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ABSTRACT 

Semi-empirical formulae are presented which can be used to 
estimate precipitation scavenging and dry deposition of par- 
ticles and gases. The precipitation scavenging formulae are 
appropriate both for in- and below-cloud scavenging and 
comparisons with data indicate the importance of accounting 
for aerosol particle growth by water vapor condensation and 
attachment of the pollutant to plume or cloud particles. It 
is suggested that both wet and dry removal of gases is usually 
dictated by other than atmospheric processes. Dry deposition 
of particles to a canopy is shown to depend on canopy height, 
biomass, vegetative type and mean wind. Two large-scale 
practical problems are addressed dealing with the relative 
importance of wet and dry deposition and with the sources 
which contribute to deposition in a specific location. 

Essentially all air pollution is eventually cleansed from the 
atmosphere by the natural processes generally referred to as precipita- 
tion scavenging and dry deposition. The purpose of this report is to 
present formulae which can be used to approximately describe these 
cleansing processes. Within the details of the development of these 
formulae, some unifying features may not be apparent and it may be 
worthwhile to mention them here. One is that in all cases, whether the 
removal is by rain, snow, grass, leaves, water surfaces or whatever, 
the efficiency with which the pollutant is removed from an air stream by 
an obstacle must be considered. This collection efficiency is usually 
written as the product of a collision efficiency, defined in Figure 1, 
multiplied by a retention efficiency. In most cases, out of ignorance, 
the retention efficiency will be taken to be unity although some com- 
ments will be made about the retention of aerosol particles by vegeta- 
tion and the desorption of gases from liquids. A second unifying 
feature is that after a collection efficiency has been obtained, it is 
necessary to sum over all collecting elements to obtain an overall 
removal rate and usually these integrals must be rather severely 
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Figure 1. Some d e f i n i t i o n s .  I n  the  sequel  t h e  r e t en t ion  
e f f i c i ency  w i l l  be taken t o  be unity.  

approximated. A t h i r d  f ea tu re ,  one t h a t  i s  only beginning t o  become 
apparent ,  i s  t h a t  with f u r t h e r  s tudy i n t o  t h e  removal processes 
(accounting f o r  e f f e c t s  such a s  aerosol  p a r t i c l e  growth, fo l i age  dens i ty  
wi th in  canopies, e t c . )  t h e  removal r a t e s  tend toward simple and r a t h e r  
obvious r e s u l t s ,  i n  a sense f r u s t r a t i n g  the  s u b s t a n t i a l  e f f o r t  devoted 
t o  unraveling the  complexit ies .  Tn t h e  c los ing  s e c t i o n  of t h i s  r e p o r t  
some p r a c t i c a l  app l i ca t ions  w i l l  be discussed f o r  a few problems which 
a r e  of cu r ren t  i n t e r e s t .  A l i s t  of symbols is  included a s  an appendix. 

A. PRECIPITATION SCAVENGING OF AEROSOL PARTICLES 

By p r e c i p i t a t i o n  scavenging o r  washout is  meant t h e  removal of  a 
p o l l u t a n t  from the  atmosphere by various types of  p r e c i p i t a t i o n  such a s  
r a i n ,  snow, e t c .  The obvious abbrevia t ions ,  r a inou t ,  snowout, e t c . ,  
a r e  a l s o  used.* Sometimes it i s  convenient t o  d i s t i n g u i s h  below-cloud 
scavenging from in-cloud scavenging i f  the  e l eva t ion  of  the  p o l l u t a n t  
is  c l e a r l y  below o r  above, r e spec t ive ly ,  t h e  cloud base. The formulae 
t o  be developed a r e  appl icable  t o  both cases.  The focus i n  t h i s  sec t ion  
w i l l  be on washout of  p a r t i c l e s ;  then some of t h e  complications asso- 
c i a t e d  with gas washout w i l l  be mentioned. 

*Readers f a m i l i a r  with e a r l i e r  p r e c i p i t a t i o n  scavenging l i t e r a t u r e  
might no t i ce  the  change i n  terminology here ,  recommended a t  the  1974 
In te rna t iona l  P r e c i p i t a t i o n  Scavenging Meeting. For f u r t h e r  d e t a i l s  
see  Sl inn  (1975a). 



1. GENERAL FORMULATION 

To describe aerosol particle washout it is convenient to start from 
a general formulation. Let xda be the amount of contaminant per unit 
volume associated with particles of radii a to a + da (viz., 
"a-particles"). Then the evolution of this contaminant is governed by 
a continuity equation: 

-t -f 
where D/Dt = a/at + v*V is the usual total time derivative; v is the 
wind field of the air, assumed incompressible; K is the turbulent dif- 
fusivity (or, more generally, KeVx symbolizes the turbulent flux); $ 
is the precipitation scavenging (or washout) rate coefficient; and G 
and L symbolize gain and loss of contaminant associated with a-particles 
because of condensation, evaporation, coagulation, etc. Dry deposition 
could also enter here but it is more convenient to, and later we will, 
treat it as a boundary condition. 

One yay to temporarily avoid the many complications in (1) is to 
take various averages or moments. Thus, if (1) is averaged over all 
particle sizes it becomes 

where the total contaminant density is 

and the particle-average removal rate is 

To obtain (2) from (1) it has been assumed that turbulence acts on all 
particles similarly and use has been made of the observation that in all 
processes contributing to G and L, the contaminant is not lost from the 
space volume. In turn, if (2) is integrated over a large enough volume 
of space so that no contaminant is convected from the volume by the 
wind, then use of the divergence theorem (and  if = 0) leads to 

where the total amount of contaminant present is 



and t h e  space- and par t ic le-average  removal r a t e  i s  

-b -b -t 
( $ ( t ) )  = J d r b ( r . t ) ~ ~ ( r , t ) / ~ ~ .  (7) 

For t h e  case  t h a t  (G) i s  time independent then t h e  s o l u t i o n  t o  (5) i s  

= Q expI-(3)t)  Qt to (8 

which i s  a f a m i l i a r  expression used i n  p r e c i p i t a t i o n  scavenging s tud ies .  

That the  above formalism only temporari ly avoids t h e  complexit ies  
of (1) is  seen when one at tempts tg evaluate  a 2 a l y t i c a l l y  t h e  average 
removal r a t e s  $ o r  ( i t )  ; c l e a r l y  Jl (r,a,t) and x ( r , a&)  must be known. 
Presumably $ can be spec i f i ed  (see below) bu t  t o  ob ta in  X, apparently 
(1) must be solved. But i f  (1) could be solved,  t h e r e  would be no need 
f o r  the  development from (2) t o  ( 8 ) .  To e x t r i c a t e  us from t h i s  c i r -  
cu i tous  development and y e t  t o  u t i l i z e  these  coa r se r  desc r ip t ions  o f  
scavenging, a number of approximations f o r  x w i l l  be introduced. F i r s t ,  
though, it i s  useful  t o  s e e  t h e  accuracy t o  which $J can be spec i f i ed .  

2 .  REMOVAL RATES FOR PARTICLES BY R A I N  AND SNOW 

Consider f i r s t  r a i n  scavenging (v iz . ,  r a inou t )  of  p a r t i c l e s .  Let  
-t t he  number o f  a -pa r t i c l e s  pe r  u n i t  volume be n ( a ; r , t ) d a .  Then t h e  

number of  these  p a r t i c l e s  removed pe r  u n i t  volume during d t  by drops of  
r a d i i  R t o  R + dR i s  

where N ( R )  is  t h e  number d i s t r i b u t i o n  funct ion  f o r  t h e  raindrops,  vt(R) 
i s  t h e i r  terminal  ve loc i ty  and E(a,R) is  t h e  c o l l e c t i o n  e f f i c i ency  
( the  c o l l i s i o n  e f f i c i ency  mul t ip l i ed  by r e t e n t i o n  e f f i c i ency  which 
he re in  w i l l  be taken t o  be u n i t y ) .  A suggested semi-empirical expres- 
s ion  f o r  the  c o l l e c t i o n  e f f i c i ency ,  which accounts f o r  p a r t i c l e  
d i f f u s i o n ,  in te rcep t ion ,  and i n e r t i a l  impaction, i s  (Sl inn ,  1975b) 

(1 + 2 v ~ )  E ( ~ , R )  = !!- a + 0.4 R e 1 / 2 ~ c 1 / 3 ~  + ~ K [ K  + 
Pe 

(1 + VRe -11'2) 1 

where the  symbols a r e  defined i n  the  appendix. Figure 2 shows a p l o t  
of (10) with some experimental da ta .  
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Figure 2. The proposed semi-empirical 
expression (10) for the collision effici- 
ency between drops and particles as a 
function of particle size and accounting 
for diffusion, interception and inertial 
impaction. See Slinn (1974b) for a pos- 
sible explanation of the scatter in the 
data for particles of radii Q0.5 pm. The 
diffusion and impaction portions of the 
curves have sufficient experimental support 
to consider the corresponding expressions 
reliable to within a factor of 2 or 3. 

