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J. ' J. Fuquay ,' M S  
Battelle-Northwest . .  

Thank you, M r .  Chairman, I a l s o  would l i k e  t o  welcome you 

. J r .- - . . t o  t h i s  workshop on p r e c i p i t a t i o n  scavenging. We do have some 
.' 

lay people and persons from ad jacen t  d i s c i p l i n e s  here  wi th  us ,  

s o - I  would l i k e  t o  s t a r t  wi th  some pe'rspective on t h e  e a r l i e r  

work on t h i s  s u b j e c t .  During t h i s  wdikshop we w i l l  be brought 

up-to-date on many of t h e  i tems which I w i l l  mention.' 

W e  have genera l ly  thought t h a t  t h e  p r e c i p i t a t i o n  scavenging . , 

process  has  t h r e e ' m a j o r  d i v i s i o n s :  (1) d e l i v e r y  o r  t r a n s p o r t  of 

the m a t e r i a l  t o  t h e  scavenging s i t e ,  ( 2 )  in-cloud scavenging by 

the cloud elements and p r e c i p i t , a t i o n ,  usua l ly  c a l l e d  r a i n o u t  and 

snowout, .and (3)  below-cloud scavenging by t h e  p r e c i p i t a t i o n ,  

u s u a l l y  c a l l e d  washout. Mate r i a l  from low-elevation sources w i l l  

b e  t r a n s p o r t e d  wLth t h e  low-elevation winds and d i f f u s e d  upward 

by low-level turbulence.  Once i n . t h e  v i c i n i t y  of clouds it may 

be c a r r i e d  i n t o  those  clouds by organized v e r t i c a l  motions. . When 

t h e  mate.ria1 i s  from high e l e v a t i o n s  ( t h e  s t r a t o s p h e r e )  , t h e .  gen- 

eral c i r c u l a t i o n  of t h e  e a r t h ' s  atmosphere and t h e  exchange mech- 

anism a t  t h e  tropopause have c o n t r o l  o f ' t h e  de l ive ry .  

There a r e  s e v e r a l  good s t a r t i n g  p o i n t s  f o r  t h e  s tudy of scav- 

enging. Junge (1463) and Facy (1962) have 1ook.ed a t  ' in-cloud 

scavenging, b u t  wi th  d i f f e r i n g  conclusions.  ' ~ 1 e t c h e . r  ( 1 9 6 2 )  and 



. - 
i Mason (1957) have published texts on precipitation and cloud physics. 
i 

Chamberlain (1953) appears to have attempted the first broad ap- 

plication of scavenging equations, and his'approach is still used. 
i . 

. .  . . . Fuchs (1964) has presented an extensive volume on the mechanics of 

aerosols. Reiter (1964)' and Danielsen (19641% serve as introductions 

to the controversy on stratosphere-trohosphere exchange important 

. '  ' to our. fallout studies. and now t o  'the ipotential problems i n  jet ' . .  . 

transport. 
. . . . 

Chamberlain used Langmuir's scavenging efficiencies and Best's 
. . . .  . . . 

(1950) -fitted raindrop spectra to calculate~washout coefficients 

1 for various rainfall rates and cloud droplet sizes. Similar cal- 
l 
1 
I culations have been made by May (,1958) using the somewhat higher 

4 efficiencies of Mason, which gave scavenging coefficients. about. I 
I 

I 10% greater than Chamberlain's. 
I 
I 

. . 

,.. 
. . A different result is . . obtained . using . the efficiencies . . of Kinzer 

1 and. Cobb (1958) . with Washington state .and. 1ndian rainVspectra re- .! . .  . . 

. , i . 
. . 

1 ' ported by ~n~elmann (1963) . Even though the ~inzer and Cobb 
:: . . , .. . 

I '  ' - .  
i - efficiencies are greater than Mason's for the .more numerous small . 

