation coefficient,
condensation coefficient

gamma function

vapor jump distance, thermal jump
distance ,

composition of aerosol particle
= mgmy~!

osmotic coefficient

entrainment factor = (1/m,)(dm,/dz),
with m, = mass of air parcel

kinematic viscosity of air

dispersion of drop size distribution

surface tension of water

density of water

density of dry aerosol particle

change due to activation of aerosol
particles to drops

change due to condensation and/or
evaporation

change due to aerosol particle
collection

change due to collision and coalescence
of drops

change due to drop break-up

refers to the time rate of change of the
functions f3, gapa; fara> &apas Qapas
Oara, M, O Mpp
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