The rain scavenging rate is found by integrating (9) with (10) over 
all drop sizes: 

By comparing (11) with the expression for the rainfall rate 

Q) 4 
p = lo dR N (R)v (R)  j I T R ~  

t (12) 

and appreciating some of the many uncertainties in the rain scavenging 
problem (Slinn, 1975b), the author suggests the approximation to (11): 



where t h e  poss ib le  dependence of  r a i n f a l l  r a t e  on p o s i t i o n  (espec ia l ly  
on height  wi th in  clouds) and on t i m e  has been made e x p l i c i t .  I n  (13) ,  

is  t h e  volume-mean drop diameter which usual ly  i s  r e l a t e d  t o  r a i n f a l l  
r a t e ,  e.g., f o r  s teady f r o n t a l  r a i n  

There i s  l i t t l e  f i e l d  d a t a  ava i l ab le  t o  evaluate  t h e  p a r t i c l e  s i z e  
dependence of $, a s  given by (13) .  What d a t a  the re  i s ,  shown i n  
Figure 3, obtained i n  a plume, l o 3  seconds downwind' from a Kraft-process 
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Figure 3.  A comparison of t h e  p red ic t ions  from 
Equation (13) with experimental d a t a  obtained 
by Radke e t  a l .  (1975). P a r t i c l e s  smaller  than 
0.16 pm a r e  assumed t o  a t t a c h  t o  plume d r o p l e t s  
(E = 1) a t  the  r a t e  shown. The dot ted  curve 
( * - * * I  i s  obtained assuming t h a t  a l l  p a r t i c l e s  
l a r g e r  than 0.16 pm diameter grow by water 
vapor condensation, a t  the  r a t e  shown. The 
s o l i d  curve (-1 f o r  t = l o 3  seconds i s  ob- 
ta ined assuming t h a t  only some of t h e  p a r t i c l e s  
l a r g e r  than 0.16 pm grow by water vapor conden- 
sa t ion .  The i n e r t  (non growing) f r a c t i o n  is  

shown i n  the  i n s e t .  



paper mill by Radke et al. (1975) seems to demonstrate the importance 
of accounting for changes in particle size because of attachment of the 
particles to plume droplets (and similarly to cloud particles, Slinn, 
1974a) and because of water vapor condensation. 

In the case of scavenging by ice crystals (viz., snow scavenging 
or snowout) then the approximations for the removal rate must at the 
present time be even cruder than those introduced above for rain 
scavenging. Elsewhere (Slinn, 1975b) the author has suggested 

where p is the precipitation rate (in rainwater equivalent); (vt) is the 
average settling speed of the snowflakes; and @(a,R) is the particle/ice 
crystal collection efficiency in which R is a characteristic dimension 
of the collecting element in the ice crystal, not necessarily related to 
the overall size of the ice crystal. A suggestion for e along with 
essentially all available data is shown in Figure 4. Calculations based 
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Figure 4. A tentative suggestion for the collision 
efficiency for particles by snow. 

on (15) with data for vt from Mason (1971) and with e = 1 are shown in 
Figure 5, as well as some fits to data. 



Figure 5. The snowout r a t e  a s  
a function of  p r e c i p i t a t i o n  
i n t e n s i t y  a s  given by (15) .  
The top  curves,  with & = 1, 
show t h e  inf luence  of  c r y s t a l  
type. The & values chosen t o  
f i t  Engelmann e t  a l ' s .  (1966) 
d a t a  were: & = 1.3  x 10'~ f o r  
process-plant  iodine  scavenged 
by needles and & = 6 x 10'~ 
f o r  AgI p a r t i c l e s  scavenged by 
var ious  c r y s t a l  types ,  usual ly  
powdered snow o r  s p a t i a l  

dendr i t e s .  
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3. APPROXIMATIONS FOR PARTICLE- AND 
SPACE-AVERAGE MMOVAL RATES 

Returning now t o  expressions ( 4 )  and (7) f o r  t h e  p a r t i c l e -  and 
space-average removal r a t e s ,  r e spec t ive ly ,  it is seen t h a t  f a i r l y  crude 
approximations t o  the  a i r  concentrat ion x would be c o n s i s t e n t  with t h e  
crudeness t o  which t h e  removal r a t e s ,  (13) and (15) ,  a r e  known. It 
should a l s o  be mentioned t h a t  usual ly  the  tu rbu len t  d i f f u s i o n  o f  t h e  
contaminant i s  no t  known very p r e c i s e l y ,  r a r e l y  t o  wi th in  a f a c t o r  of  
two. Here the  following approximations a r e  introduced: 

For each chemical species  of aerosol  p resen t ,  t h r e e  por t ions  o f  
t h e  s i z e  spectrum a r e  i d e n t i f i e d ,  q u a l i t a t i v e l y  a s  shown i n  Figure 6 
and l a b e l l e d  xf ( f r e e )  , x (growing) and x (hos ted) .  Thus 

9 h 
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Figure 6. A schematic illustration of the contami- 
nant's assumed distribution among the three particle 
classes (free, growing and hosted) and their time 

evolution. 

The evolution of the free particles is approximately governed by 

where a is the attachment rate, and it is assumed that an adequate 
approximation to the solution of (17) is 

. 
where qf(a)da is the number of free a-particles released per second, P 
is some plume model and s is either t or x/u. Similar approximate 
solutions are assumed for x and x 

g h ' 

The radius of the growing particles is assumed known and the 
host particles (e.g., plume or cloud drops) are assumed to possess the 
same radius, A .  

The particle size distribution of x x and xh are assumed to ff be log normal and integrals over particle size8 are approximated by 
evaluating the integrands at their mean value. 

It is assumed that the contaminant is distributed among the 
particles according to 



where c is an obvious normalization constant and, for example, j = 3 if 
the contaminant is just the mass of the particles. 

If these approximations and assumptions are used in (4 )  then the 
particle-average rainout rate becomes, approximately, 

where Ffo and F = 1 - Ffo 
90 

are the initial fractions of the contaminant 
associated with free and growing particles, respectively, and where 

in which a is the geometric mean (number) radius and a = ~ n a  where a 
is the geometric standard deviation, each for the specific class of 
aerosol. For small time (i.e., for Vrt << 1) or if the difference 
between any $i and $ is small, for a time independent attachment rate 
and for j = 3, then 720) with s = t simplifies to the transparent ex- 
pression for the mass rainout rate 

in which a specific, particle growth rate has been assumed. Equation 
(22) is plotted in Figure 7 for the case of the parameters shown and 
demonstrates the rapid increase in the mass rainout rate both with time 
and with an increase in the polydispersity of the aerosol (viz 5 ) .  For 
further details on this latter point see Dana and Hales (1975). Expres- 
sions similar to (20) and (22) are suggested for snow scavenging; the 
differences being only in the term outside the braces, [ I, see (151, 
and with E replaced by & 

There is not yet available sufficient data to test this formulation. 
Figure 8 shows that data obtained by Burtsev et al. (1970) for the 



Figure 7. An illustrative example of Equation (22) 
for the choice of the parameters shown, which 
illustrates the strong dependence of the mass 
average removal rate on the polydispersity of the 
aerosol (reflected in 5 )  and on the time for 

attachment and condensational growth. 

incloud (convective storm) scavenging of a radioactively tagged aerosol 
with h near 0.1 pm, can be approximately fit ignoring attachment, 
assuming all particles acted as condensation nuclei and in the available 
time, grew to about 10 Dm diameter drops. The data obtained by Dana and 
Wolf (1968, 1969, 1970), Figure 9, for removal of total aerosol mass 
downwind of an 8m tower release, suggests that the soluble tracer did 
not possess its dry-size when scavenged (5  is not given) and that a 
significant portion of the tracer dry deposited in the samplers (Dana, 
1972; Slinn,1974bf 197533). 