! .  . . . . . .  . 
i 

drops, the calculated washout coefficients are lower. This is due, 
I . . .  

to the greater contribution to the cross-sectional scavenging area 

made by the larger drops,. where Mason's efficiencies.are larger 
. . . . 

. . . . 
than Kinzer and Cobb's. 

. . . . 

1n.about 1957 it appeared that the coefficients calculated . 

from the Langmuir or Mason efficiencies might be regarded as slight 



over -es t imates  i n  t h e  absence of s i g n i f i c a n t  e l e c t r i c a l  charges  

on t h e  r a i n .  Both t h e  measurement of  lower c o e f f i c i e n t s  by Kinzer 

. and Cobb and by Engelmann and t h e  p o s s i b i l i t y  of  r e t e n t i o n  e f f i c i e n -  
' I 

cies less than  one suppor t ed  t h a t  view. 
2 : 
i ., 

' 

For p a r t i c l e s  less than  about  one niicron i n  d i ame te r ,  t h e  
< 

c a l c u l a t i o n s  based o n l y  on i n e r t i a l  e f f e c t s . i n  i d e a l i z e d  f low pa t -  

t e r n s ' s h o w e d  n e g l i g i b l e  washout. They could n o t  be  cons idered  a t  
. . .  - .  . . ... 

< 

a l l  r e l i a b l e ,  however, owing t o  t h e  presence  of  e l e c t r i c a l . c h a r g e s ,  

which i n c r e a s e d  t h e  washout. S o l u t i o n s  f o r  s e l e c t e d  p a r t i c l e  and 

' d r o p  charges  h a d  beenmade  by s e v e r a l  workers ,  b u t  t h e r e  was i n -  
. . 

s u f f i c i e n t  i n fo rma t ion  f o r  s a f e l y  e x t r a p o l a t i n g  t h e s e  p r e d i c t i o n s  

tO o t h e r  charge va lues .  I n  a d d i t i o n ,  t h e r e  w a s  i n s u f f i c i e n t  i n -  

fo rmat ion  on t h e  normal charges  e x i s t e n t  i n  r a i n  and c louds .  

There w e r e  a l s o  no measurements on n a t u r a l  washout of t h e s e  

smaller p a r t i c l e s ,  a l t hough  some r e s e a r c h  p l a n s  d i d  i n c l u d e  them. 
. . 

I t  was appa ren t  t h a t  t h e  problems o f  s m a l l - p a r t i c l e  measurement, 
. .  c 

low . . c o l l e c t i o n  e f f i c i e n c i e s ,  and non-uniform r a i n d r o p . c h a r g e  would - 
' 

. .  , . . .  

- cause  d i f f i c u l t y  i n  t h e  o f  t h e s e  exper iments .  
, . 

. . . .  
Scavenging by snow o f f e r e d  a d d i t i o n a l  complex i t i e s .  The l a r g e  

' 

numbers o f  f r o z e n  c loud  d r o p l e t s  a t t a c h e d  t o  snowflakes e s t a b l i s h e d  

t h a t  snow w a s  an e f  f  e c t i v k  s c a v e n g e r .  f o r .  a t  l e a s t  l a r g e  p a r t i c u l a t e s .  

This  e f f e c t i v e n e s s  v a r i e d  w i t h  t y p e s  o f  c r y s t a l ,  i t s  shape ,  f a l l  . . 

speed ,  and e l e c t r i c a l  charge.  

For  t h e  same rate o f  p r e c i p i t a t i o n ,  we expec ted  a  g r e a t e r  scav- 
. . . . 

enging  o f  s m a l l e r  p a r t i c l e s  by t h e  s lower  f a l l i n g  snowflake,  w i t h  



' , . .. 
. . .  -4- 

. . ,- 

i t s  l a r g e r  a r e a  and probable e l e c t r o s t a t i c  charge,  than by its 

equ iva len t  watekdrop. Large numbers of Aitken p a r t i c l e s  (diameter  

<0.02 microns) had 'been observed on snowflakes. A few washout 

, . , . - . c o e f f i c i e n t s  i n  r a i n  and snow f o r  submicron p a r t i c l e s  of s i l v e r  
3,' . . 
i ., i od ide ,  scandium, and cesium s a l t s  were publ ished (PNL, 1967).  . . 