To obtain the particle- and space-average removal rates obviously 
some information is needed about the spatial distribution of the pollu- 
tant. Thus for rain scavenging (and similarly for snow scavenging) (7) 
becomes 

where [El represents the term in braces, [ I , in (20), and similarly 
for snow. If there is some desire to identify the separate contribu- 
tions from below-cloud (b.c.) and from in-cloud (i.c.) scavenging, then 
obviously (2 3) becomes 



RAINFALL RATE, p (mm hr-l)  

Figure 8. A comparison of theory with experi- 
mental data  obtained by Burtsev e t  a l .  (1970) fo r  
the  in-cloud scavenging of t r ace r  released i n t o  
the top of the  r a in  sha f t  ( so l id  curve) and i n t o  
the  region of "cloud drops" (dashed curve) of a 
cumulonimbus cloud. The "cloud drops" case 
probably corresponds t o  the region of maximum 
radar r e f l e c t i v i t y  and it i s  noted t h a t  Burtsev 
e t  a l . ' s  description seems t o  imply t h a t  they 
released AgI seeding material ,  simultaneously 
with the re lease  of t h e i r  radioactively tagged 

aerosol.  

where f represents the f ract ion of the  contaminant i n  each locat ion and 
here it i s  assumed t o  be adequate t o  s e t  the  below-cloud values of p 

and R equal t o  t h e i r  ground-level values, subscr ipt  zero. m 

It i s  more useful t o  obtain est imates f o r  washout r a t i o s ,  defined 
a s  the r a t i o  of the  contaminant's concentration i n  surface leve l  pre- 
c ip i t a t i on ,  KO,  t o  i t s  concentration i n  surface leve l  a i r ,  xt0. To 
obtain t h i s  r a t i o  it is noted t h a t  the r a t e  of contaminant removal per  
un i t  volume is $xt. I f  the  contaminant i s  d i s t r ibu ted  f a i r l y  uniformly 
horizontally,  then the f lux of contaminant t o  the e a r t h ' s  surface i s  
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Figure 9. The apparent mass rainout mea- 
sured during fairly steady rain by Dana 
and Wolf (1968, 69, 70). A,  B and C are 
arc locations 50, 100 and 150 feet down- 
wind from the release from a 26-foot 
tower. I: (left-hand ordinate) rhodamine 
particles, mmd = 11.2 vm; 11: (right-hand 
ordinate) fluorescein particles, mean 
a2pp = 35 vm2 g ~ m - ~ ;  111: (left-hand 
ordinate) rhodamine particles, mmd = 12.vm; 
IV: (right-hand ordinate) rhodamine 

particles, mmd = 4.8 um. 

!qXtdz. The flux of precipitation to the surface is p Therefore the 
washout ratio is 

0 ' 

where H - H1 spans the heights from which the contaminant is removed. 
2 



A s  with (23),  the  ve r t i ca l  d i s t r ibu t ion  of xt i s  needed before (25) can 
be evaluated. 

For some special  cases, approximations t o  (25) should be f a i r l y  
re l iab le .  For example, i f  the  po l lu tan t ' s  concentration i s  reasonably 
uniform and essen t ia l ly  constrained within the atmosphere's mixed 
layer ,  beneath the cloud base, then fo r  t h i s  case of sub-cloud scaven- 
ging (25) with (20) o r  (22),  and s imilar ly  f o r  snow, leads t o  

[El h ( )  = - 
Xt 0 2Rm 

where h i s  the height of the mixed layer  and it i s  assumed t h a t  the mean 
drop s i ze  i s  invar iant  beneath the cloud. Another case of i n t e r e s t  is  
i f  the  pol lutant  is  "vacuumed" from the mixed layer by a convective 
cloud; then one a l so  obtains (26),  but i n  t h i s  case, h represents the  
poorly known height in te rva l  H2 - H1 from which the  pol lutant  i s  
e f fec t ive ly  removed. In  t h i s  case, usually below-cloud scavenging 
could be ignored, but it would be essen t ia l  t o  account fo r  p a r t i c l e  
growth with E [a (t) 1 . 

Although a l imited quanti ty of f i e l d  data i s  avai lable ,  some 
comparisons with theory a re  possible. It i s  seen from (26) t h a t  
(c/xtIo is  essen t ia l ly  independent of r a i n f a l l  r a t e  except f o r  % I s  

dependence on p. This r e s u l t  is  well substantiated by f i e l d  data 
(Mahkon'ko e t  a l ,  1970; Engelmann, 1970; Gatz, 1975). Figure 10 shows 
t h a t  the  magnitude and the p a r t i c l e  s i ze  dependence of the  washout 
r a t i o s  fo r  convective storms a s  found by Gatz (1975) a re  reasonably 
well described by (26),  given tha tne i the r  5 nor duration of conden- 
sa t ional  growth i s  known. For f ron ta l  storms, with the typical ly  
longer growth times avai lable ,  one would expect t o  see l e s s  dependence 
on p a r t i c l e  s i z e  and indeed one would expect [El -t 1 f o r  most pa r t i c l e s  
(Slinn, 1974a). In  t h i s  case (h/2%) would r e f l e c t  sole ly  the 
efficiency with which cloud water i s  removed from the storm, which 
usually is  the range from 10 t o  90%. 

B. WET AND DRY REMOVAL OF GASES 

In the  above, the  focus was on wet removal of pa r t i c l e s .  Here it 
w i l l  be on gases, and it w i l l  be seen t h a t  there a r e  common simplifying 
features  f o r  both wet and dry removal of gases. In  addit ion,  though, 
there a re  common features  t h a t  make predictions extremely d i f f i c u l t ,  
requiring the  analysis of a host of in te rac t ing  chemical reactions.  
This i s  generally beyond the present capab i l i t i e s  of the author and 
therefore w i l l  be avoided. The emphasis here w i l l  be on the simple 
aspects of the problem. 
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Figure 10. A comparison of  p red ic t ions  of  Eq. (26) 
with the  average washout r a t i o s  measured by Gatz 
(1975). The hor izonta l  ba r s  on t h e  da ta  r e f l e c t  
the  d i f f e r e n t  mass median diameters (mmd's) found 
i n  d i f f e r e n t  c i t i e s ;  the  do t  on the  bar  i s  the  mmd 
measured i n  the  c i t y  (St .  Louis) near  which the  
washout r a t i o s  were measured. T is  nondimension- 
a l i z e d  time; g i s  the  unknown p a r t i c l e  growth 
r a t e ;  a. i s  the  dry p a r t i c l e  mass median rad ius ,  
i .e . ,  1/2 the  mmd a s  given on the  absc issa .  The 
choice of the  depth of  the  scavenged volume h = 
HZ - H 1 ,  was made s o l e l y  t o  improve t h e  f i t  t o  

the  da ta .  

Rain scavenging of gases w i l l  be considered f i r s t .  Snow scaven- 
ging of gases can genera l ly  be ignored unless  the  gas is  dissolved i n  
plume o r  cloud drops, a s  appears t o  be the  case f o r  the  iodine d a t a  
shown i n  Figure 5 ,  o r  unless the  snow is p a r t i a l l y  melted. Here an 
impoverished version of the  general  theory of gas washout (Hales, 1972) 
w i l l  be considered; nevertheless the  r e s u l t s  obtained a r e  s u f f i c i e n t ,  
with guidance from the  general  theory,  t o  i l l u s t r a t e  the  f e a t u r e s  
considered most s i g n i f i c a n t .  Af ter  these  have been presented,  a few 
fea tu res  of dry deposi t ion  of  gases w i l l  be i l l u s t r a t e d .  

1. RAIN SCAVENGING OF GASES 

For scavenging of  gases by r a i n  an expression s i m i l a r  t o  (1) f o r  
each drop s i z e  could be w r i t t e n  and then in teg ra ted  over a l l  drop s i z e s  
t o  obta in  a t o t a l  removal r a t e  (Sl inn,  1 9 7 4 ~ ) ;  however i n  most cases  



t h i s  inuch d e t a i l  i s  not needed a s  w i l l  now be demonstrated. I t  is 
assumed here t h a t  gas captured by a drop is quickly, well  mixed 
throughout the  drop, e i t h e r  because of i n t e rna l  c i rcu la t ion  within a 
large ( 2  1 mm) drop, o r  because of the r e l a t i ve ly  small volume-to- 
surface r a t i o  of a small drop. Let the concentration of the  po l lu tan t  
gas i n  the drop be c (e . g., i n  moles Q-l) . I f  i r r eve r s ib l e  chemical 
reactions during the  shor t  raindrop-fl ight time a r e  ignored, then the  
gas concentration changes according t o  

where the  ven t i l a t ion  term ( i n  the  [ 1 braces) is  a s  i n  (10) and c is  
eq the equilibrium concentration of the  gas i n  the drop fo r  the  ex is t ing  

a i r  concentration, X. For some gases, Ceq = HX, where H is  Henry's law 
constant. I t  is  noted i n  (27) t h a t  the  dr iving force is  the  difference 
between ceq and the actual  concentration, c.  For c > ceq the  gas can 
be desorbed from the drop which can lead t o  some in t e r e s t i ng  phenomena 
when drops f a l l  through a d i s t i n c t  plume (Hales, 1972; Sl inn,  1 9 7 4 ~ ) .  

But of more i n t e r e s t  here i s  f o r  the case of a gas f a i r l y  uniformly 
d i s t r ibu ted  i n  the atmospheric mixed layer.  From (27) it is seen t h a t  
the e-fold equi l ibrat ion length i s  

Supplying reasonable numerical values i n  (28) shows t h a t  typical ly ,  
X = O ( l m ) ;  t h a t  is ,  typ ica l ly  the  concentration of the  gas i n  the drop 
r e l a t i ve ly  rapidly a t t a i n s  i t s  equilibrium concentration, ceq. This 
equi l ibrat ion length scale  is  of course longer fo r  the un rea l i s t i c  
assumption of a stagnant drop, but even then the time is  typ ica l ly  l e s s  
than 10 seconds (Postma, 1970; Hales, 1972). Consequently, and 
especial ly  for  gases well-mixed i n  an atmospheric mixed layer  whose 
depth i s  usually 100 t o  1000m, it i s  reasonable t o  assume c = ceq. 
This i s  the s impl i f icat ion alluded t o  e a r l i e r .  

The complication i s  t o  specify ceq, usually f o r  gases a t  low a i r  
concentrations and usually i n  drops containing many other  impurit ies.  
This is the  chemistry problem mentioned e a r l i e r .  Useful discussions 
and calculat ions  fo r  SO2, 12, C02 and NH3 i n  r e l a t i ve ly  pure water a re  
given i n  Junge, 1963; Postma, 1970; and Hales, 1972. However, 
considering the  complications caused by other  contaminants, it appears 
t h a t  the bes t  procedure i s  t o  measure ceq found i n  col lected rainwater. 
Here, too,  there  a re  problems especial ly  because of simultaneous dry 
deposition of gases i n  the  rainwater co l lec tor  and because of the  
possible desorption of the  gas from the water. The l a t t e r  problem can 
be and has been overcome i n  f i e l d  s tud ies  by adding various f ixing 
agents, bu t  then it quickly becomes apparent t h a t  t o  assess  the t rue  
deposition of gases, the addit ion of chemical f ix ing  agents is  



undesirable since desorption of gases from runoff water may be quite 
typical. Thus it can be seen that the study of wet removal of gases 
must give consideration to simultaneous dry deposition and chemical 
reactions within the ground water. This is considered now and 
later a few comments will be made attempting to unify the discussion of 
both wet and dry removal of gases. 

2. DRY TRANSPORT OF GASES THROUGH THE ATMOSPHERE 

In the case of wet deposition, one usually ignores the transport 
of the pollution through the atmosphere since obviously the pollution 
is transported by the precipitation. Further comments on this will be 
made later in the section dealing with macroscale processes. However, 
in the case of dry deposition it is essential to evaluate transport 
through the atmosphere by diffusion since sometimes this can be the 
rate-limiting stage of the entire dry deposition process. For example, 
for pollution released from a tall stack on a very stable day, the 
pollution may not reach the earth's surface for more than 100 km. 
As interesting as this aspect of the problem is, here it will be 
ignored. It will be assumed that through the use of some diffusion 
formula (e.g., Slade, 1968) the near-surface-level air concentration of 
the pollution (gas or particles) is known. We now address the question: 
given the pollutant's concentration near the surface collectors (b.e., 
in the usually, well-mixed, turbulent boundary layer) what is the dry 
flux to the collectors? 

As in the case of wet deposition of gases, the dry deposition flux 
of gases is usually dictated by the chemistry of dissolution rather than 
by physical processes in the atmosphere. To see this we review here 
Chamberlain's (1966) estimate of the flux which the atmosphere can 
deliver to the surface. It is convenient to write this flux as 
proportional to the ground-level (or 2 m) air concentration xo; the 
proportionality constant is known as the deposition velocity, vd. An 
upper bound (maximum possible value) for vd is found from an analo 7 with the momentum flux to the surface, i.e., T, also written as pu, 
where u, is known as the friction velocity. The "concentration" of 
momentum at the 2m height is Pi2 Then a "deposition velocity" for 

m: - momentum can be written as = uf/ ~ 2 ~ .  Invoking Reynold's 
analogy, which is strictly appropriate only for smooth surfaces since 
there is no mass transfer analogy to form (or pressure) drag, we obtain 
an upper bound for the deposition velocity for a completely-absorbed 
gas I 



- 
Typically, with u, = 25 cm sec and iiZm = 1 m sec I. then uz/ ii2, = 
5 cm sec-l. Actually, since ii depends l i nea r ly  on u, (or  v.v.)  and 
both u, and the roughness height a r e  not nearly so convenient para- 
meters a s  G I  it is more convenient and may be su f f i c i en t ly  accurate t o  
approximate (29) by 

3. RATE LIMITING PROCESSES FOR BOTH DRY 
AND WET DEPOSITION OF GASES 

Experimental r e s u l t s  indicate  t h a t  the  above deposition veloci ty  
is  ra re ly  a t ta ined  except fo r  very react ive  gases such a s  12. For 
mos t  gases the f lux  t o  the  ground o r  t o  vegetation is  rate-l imited by 
the conversion of the gas t o  a l e s s  vo l a t i l e  compound, by dif fusion 
i n t o  the  ground water o r  the  ground water 's  motion, o r  by passage of 
the gas through p lan t  membranes. An extreme example of non-atmospheric 
r a t e  l imi ta t ion  is f o r  the  noble gases whose deposition veloci ty  i s  
essen t ia l ly  zero. In  the  case of gas deposition t o  lakes o r  oceans then 
for  reasonably react ive  gases, the atmosphere may be ra te- l imit ing 
since mixing i n  the water body may promote t ransfe r  i n  the sink. L i s s  
and S l a t e r ' s  (1975) estimates lead them t o  conclude t h a t  the  t ransport  
t o  the ocean of SO2, NH3, NO2, SOj, HC1 a r e  l imited by atmospheric 
t ransport ,  whereas even t o  the ocean, the  t ransport  of gases such a s  
N20, CO, CH4, CC14, CC13FI Me1 and (MeI2S a r e  rate-l imited by t ransport  
i n  the  ocean. 

A simple model fo r  dry deposition of gases t o  a s ta t ionary water 
body (a simulation fo r  s o i l  moisture) may a s s i s t  toward quantifying the  
above qua l i t a t ive  comments. With obvious approximations and assump- 
t ions ,  the  problem is t o  solve 

where k i s  the r a t e  a t  which the dissolved gas i s  i r revers ib ly  con- 
verted t o  a nonvolatile product and Ho i s  the overa l l  par t ion 
coef f ic ien t ,  the r a t i o  of the t o t a l  gas i n  solut ion (including any 
ionized component) t o  the equilibrium a i r  concentration (Postma, 1970). 
I f  the i n i t i a l  conditions a re  x(z,o) = Xor c ( z ,o )  = o then the 
solution t o  the  s e t  of equations (31) can be ea s i l y  found using Laplace 
transform techniques and yie lds  



where K= k t  and B= K/(H$ D). For B =  1 the  r h s  of  (32) reduces t o  
[ 1  - ( 1  - exp ( - K ) )  /(2K)1. For B < l ,  (32) can be w r i t t e n  i n  terms of  
Dawson's i n t e g r a l .  Equation (32) i s  p l o t t e d  i n  Figure 11 and 
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Figure 11. A p l o t  o f  Eq. (32) which demonstrates 
t h a t  the  dry deposi t ion  ve loc i ty  f o r  gases i s  
frequently d i c t a t e d  by o t h e r  than atmospheric 

phenomena. 

demonstrates t h a t  dry  deposi t ion can be ra te- l imi ted  by slow mixing i n  
the  ground water ,  low s o l u b i l i t y ,  o r  slow reac t ion  r a t e .  The p l o t  of  
(32) shown i n  Figure 12 suggests t h a t  the  model may have some mer i t  
f o r  the  i n t e r p r e t a t i o n  o f  dry deposi t ion  t o  vegetat ion.  

I n  summary then,  both f o r  dry and wet deposi t ion  of  gases,  
atmospheric considerat ions a r e  usual ly  o f  secondary importance. The 
atmosphere can d e l i v e r  a f l u x  of p o l l u t a n t  gas of  about (5 cm sec-'1 - (Vlm sec  ' 1  xo, dry ,  and a f l u x  of  about Hex# , wet, where p is  t h e  
p r e c i p i t a t i o n  r a t e .  I f  the  s ink  w i l l  no t  accept  t h i s  f l u x  then the  
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Figure 12. A second p l o t  of Eq. (32) ,  i n  t h i s  case 
with on the lower abscissa and the reaction 
r a t e  a s  a parameter. For a given d i f fu s iv i t y  i n  
the sink,  D l  and atmospheric d i f fu s iv i t y ,  Kt then 
f3-lI2 is  a constant multiplied by the  overa l l  par- 
t i on  coef f ic ien t ,  Ho, which i n  turn is  proportional 
t o  the Henry's law constant. Consequently, by 
conveniently sh i f t i ng  the  upper abscissa and normal- 
i z ing  the deposition ve loc i t i es  a s  measured by H i l l  
and Chamberlain (1975) by t h e i r  measured value fo r  
HF, it can be seen t h a t  the  theory i s  capable of 
r e f l ec t i ng  the measured data f o r  the dry deposition 
of gases t o  a l f a l f a .  The e r ro r  bars on the data 

a r e  subjectively estimated by the  author. 

process is  rate-l imited elsewhere than i n  the atmosphere, and it i s  
therefore not an atmospheric problem. In  t h i s  case the author must 
acknowledge h i s  incompetence and leave the problem t o  s o i l  s c i e n t i s t s ,  
b io log is t s ,  e tc . ,  t o  unravel the complicated chemistry. 