I 

Scavenging of gases  was p red ic ted  on t h e  b a s i s  of molecular .' 

d i f f u s i o n  t o  t h e  drop o r  d r o p l e t  i n  accordance wi th  t h e  vapor 
'. 

1 

pressures  and s o l u b i l i t i e s  of t h e  fre;  and c o l l e c t e d  gases .  Theor- 

1 
I 

e t i c a l l y ,  t r a c e  q u a n t i t i e s  of i n s o l u b l e  gases were t r e a t e d  a s  s o l -  
I 
1 
i uble  i n  t h e  scavenging processes .  

. . 

Measurements of t h e  washout of bromine gas by Engelmann; 

I Perk ins ,  Hagen, and Ha l l e r  (1966) v e r i f i e d  t h e  t h e o r e t i c a l  predic-  

i ' t i o n s  i n  r a i n .  'However, t h e  measurements f o r  iod ine  gas y ie lded  ! 
washout c o e f f i c i e n t s  one and two o rde r s  of magnitude lower than 

those  p red ic ted  and showed no r e l a t i o n s h i p  t o  p r e c i p i t a t i o n  r a t e .  

They proposed t h a t  t h e  r e a c t i o n  r a t e  wi th  water ,  r a t h e r  than t h e  

t o t a l  s o l u b i l i t y ;  determined t h e  washout r a t e s ,  . . 

T h e  washout o f  bromine, and inorganic  iod ine  was a l s o  measured . . 
. . . . 

. . ] i n  snow. The lower c o e f f i c i e n t s  i n  snow compared t o  r a i n  supported 

t h e  importance of r e a c t i o n  r a t e s . .  I t  appeared t h a t ,  a l t h o u g h . t h e  ' 

l a r g e  s u r f a c e  a rea  and smal l  t e rmina l  v e l o c i t y  of snow c r y s t a l s  

increased  t h e  scavenging of gases ,  these .  f a c t o r s  were n o t  a b l e  t o  

balance t h e  lower adsorp.tion r a t e s  on i c e  c r y s t a l s .  Washout co- 

e f f i c i e n t s  f o r  o t h e r  gases  wi th  s i m i l a r  r e a c t i o n  r a t e s  should have 
. c 



. . compared t o  t h o s e  of  -bromine and i o d i n e  as t h e  r a t i o  of  t h e i r  d i f -  

. f u s i v i t i e s  i n  a i r .  

, However, when p roces s -p l an t  i n o r g a n i c  i o d i n e  was used a s  a  
' I 

! . .  ,. .I t r a c e r ,  much h i g h e r  washout r a t e s  were observed.  I n  e x p l a n a t i o n  of 
?' 
. , 

t h e  h igh  washout, i t  was no ted  t h a t  ther'e was s u f f i c i e n t  wa te r  vapor  
f 

I 
j 
I i n  t h e  p l a n t  s t a c k  exhaus t s  t o  produce, a  c loud o i  wate r  d r o p l e t s  on 
I 
i 

i 
l a r a i n y  day. I f  a l l  o f  t h e  r a d i o i o d i n e  ( o r  o t h e r  g a s )  i n  t h e  s t a c k  . . 

. .  < 
'i 

i . ' exhausts  were swept up by t h e  c loud d r o p l e t s  du r ing  format ion . ,  sub- 
i 
I 

I sequent  washout of i o d i n e  would have been a t  t h e  r a t e  a p p r o p r i a t e  
I 

1 ' t o  c loud drops .  S i m i l a r  washout r a t e s  were expec ted  f o r  r e a c t i v e  
i 

gases  i n  o t h e r  s t a c k  exhaus t s  w i t h  h i g h e r  wate r  c o n t e n t .  Again, 

r e a c t i o n  r a t e s  i n f l u e n c e d  t h e  takeup du r ing  t h e  condensa t ion .  I n  

t h e s e  t e s t s ,  washout c o e f f i c i e n t s  f o r . o r g a n i c  forms of  i o d i n e  w e r e  

' abou t  1% as l a r g e  a s  f o r  i n o r g a n i c  forms. 
. . 