C. DRY DEPOSITION OF PARTICLES 

Dry deposition of p a r t i c l e s  is  somewhat simpler than gases because 
atmospheric transport  is  almost always rate-l imiting.  In  addit ion,  it 
i s  usually cor rec t  t o  assume t h a t  p a r t i c l e s  a r e  not re-entrained i n t o  
the atmosphere, unless the wind speeds a r e  high a s  i n  a dust  storm 
(Slinn, 1 9 7 5 ~ ) .  Nevertheless the  problem i s  complicated. Here r e s u l t s  



w i l l  f i r s t  be given f o r  dry deposition of p a r t i c l e s  t o  a smooth surface,  
not because it is very s ign i f ican t  t o  the  p rac t i ca l  problems of i n t e r e s t  
a t  t h i s  meeting, but  because it is  simpler and introduces fundamental 
concepts. Then a model fo r  dry deposition t o  a canopy w i l l  be pre- 
sented. 

1. PARTICLE DEPOSITION ON A SMOOTH 
SURFACE 

A new theory f o r  dry deposition of p a r t i c l e s  from a turbulent 
f l u i d  t o  a smooth surface was recent ly  presented by the author (Slinn, 
1 9 7 5 ~ ) ;  here it w i l l  only be outl ined.  This model r e j e c t s  the  "free- 
f l i gh t "  model of Friedlander and Johnstone (1957) and i ts  var ia t ions  
(e.g., Chamberlain, 1960; Davies, 1966) and instead develops Owens' 
(1969) suggestion t h a t  the p a r t i c l e s  f i n a l l y  reach the surface,  
convected by burs ts  of turbulence. Then the col lect ion of p a r t i c l e s  by 
a surface depends on a col lect ion eff ic iency s imi la r  t o  the col lect ion 
eff ic iency fo r  p a r t i c l e s  i n  a viscous j e t  impactor. From t h i s  p ic ture  
and the def in i t ion  of the deposition velocity a s  the f lux  t o  the  
surface divided by the (assumed constant) free-stream a i r  concentra- 
t ion ,  one obtains the deposition velocity 

where vs i s  the p a r t i c l e ' s  s e t t l i n g  veloci ty  and the author suggests 
fo r  the col lect ion eff ic iency 

- 10-3lSt + & ( S C ) - O .  6 E - 
j  Y (34) 

i n  which S t  = ~u:/v i s  the  p a r t i c l e ' s  Stokes number based on the 
charac te r i s t i c  velocity u, and the viscous length scale  v/u,. In  (331, 
B and y are  empirical constants. The second term on the rhs  of (33) 
accounts f o r  a d i f fus i tphore t ic  contribution t o  vd (thermophoresis is  
usually negl igible) :  m" (>o fo r  condensation) i s  the water vapor mass 
flux. 

Equation (33) is  p lo t ted  i n  Figure 13, using B = y = 0.4, and 
compared with some experimental data.  For a polydisperse aerosol and 
contaminant d i s t r ibu ted  among the p a r t i c l e s  according t o  caJn.(a),  then 
the contaminaqt f lux is ,  of course, obtained by integrat ing (33) ,  
weighted by a3n (a ) ,  over a l l  p a r t i c l e  s izes .  It would almost always be 
consistent  with the accuracy of the model t o  approximate the  resu l t ing  
in tegra l  j u s t  by evaluating (33) a t  the p a r t i c l e  s i ze  a given i n  (21). 
It might a l so  be useful  t o  mention t h a t  i f  u, exceeds t i e  threshold 
velocity shown i n  Figure 14, then even i f  the "sandblasting e f f ec t "  of 
other  pa r t i c l e s  is  ignored (Slinn, 1975c), pa r t i c l e s  can be resuspended 
from the surface. 



DRY DEPOSITION TO SMOOTH SURFACES 

Figure 13. The deposi t ion  ve loc i ty  a s  given 
by Eq. (33) with B=y= 0.4 compared with 
experimental da ta .  Notice t h a t  (33) i s  

- evaluated using a p a r t i c l e  dens i ty ,  pp - 
1 g ~ m ' ~  whereas Sehmel's (1973) d a t a  is  
f o r  p a r t i c l e s  with pp 3 1.5 g ~ m - ~ .  The 
water vapor mass f l u x  m" has been divided 

by the  dens i ty  of water t o  give m. 

2. PARTICLE DEPOSITION I N  A CANOPY 

An o u t l i n e  of a new theory f o r  dry  deposi t ion  i n  a canopy, which 
emphasizes t h e  canopy's f i l t r a t i o n  e f f e c t  was given i n  Sl inn  ( 1 9 7 5 ~ ) .  
Here f u r t h e r  d e t a i l s  a r e  developed. Figure 15  shows the  assumed f luxes .  
From t h i s  p i c t u r e  t h e r e  r e s u l t s  the  obvious s teady-s ta te  con t inu i ty  
equation 

where C i s  t h e  f r a c t i o n  of  the  a - p a r t i c l e s  f i l t e r e d  o u t  p e r  second by 
the  canopy. If XB is  a cons tant  then (35) p r e d i c t s  an x- independent 
so lu t ion  i n  a d is tance  O[uH/(au,+CH)l which i s  t y p i c a l l y  about 10 
canopy heights .  Then for x- independent condi t ions ,  (35) can e a s i l y  be  



Figure 14. The c r i t i c a l  f r i c t i o n  ve loc i ty  required t o  
move monodisperse ae roso l  p a r t i c l e s  along a f l a t  p l a t e  
a s  measured by Bagnold (1960) and a s  f i t  with a semi- 
empirical  theory (Slinn,  1 9 7 5 ~ ) .  I t  should be noted 
t h a t  f o r  a polydisperse ae roso l ,  once some p a r t i c l e s  
a r e  s e t  i n  motion then a sandblas t  e f f e c t  occurs,  

moving many. 

I 
H CANOPY , IAYER 

Figure 15. Assumed p o l l u t a n t  f luxes  i n  a canopy. 



s o l v e d t o g i v e X c i n t e r m s o f X  Fromthis  r e s ~ l t ~ t h e d e p o s i t i o n  
B ' 

velocity,  the  ne t  f lux  t o  the canopy divided by xB, becomes 

v = v  - -+  
d s au, + CH 

[CH + 21 

ii 6 
g 

This i s  essen t ia l ly  the same r e s u l t  a s  given i n  the e a r l i e r  repor t  
(Slinn, 1 9 7 5 ~ )  . 

Here some new r e s u l t s  w i l l  be presented concerned with the canopies 
f i l t r a t i o n  efficiency.  The amount of contaminant removed during d t  by 
a s ingle  co l lec tor  of cross-sectional a rea  normal t o  the  wind equal to 
A i s  uc d t  A3xC where 3 i s  the col lect ion efficiency.  I f  the number 
of co l lec tors ,  per un i t  volume, of cross-sectional area A t o  A+dA is  
N (A) dA then the  t o t a l  removal per  un i t  volume during d t '  i s  

c = ~ C / , l l  3 i c d t  AN(A) dA. 

co l lec tors  

This in tegra l  would obviously be extremely d i f f i c u l t  t o  evaluate f o r  
r e a l  canopies. Here it w i l l  be approximated a s  were the  s imilar  
in tegra l s  i n  the  prec ip i ta t ion  scavenging problem. For vegetative 
canopies it is noted t h a t  the t o t a l  biomass per  un i t  volume i s  
essen t ia l ly  

where i s  an average mass density of the  foliage and X is a typ ica l  
length sca le  (e.g., radius) of individual f ibers .  Bfi might be called 
a packing density.  Upon comparing ( 3 7 )  and (38) it is suggested t h a t  
the removal r a t e  be approximated by 

- 

which is  t o  be used i n  (36) . 
Equation (36) with (39) is  p lo t ted  i n  Figure 16 fo r  the case of 

the parameters shown. The canopies f i l t r a t i o n  e f f e c t  i s  governed by 
the parameter Y = HB/XF. To evaluate (39) the co l lec t ion  eff ic iency 3 
was taken t o  be the  same a s  fo r  snowflakes, with the cha rac t e r i s t i c  
length scale  = lnun (see Figure 4). Therationale f o r  the choice t o  
use t h i s  col lect ion eff ic iency is  governed by two considerations. One 
is t h a t  the physical processes governing the col lect ion i n  both cases 
(viz. ,  Brownian dif fusion,  in tercept ion,  i n e r t i a l  capture, e t c . )  a re  
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Figure 16. A p l o t  of  Eq. (36) with the  removal 
r a t e  given by (39) ,  demonstrating a s i g n i f i c a n t  
increase  i n  deposit ion ve loc i ty  f o r  p a r t i c l e s  
smaller than about 10 um,  with increases  i n  
canopy he igh t ,  H o r  biomass, B. There i s  a 
s i m i l a r  increase  of  vd with increas ing wind - 
speed wi th in  the  canopy, uc. The increase  i n  
vd with decreasing c h a r a c t e r i s t i c  dimension of  
t h e  c o l l e c t o r s ,  A ,  i s  even more dramatic 
because of  t h e  concomittant increase  i n  the  
c o l l e c t i o n  ef f ic iency.  A t  t he  left-hand s i d e  
of  the  p l o t  is  q u a l i t a t i v e l y  indicated  the  pos- 
s i b l e  reduction i n  vd f o r  gases because of non- 
atmospheric e f f e c t s .  This reduction can be 
s i g n i f i c a n t l y  l e s s  i n  a canopy (compare the  
dashed and s o l i d  por t ions  of  t h e  Y = 10' curve) 

because of the  increased c o l l e c t o r  area.  

the  same and therefore  t h e  c o l l e c t i o n  e f f i c i e n c i e s  w i l l  be s imi la r .  The 
second considerat ion i s  t h a t  although t h e  analogy almost c e r t a i n l y  f a i l s  
i n  d e t a i l ,  t h e  general  accuracy of t h e  p red ic t ions  a r e  s o  crude a s  t o  
t o l e r a t e  inaccuracies i n  t h e  s p e c i f i c a t i o n  of  8. 