Scavenging o f . m a t e r i a l s  from t h e  a i r  by hydrometeors o f  a l l  

t ypes  'is p a r t i c u l a r l y  i n t r i g u i n g  because it r e p r e s e n t s  perhaps  t h e '  

mqst s i g n i f i c a n t  n a t u r a l  mechanism f o r  c l e a n s i n g  t h e  a i r .  However, 
1 . . 

c l e a n s i n g  of t h e  a i r  r e s u l t s  i n  d e p o s i t i o n  of  t h e  on-or- 
I .  

. . . i n  peop le ,  an imals ,  v e g e t a t i p n ,  l and ,  water., and s t r u c t u r e s .  Thg 

- i m p a c t . o f , d e p o s i t i o n  p roces ses  on t h e  b iosphe re  poses  a  h o s t  of  

new " fnrmidables" .  

L e t  us t a k e  l e a d  a s  an example. Lazrus ,  e t  a1 (1970) , r epo r t ed '  

me ta l  was found i n  p r e c i p i t a t i o n  ove r  t h e  United s t a t e s  du r ing  s i x  

months o f  1966 and 1967. ~ e a s u r e m e n t s  i nc luded  l e a d ,  z i n c ,  copper ,  



1 C. 

i r o n ,  manganese, and n i c k e l .  T h e i r  r e s u l t s  sugges ted  t h a t  t h e  

contaminant  c o n c e n t r a t i o n  i n  t h e  atmosphere w a s  r e l a t i v e l y  inde- 

. .  pendent  o f  t h e  t o t a l  amount of  p r e c i p i t a t i o n .  . I t  was, however, 
. . . . 

n o t  complete ly  i ndependen t  of  amount of  r a i n f a l l ,  s i n c e  f r e q u e n t  -' 
1 .' 
' -' 
i ', 

showers k e p t  t h e  a i r  c l e a n e r  and contaminant c o n c e n t r a t i o n  tended 

t o  d e c r e a s e  w i t h  d u r a t i o n  of  r a i n f a l l .  

They p o i n t  o u t  c e r t a i n  g e n e r a l i z - a t i o n s  a p p l i c a b l e  t o  a l l  . ' 

. - . .. . . ',5 

metals. The nor thwes t  p o r t i o n  of  t h e  United S t a t e s  w a s  conspic-  

uous'ly low i n  contaminat ion.  The n o r t h e a s t  w a s  r e l a t i v e l y  h igh .  

. . The s o u t h e a s t  and southwest  v a r i e d  from low t o  moderate i n  contam- 

i n a t i o n ,  depending upon t h e  metal. The a n a l y s i s  sugges ted  t h a t  

t h e  c o n c e n t r a t i o n  p a t t e r n s  o f  t h e s e  minor ' t r a c e  contaminants  could  

b e  engende red 'p r imar i ly  by human a c t i v i t y .  Concent ra t ions  tended 

- t o . i n c r e a s e  i n  a r e a s  o f  mining and manufacturing.  

Because of  t h e  b i o l o g i c a l  a c t i v i t y  of  s e v e r a l  o f  t h e s e  m e t a l s ,  

, . 

I 
t h e r e  has  been i n c r e a s i n g  concern ove r  t h e i r  a l l owab le  concentra-  

3 

! 
t i o n  l i m i t s  i n  d r i n k i n g  wa te r .  One s o u r c e  of  con tamina t ion  i s  

I 

I 
' . t h e '  atmosphere,  from which a e r o s o l s  may be d e p o s i t e d  i n  surfa .ce  

w a t e r  s u p p l i e s  by d r y  f a l l o u t  o r  by entrapment i n  p r e c i p i t a t i o n .  