There is  not  y e t  ava i l ab le  s u f f i c i e n t  da ta  t o  test  (36) and t o  
evaluate  t h e  parameters a, 0 ,  Y and 6 .  Nevertheless it can e a s i l y  be 



seen from (36) and (39) t h a t  t h e  theory i s  c o n s i s t e n t  with the  
following experimental r e s u l t s :  

a l i n e a r  increase  and then s a t u r a t i o n  o f  vd with iC and H 
( H i l l  and Chamberlain, 1975). 

an inc rease  o f  vd with roughness he igh t  (Sehmel, 1975). 

an inc rease  o f  vd with biomass (Heinemann, e t  a l . ,  1975). 

the  reduction i n  vd caused by resuspension (Chamberlain, 
1967; Sl inn ,  1 9 7 5 ~ ) .  

To account f o r  the  observed v a r i a t i o n s  (Heinemann, e t  a l . ,  1975) of vd 
f o r  gases a s  a function of  humidity and b io log ica l  a c t i v i t y  (e.g., 
stomata openings) ,  a re in t roduct ion  o f  t h e  surface ,  r a t e - l imi t ing  
arguments is  needed. Such considera t ions  l ead  t o  the  reduction i n  vd 
f o r  gases,  q u a l i t a t i v e l y  a s  shown i n  Figure 16, using t h e  r e s u l t s  
given i n  Figure 11 f o r  t h e  f3. of (32)  equal t o  l o 3  and f o r  K = 0. 

D. SOME APPLICATIONS 

I n  t h i s  c los ing  sec t ion  use of the  formulae given above f o r  w e t  
and dry deposi t ion  w i l l  be i l l u s t r a t e d  by applying them t o  two 
ques t ions  which a r e  of  cu r ren t  in teres . t :  What is  t h e  r e l a t i v e  impor- 
tance of wet and dry deposi t ion? What sources con t r ibu te  t o  p o l l u t a n t  
deposi t ion i n  a s p e c i f i c  locat ion?  It might be noticed t h a t  these  two 
quest ions genera l ly  dea l  with l a r g e r  space and time s c a l e s  then the  
" m i c r ~ p h y s i c a l ~  s c a l e s  with which t h i s  paper has so  f a r  been concerned; 
consequently a few remarks w i l l  be made about "macroscale" deposi t ion  
processes.  F i r s t ,  though, a few comments on philosophy of  approach may 
be appropriate.  

It is  c l e a r  t h a t  t h e  t o t a l  problem of r e l a t i n g  a i r  p o l l u t i o n  
sources t o  r e s u l t i n g  e f f e c t s  is  extremely complex. Some l i n k s  i n  the  
chain a re :  source c h a r a c t e r i s t i c s ,  Q; p o l l u t a n t  t r anspor t  and 
d i f fus ion ,  P; chemical and physica l  t ransformations,  T; w e t  and dry 
removal f luxes ,  F; r e s u l t i n g  a i r  concentra t ions ,  X ;  f l uxes  t o  receptors ,  
F; and d e t a i l s  of  various types of  e f f e c t s ,  E. I t  i s  noted t h a t  i n  t h i s  
chain,  Q-P-T-F-X-F-E, w e t  and dry removal f luxes ,  F, e n t e r  i n  two 
places ,  and it might have been surmised from t h e  previous sec t ions  
where it was genera l ly  assumed t h a t  x was known, t h a t  the  focus here  
would be on the  sub-chain X-F-E. It w i l l  no t  be,  although o f  course 
the  formulae can be appl ied  t o  t h i s  sub-chain. Of main concern here  
w i l l  be accounting f o r  wet and dry removal processes so  t h a t  sources,  
Q, can be r e l a t e d  t o  r e s u l t i n g  a i r  concentrat ions,  X. 



The reason f o r  t h i s  emphasis follows from the  p r a c t i c a l  viewpoint 
t h a t  the  primary goal  is t o  r e l a t e  sources t o  e f f e c t s  (o r  damages) . In  
mos t  cases ( the  nuclear  acc ident  case  may be an exception) evaluat ing  
the  f luxes  i n  the  sub-chain X-F-E i s  p r a c t i c a l l y  superfluous (although 
s c i e n t i f i c a l l y  i n t e r e s t i n g )  because e f f e c t s  can be c o r r e l a t e d  d i r e c t l y  
with a i r  concentrat ions.  On t h e  o t h e r  hand it a t  p resen t  appears t o  
be extremely important t o  develop p red ic t ive  formulae f o r  the  w e t  and 
dry removal l i n k  t o  p r e d i c t  t h e  a i r  concentrat ion r e s u l t i n g  from sources 
a t  l a rge  (z 100 km) d is tances .  A t  s h o r t e r  d i s t ances ,  evaluat ing  the  
f luxes  is  of  l e s s  s ign i f i cance  because a t  t h i s  s c a l e  no t  only can 
e f f e c t s  be co r re la t ed  with a i r  concentrat ions,  i n  many cases  (e.g.,  i n  
the  neighborhood of  the  SO2 sources a t  Sudbury) the  e f f e c t s  can be 
co r re la t ed  d i r e c t l y  with t h e  source s t r eng ths .  Thus on the  l o c a l  s c a l e  
(: 100 km) it appears, from a p r a c t i c a l  viewpoint, t h a t  none of the  
l i n k s  i n  the  chain l ink ing  Q t o  E ,  v i z .  P-T-F-X-F a r e  o f  much 
s igni f icance .  But, again,  it appears t o  be imperative a t  the  p resen t  
t i m e  t o  devote s u b s t a n t i a l  e f f o r t  t o  evaluat ing  the  removal f luxes  l i n k  
i n  the  long-range problem; otherwise we w i l l  no t  be a b l e  t o  respond t o  
p r a c t i c a l  ques t ions  such as :  what add i t iona l  damages w i l l  be incurred ,  
f o r  example i n  New England f o r e s t s ,  caused by the  proposed 200 new 
coal-f ired power p l a n t s  t o  be constructed i n  the  U. S. during the  next  
decade? 

1. SOME COMMENTS ON MACROSCALE ASPECTS 
OF REMOVAL PROCESSES 

I n  the  e a r l i e r  sec t ions  of  t h i s  r e p o r t  the  emphasis was on 
microscale aspects  of  the  removal processes.  Above it was emphasized 
t h a t  l a r g e  s c a l e  aspects  appear t o  be more important from a p r a c t i c a l  
viewpoint. Here some comments w i l l  be made about applying the  formulae 
developed t o  l a r g e r  space s c a l e s  and it w i l l  be seen t h a t  some simpli- 
f i c a t i o n s  a r e  poss ib le .  

Consider f i r s t  p r e c i p i t a t i o n  scavenging. A q u a l i t a t i v e  ind ica t ion  
o f  the  deposi t ion  p a t t e r n  f o r  p o l l u t i o n  from a s p e c i f i c  source a s  a 
hypothet ica l*s table  warm f r o n t  passes i s  shown i n  Figure 17. S imi lar  
sketches can be drawn f o r  scavenging by o the r  storm systems. 
I n t e r e s t i n g l y ,  a cold f r o n t  w i l l  i n v e r t  the  lobes of  deposi t ion  pat-  
t e r n s ,  a s  can e a s i l y  be checked from a simple sketch. From such 
sketches and the  r e a l i z a t i o n  t h a t  the  removal r a t e s  f o r  most r e a l  
p o l l u t a n t s  by t y p i c a l  storms i s  0 (1 h r - l )  , i. e.  , i n  a d is tance  o f  less 
than 100 km, it can be concluded t h a t  even the  s c a l e  of individual  
f r o n t a l  storms i s  s t i l l  too  small  i f  we a r e  t o  r e l a t e  sources t o  the  
e f f e c t s  occurring a t  g r e a t  d is tances .  
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Figure 17. A qua l i t a t i ve  p l o t  of a pol- 
l u t a n t ' s  wet deposition pa t te rn  a s  a 
hypothetical, s t ab l e  warm f ron t  passes 
a pol lut ion source. Similar sketches 
can be 'easily made for  o ther  storm 
systems and lead t o  some in t e r e s t i ng  
differences i n  deposition pat terns .  
The main point  t o  not ice ,  however, i s  
t h a t  the deposition pa t te rn  i s  typical ly  
loca l  t o  the spec i f ic  source ( typical ly  

within %lo0 km) . 

The magnitudes of the  time and space sca les  of i n t e r e s t  i n  the 
long range wet deposition problem a re  derived here from the following 
considerations: 

(a) For the large-scale problem, most wet removal of i ndus t r i a l  
po l lu tan ts  occurs by in-cloud scavenging; 

(b) In-cloud scavenging typ ica l ly  removes 10-90% of the  po l lu tan t  
i,!gested by the storm, depending on the  eff ic iency with which the 
storm removes cloud water; 

(c) The long range wet removal space sca le  is  d ic ta ted  by the  . 
distance over which the material  is transported,  between i t s  encounters 
with storms which e f f i c i e n t l y  remove t h e i r  precipi ta t ion.  



Consequently, f o r  the  large (synoptic and grea te r )  space sca le  and t o  a 
f i r s t  approximation, p rec ip i ta t ion  scavenging can be viewed a s  a Poisson 
process i n  time: corresponding t o  the  Poisson random se lec t ion  of 
points  i n  a time in t e rva l ,  there  is  the  "random" occurrence of precipi-  
t a t i on  events, say with average frequency 3, each of which removes 
ingested pol lut ion,  say with average eff ic iency,  8. In  t h i s  way, t he  
s t a t i s t i c s  of scavenging events reduces t o  a study of the s t a t i s t i c s  of 
r a in  events and the  va r i ab i l i t y  of E. Some d e t a i l s  w i l l  be given i n  a 
l a t e r  subsection, but it i s  already c l ea r  from knowledge of the  Poisson 
process t h a t  the  average (e-fold) residence t i m e  of pol lut ion removed 
with average eff ic iency E is  of the  order of (=)'l. The corresponding - - 
space scale  i s  of the order of u(cv)-l  where G is  a representative wind 
speed between e f f i c i e n t  storm events. 

For the analysis of large space scale  dry deposit ion,  a major 
reor ientat ion of concepts i s  not needed: The formulae developed e a r l i e r  
i n  t h i s  paper can be used although some consideration should be given t o  
physical and chemical changes of the pol lut ion a s  it is transported,  and 
t o  estimating typ ica l  values fo r  canopy heights,  biomass, e t c .  Indeed, 
not only can the  previous r e s u l t s  be used with l i t t l e  change, but it is 
r e l a t i ve ly  easy t o  carry  the  analysis fu r ther  and thereby estimate the  
ground leve l  a i r  concentration. This w i l l  be done l a t e r  by assuming 
t h a t  fo r  space scales  l a rger  than about 100 km, the  pol lut ion i s  well- 
mixed i n  the  lowest layer  of the atmosphere. We turn t o  some of these 
d e t a i l s  now i n  our response t o  the  two rhe tor ica l  questions asked 
e a r l i e r .  

2. THE RELATIVE IMPORTANCE OF WET 
AND DRY DEPOSITION 

Whether wet o r  dry deposition i s  more important depends sens i t ive ly  
on the  distance from the source, the  po l lu t ion  type and i ts  i n i t i a l  
re lease  height. For example, it i s  qu i t e  incorrect  t o  generalize t o  a l l  
pol lutants  the r e su l t s  fo r  s t ra tospher ic  bomb debris t h a t  typ ica l ly  90% 
i s  deposited wet, the remaining, dry because i n  t h i s  case the  debr is  
en te rs  the troposphere from above, frequently during intense storm 
systems, and therefore in-cloud scavenging can be expected t o  be sub- 
s t a n t i a l l y  more e f fec t ive  than dry deposition. In  contras t ,  near a 
spec i f ic  ground leve l  source i n  an a r id  region it is r e l a t i ve ly  simple 
t o  demonstrate t h a t  dry deposition can predominate (Slinn, 1975b). Here 
some estimates a re  given f o r  the r e l a t i ve  magnitudes of po l lu tan t  wet 
and dry deposition from the atmosphere's mixed layer  t o  a fo re s t  i n  the  
northeastern United States .  

so;, 
can 

To make these estimates consider f i r s t  the  case of small (e.g., 
pa r t i c l e s .  For such pa r t i c l e s  t h e i r  gravi ta t ional  s e t t l i n g  speed 

be ignored a s ,  indeed, can the s e t t l i n g  of most p a r t i c l e s  f o r  the 
large scale  problem. From previous sections and from data it can be 
assumed t h a t  a typ ica l  deposition veloci ty  for  such pa r t i c l e s  t o  a 
fo res t ,  and averaged over a long time period,  i s  0.3 5 Vd d 3 cm sec-' . 



The f lux i s  approximated by vd< where 2 is  a representative value f o r  
the po l lu tan t ' s  a i r  concentration. A s imilar  crude estimate f o r  the  
w e t  deposition f lux  can be found using the  washout concentration r a t i o s  
developed e a r l i e r .  From the theory and da ta  it can be estimated t h a t  
the wet f lux is l o 5  t o  l o 6  multiplied by pji where p i s  the  prec ip i ta t ion  
ra te .  Using these values, multiplying by the t i m e  during which they 
operate, and reca l l ing  t h a t  the  t o t a l  r a i n f a l l  i n  the area is  about 
100 cm yr-l, then we have t h a t  the r a t i o  of dry t o  w e t  deposition is  

D (0.3 - 3 cm sec - l ) (3  x l o 7  sec yr-l) - 'L 
W 'L O ( 1 )  . (40 

(105 - 1 0 6 )  (100 cm yr- l )  
- 

That is ,  t o  within an order of magnitude, wet and dry deposition of SO; 
pa r t i c l e s  a re  of comparable importance. Similar estimates a re  va l id  f o r  
gases such a s  SO2. Because of t h i s  it should be emphasized t h a t  i n  the  
t i t l e  of t h i s  meeting the word "precipitat ion" i s  not r e s t r i c t ed  t o  what 
the  weatherman t a l k s  about; here "precipitat ion" should mean 
"deposition", both wet and dry. 

3. SOURCES CONTRIBUTING TO DEPOSITION 

The other  topic  t o  be b r i e f ly  addressed here i s  t o  estimate the 
spaces scales  over which pol lutants  such a s  SO; a re  transported. For 
the case of dry deposition of a pol lutant  whose average concentration i n  
the mixed layer  (of height E and mean wind speed C) i s  X I  the  governing 
steady-state continuity equation (ignoring horizontal  diffusion) i s  - 

Therefore the  e-fold dry deposition length sca le  is  Ad = ; $vd. This 
can pred ic t  subs tan t ia l ly  d i f fe ren t  numerical values. For example, over 
a fo re s t  i n  winter, i f  ii = 5 m sec-l,  li = 200 m and vd = 1 cm sec-l ,  
then Ad Q 102km. In  contras t ,  say f o r  0.1 um pa r t i c l e s  .over water 
during a well-mixed summer day, with 6 = 5 m sec'l, fi = 2 km and 
V = 0.1 cm sec'l, then Ad % l o 4  km. Consequently, depending on meteor- 
ofogical  and other  factors ,  l o 2  r Ad 5 10' km and thus sources which are  
of the  order of l o 4  km upwind can contribute t o  the dry deposition of 
pol lut ion i n  a spec i f ic  fo res t .  

Now consider the wet removal space scale.  A s  was indicated e a r l i e r ,  
it is usually not p rof i tab le  t o  pursue a washout model leading t o  an 
expression such a s  

which leads t o  an e-fold length of 10 t o  100 km, because (42) i s ,  a t  
best ,  applicable only when there i s  precipi ta t ion.  Instead, the appro- 
p r i a t e  large space scale  fo r  wet removal is  re la ted  t o  the  distances 



over which the  p o l l u t a n t  is  t ranspor ted  between e f f i c i e n t  storm events .  
From s t a t i s t i c s  presented by Huff (1971), it i s  noted t h a t  67% of the  
storms i n  e a s t  c e n t r a l  I l l i n o i s ,  during the  per iod  1955-1964, l a s t e d  f o r  
l e s s  than 1 day, and f o r  t h e  50-year per iod  1906 - 1955, 63% of  the  t o t a l  
p r e c i p i t a t i o n  occurred a t  a r a t e  of 0.1 t o  1 inch per  day. Then roughly, 
i f  these  two s t a t i s t i c s  a r e  incorporated with a t y p i c a l  annual prec ip i -  
t a t i o n  of  40 inches p e r  year ,  we  ob ta in  t h a t  on the  average, an 
e f f i c i e n t  (Q 0.5" p r e c i p i t a t i o n )  storm occurs once i n  every 4.5 days, 
ignoring any seasonal  va r i a t ion .  I f  t h i s  r e s u l t  i s  t y p i c a l  f o r  the  
region, and i f  t h e  average p o l l u t a n t  removal e f f i c i e n c y ,  E l  is i n  the  
range 0.1 5 E 5 1, then f o r  3 lk (5 d)'l and ii 2 5 m sec'l, the  wet 
removal space s c a l e ,  A w l  is  t y p i c a l l y  i n  the  range l o 3  5. Xw = i i ( 5 ) - '  5 
l o 4  km. Thus Xw % Ad, which is  c o n s i s t e n t  with (40) ;  t h a t  i s ,  wet and 
dry deposi t ion  a r e  t y p i c a l l y  of  comparable importance. 