Comparing, average  c o n c e n t r a t i o n s  found i n  p r e c i p i t a t i o n  with thnse' 
. . 

i n  s u r f a c e  wa te r  s u p p l i e s  b e f o r e  t r e a t m e n t  i n d i c a t e d  t h a t  t h e r e  

w a s  about  t w i c e  a s  much l e a d  i n  a tmospher ic  p r e c i p i t a t i o n  as i n  

water s u p p l i e s .  They po in t ed  o u t  t h a t  t h i s  r a t i o ' i m p l i e d  t h e  e x i s -  

t e n c c  o f  a prbcess whereby l e a d  is  d e p l e t e d  a f t e r  p r e c i p i t a t i o n  
. . 

I . . 



,- 

reaches the surface. In the case of copper, the quantity found in 
I 

precipitation could account for the average value found in surface 

water. Nickel and manganese, however, must have had other sources 
f . . 

' . :. , in addition to atmospheric precipitation. The correlation relating 

lead in rainwater to sale of gasoline in the area was found to be 
I 

significant when stations unduly affected by industrial activities ' 

i .  
were' excluded. '.. 

! 

Tatsurnoto and Patterson (19'63) reported lead concentratidns 

in snow four orders of magnitude greater than the amount attributable 

to naturally formed dust in a remote area 500 miles east of the Los 

Angeles Basin at an altitude of 7000  feet. They also estimated 

that the lead concentration in the surface layer of the pacific Ocean 

off the coast of southern California had increased tenfold during 

the past thirty to forty years. Recent ice samples taken in the 

Tatra Mountains contained 16 times more lead than did samples dating 

a century ago. Greenland snow exhibited about the same increase. 

The impact on the biosphere of lead released to the atmosphere 

and brought to the ground through the various scavenging mechanism 

requires. further elucidation. Lead was selected as an example be- 

cause the concentrations in soiw localities are'significantly.high 

with rcsbect to L h r  allowable concentrations in drinking water. 

. There are a myriad of trace elements and pollutants to consider. 

We are hearing more.and more about precipitation displaying a 

, weekly cycle reflecting the consequence of ,man's activities: Recent 



r e p o r t s  of  i n c r e a s e d  p r e c i p i t a t i o n  downwind of urban and indus- '  

t r i a l l i z e d  a r e a s  o f f e r  some i n t r i g u i n g  s p e c u l a t i o n .  Adver ten t .  and ' 

i n a d v e r t e n t  weather  m o d i f i c a t i o n  may become e q u a l l y  s i g n i f i c a n t  

< ; 

:-' r e s e a r c h  a c t i v i t i e s  when one cons ide r s  t h e  f u l l  iinpact on t h e  eco- , '  . . 

systems.  The behavior  of  ox ides  of  n i t r ~ g e n ~ f r o m  t h e i r  sou rce  ' ,  

. . 

a s  p o l l u t a n t s  o r  p roduc t s  of  l i g h t n i n g d i s c h a r g e s  t o  t h e i r  u l t i m a t e  
', 

. 

, .  i n c o r p o r a t i o n  i n  t h e  , l i f e . s y s t e m s  .ho lds  f a s c i n a t i n g  prosp.ects  f o r  

i 
unders tanding  t h e s e  sy.sterns. Many o t h e r  examples a r e  e v i d e n t .  j 

i During o u r  d e l i b e r a t i o n s  on some o f ' t h e  s ' o p h i s t i c a t e d  

i n t r i c a c i e s - o f  t h e  scavenging p r o c e s s ,  I hope w e  keep i n  mind some 
. . 

of t h e  g r e a t e r  problems t o  be  so lved  us ing  t h i s  technology.  Thank 

you very  much. 
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