From these  r e s u l t s ,  it i s  seen t h a t  both w e t  and dry removal length  
sca les  can be crudely estimated t o  be l o 2  - l o 4  km, and t h a t  more exac t  
es t imates  can be made f o r  s p e c i f i c  p o l l u t a n t s  and weather condit ions.  
Inc iden ta l ly ,  t h i s  range of length  s c a l e s  is suggested both f o r  SO: 
p a r t i c l e s  and SO2 gas. In the  l a t t e r  case the re  is  t h e  quest ion of  i ts  
r a t e  of  conversion t o   SO^ b u t  i n  t h i s  regard w e  note t h a t  few es t imates  
of  t h i s  r g t e  would suggest the  space s c a l e  i s  g r e a t e r  than l o 4  km and 
t h a t  the  conversion can be accelera ted  wi th in  a storm o r  a t  t h e  e a r t h ' s  
surface.  From these  es t imates  a r i s e s  a s t rong  argument aga ins t  the  
" t a l l - s t ack  solut ion ' '  t o  the  p o l l u t i o n  problem. It  i s  a "solu t ion"  only 
i f  one l i v e s  i n  a small country o r  i f ,  say ,  the  200 new coa l - f i r ed  
power p l a n t s  t o  be constructed i n  the  U.S. during t h e  next  decade a r e  
d i s t r i b u t e d ,  f o r  example: 100 near  Cape Cod and the  o t h e r  100 near  
Cape Hatteras--and the  load i s  shunted between t h e  two cen te r s ,  depen- 
ding on which s i t e  has wester ly  winds! 

CONCLUSIONS 

I n  t h i s  r e p o r t  a number of  semi-empirical expressions have been 
suggested which can be used t o  es t imate  wet and dry removal of  p a r t i c l e s  
and gases from the  atmosphere. The formulae a r e  semi-empirical i n  t h a t  
t h e i r  forms have t h e o r e t i c a l  bases b u t  f r e e  parameters have been chosen 
t o  f i t  experimental da ta .  By reviewing these  formulae it can be seen 
t h a t  new da ta  would be most he lp fu l  i n  the  following areas :  

The c o l l e c t i o n  e f f i c i ency  f o r  drops and 0.1-1.0 u m ,  monodisperse 
p a r t i c l e s ;  

The c o l l e c t i o n  e f f i c i ency  f o r  snowflakes and p a r t i c l e s  o f  
e s s e n t i a l l y  a l l  s i z e s ;  

The r a t e  o f  growth o f  r e a l  p o l l u t a n t  p a r t i c l e s  wi th in  plumes, 
caused by water vapor condensation; 



* Rainout and snowout data  unbiased by simultaneous dry deposition; 

In-cloud scavenging of p a r t i c l e s  ingested natural ly  i n t o  large- 
scale  ( f ron ta l )  storm systems; 

So lub i l i ty  and reaction r a t e s  fo r  gases a t  low concentrations i n  
polluted rainwater and i n  s o i l  water; 

The dependence of dry deposition i n  canopies on canopy height,  
biomass, wind speed, humidity and type of foliage.  

The author expects t h a t  most of the  formulae presented a r e  capable of 
predictions t o  within an order of magnitude and i n  some instances,  t o  
within a fac tor  of 2 o r  3. It i s  noted f o r  future  s tudies ,  however, 
t h a t  pursuing accuracy t o  within a fac tor  of 2 i s  of questionable value 
since ra re ly  could the po l lu t an t ' s  a i r  concentration be predicted t o  
within t h i s  accuracy. 

Many applications of the  formulae presented could be described, 
especial ly  f o r  deposition i n  the neighborhood of spec i f ic  sources. 
However, the author believes t h a t  the  most important applications a re  
t o  l a rger  space scales  and of those considered here it was concluded 
t h a t  wet and dry deposition of most i ndus t r i a l  pol lutants  a r e  of com- 
parable importance and t h a t  the  removal space sca les  fo r  both processes 
a re  typ ica l ly  l o 2  - l o 4  km. A t  such distances it is of course t rue  t h a t  
d i f fusion d i l u t e s  the contribution from a spec i f ic  source but a s  the 
d i s t r ibu t ion  of sources becomes more d i f fuse  and ubiquitous, d i f fusion 
becomes of no significance t o  the receptor. 
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APPENDIX 

The following i s  a l i s t  of frequently used symbols, t h e i r  dimen- 
sions and, i n  case of multiple use of a s ingle  symbol, the equation 
number i n  which the symbol appears. 

a = aerosol p a r t i c l e  radius ,  L 

B = biomass per un i t  volume, M L ' ~  



C = (2/3-S,), Eq. (10) 

= concentration of gas i n  p rec ip i ta t ion ,  un i t s  L - ~ ,  Eq. (27) 

C = canopy removal r a t e  ( f rac t ion  of a-par t ic les  f i l t e r e d  out 

per  second) , T-l 

D = molecular di f fusion coef f ic ien t  , L2Tm1 

E(a,R) = particle/drop co l l i s i on  eff ic iency 

i?(a,R) = particle/snowflake co l l i s i on  eff ic iency 

B(a,R) = particle/canopy-fiber co l l i s i on  eff ic iency 

Ej(a)  = j e t  col lect ion eff ic iency 

h = mixed layer  height,  L,  Eq. (41) o r  H2 - H1, L ,  Eqs. (25) 

and (26) 

H = canopy height,  L, Eq. (35) 

= Henry's law constant 

Ho = overa l l  p a r t i t i o n  coef f ic ien t  

k = reaction r a t e ,  T - ~  

K = atmospheric d i f  fus iv i ty  , L ~ T - ~  

K = second order tensor atmospheric d i f  fus iv i ty  , L2T-l 

n(a)da = number of p a r t i c l e s  per  un i t  volume of r a d i i  a to a + da, L - ~  

N (R) dR = s imi la r ly ,  f o r  raindrops, L - ~  

P = prec ip i ta t ion  r a t e ,  LT-I 

Pe = R V ~ / D  = ~ B c l B t  number 

R = raindrop radius,  L 

Rm = volume-mean drop radius,  L 

Re = RVt/v = Reynolds number 

s = TVJR = Stokes number 

= c r i t i c a l  Stokes number = (12/10) + (1/12) l n ( 1  + Re)  
* 1 + l n ( 1  + R e )  

Sc = V/D = Schmidt number 

S t  = T U ~ / V  = Stokes number i n  turbulent flow - 
u = mean wind speed, LT-I - 
u 

C 
= mean wind speed i n  canopy, LT-I - 

u 
g 

= mean wind (geostrophic wind) above canopy, LT-I 

u* = f r i c t i o n  veloci ty ,  LT-I 
v = p a r t i c l e  s e t t l i n g  veloci ty ,  LT-I 

S 



= drop terminal velocity, L T - ~  

= average snowflake terminal velocity, LT-I 
- - p,lpa = ra t io  of dynamic viscosities,  water t o  a i r  

= attachment ra te ,  T-l , Eq. (17) 

= empirical constant, Eq. (35) 

= W ( H $ ) .  Eq. (32) 

= empirical constant, Eq. (33) 

= kt ,  nondimensional reaction ra te ,  Eq. (32) 

= concentration of contaminant i n  precipitation, 

units L - ~ ,  Eq. (25)  

= a/R, interception parameter, Eq. (10) 

= radius of plume- or  cloud-drops, L, Eq. (20) 

= characteristic length (e.g., radius) of fibers i n  a canopy, 

L I  Eq- (38) 

= kinematic viscosity of a i r ,  L ~ T - ~  

= removal rate ,  T-I 

= space-average removal ra te ,  T-I 

= particle-average removal ra te ,  T-l 

= rain, snow removal rates ,  T-I 

= average mass density of foliage, M L - ~  

= part icle  relaxation time, T 

SUBSCRIPTS 

f,g,h = free, growing, hosted 

2m = two meter 

0 = ground level 

t = to ta l  
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