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ABSTRACT 

A mathematical model i s  developed for the calculation of a i r  con- 

centrations of material suspended by the wind from areas of surface 

contamination and the model i s  applied spec i f i ca l ly  t o . t h e  BC Controlled 

Area. Example computer solutions are given t o  show the dependence of 

the  suspended a i r  concentration on suspension ra te ,  deposition veloci ty ,  

wind speed, wind direct ion and atmospheric s t a b i l i t y .  

This model i s  subsequently simpzified t o  produce an analytical 

method for the economical estimation of a i r  concentrations and horizontaZ 

fluxes of suspended surface contamination. The predictions of  the ana- 

l y t i ca l  method are demonstrated t o  agree qui te  well wi th  those of the 

more corrp Zex, computerized mode 2 .  
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INTRODUCTION 

Radioac t ive  con tamina t ion  of  environmental  s u r f a c e s ,  such a s  e x i s t s  

i n  t h e  BC Cont ro l led  Area,  p r e s e n t s  t h e  p o t e n t i a l  f o r  a i r b o r n e  contami- 

n a t i o n  through t h e  mechanism of suspens ion  by t h e  wind of t h e  s u r f a c e  

contaminat ion.  The amount of t h i s  d e r i v a t i v e  a i r b o r n e  con tamina t ion  

must b e  known i n  o r d e r  t o  p rope r ly  e v a l u a t e  t h e  consequences of v a r i -  

ous management and c o n t r o l  p o l i c i e s  which may b e  a p p l i e d  t o  t h e  sur -  

f a c e  contaminat ion.  It i s  t h e  i n t e n t  of t h i s  r e p o r t  t o  p rov ide  a  b a s i s  

f o r  p r e d i c t i n g  t h e  a i r  concen t r a t i ons  consequent t o  t h e  suspension of 

s u r f a c e  contaminat ion.  This  w i l l  b e  done by d e s c r i b i n g  bo th  complex and 

s imple  models which have been developed f o r  t h i s  purpose and by p r e sen t i ng  

sample p r e d i c t i o n s  of suspended a i r  c o n c e n t r a t i o n s  w i t h i n  t h e  BC Cont ro l led  

Area . 
This  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of r e s e a r c h  supported bo th  by t h e  

A t l a n t i c  R i c h f i e l d  Hanford Company, under c o n t r a c t  t o  t h e  U.S. Energy 

Research and Development Adminis t ra t ion ,  and by t h e  Department of 

Biomedical and Environmental  Research of  t h e  U.S. Energy Research and 

Development Adminis t ra t ion .  

SUMMARY AND CONCLUSIONS 

A s u r f a c e  f l u x  model i s  developed which can  p r e d i c t  t h e  a i r  concentra-  

t i o n s  consequent t o  suspension by t h e  wind of r a d i o a c t i v e  s u r f a c e  con- 

taminat ion.  Th i s  model t r e a t s  t h e  suspens ion  of t h e  con tamina t ion  and 

i ts  r e d e p o s i t i o n  on t h e  s u r f a c e  a s  opposing p roce s se s  whose n e t  sum i s  

t h e  sou rce  term f o r  subsequent a tmospher ic  d i f f u s i o n .  S ince  t h e  d i f f u s i o n  

process  is  l i n e a r ,  e x i s t i n g  p o i n t  sou rce  d i f f u s i o n  models a r e  used t o  

d e s c r i b e  t h e  a tmospher ic  t r a n s p o r t  from a l l  p o i n t s  of  t h e  s u r f a c e  source ,  

and t h e  r e s u l t a n t  a i r  c o n c e n t r a t i o n  i s  found by summing over  t h e  e n t i r e  

s u r f a c e  upwind of t h e  r e c e p t o r  of i n t e r e s t .  



T h i s  model i s  a p p l i e d  t o  t h e  p r e d i c t i o n  of suspended a i r  concen t ra -  

t i o n s  w i t h i n  t h e  BC C o n t r o l l e d  Area f o r  a  l i m i t e d  number of c a s e s .  It 

i s  shown t h a t  t h e s e  a i r  c o n c e n t r a t i o n s  a r e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

suspens ion  r a t e  and i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  mean wind speed and 

t h a t  t h e  p a t t e r n  of  t h e  a i r  c o n c e n t r a t i o n  i s o p l e t h s  i s  s t r o n g l y  dependent  

on wind d i r e c t i o n .  A s  a l s o  might b e  expec ted ,  t h e  a i r  c o n c e n t r a t i o n s  

d e c r e a s e  w i t h  i n c r e a s i n g  i n s t a b i l i t y  of t h e  atmosphere and w i t h  i n c r e a s i n g  

d e p o s i t i o n .  S i m i l a r l y ,  t h e  downwind e l o n g a t i o n  of t h e  a i r  c o n c e n t r a t i o n  

i s o p i e t h s  i s  reduced w i t h  i n c r e a s i n g  i n s t a b i l i t y  and d e p o s i t i o n .  

Some immediate a p p l i c a t i o n s  of t h e  model would be  t h e  e s t i m a t i o n  of 

t h e  expected annua l  exposure  w i t h i n  t h e  BC C o n t r o l l e d  Area and t h e  annua l  

f l u x  of con tamina t ion  o u t  of t h e  a r e a .  P r e d i c t i o n s  of t h e  model should  

b e  compared t o  e x i s t i n g  measurements of t h e  a i r b o r n e  c o n c e n t r a t i o n s  w i t h i n  

t h e  a r e a ,  b o t h  t o  t e s t  and improve t h e  model and a l s o  t o  e s t i m a t e  t h e  

r a t e  of s u s p e n s i o n  and t h e  f r a c t i o n  of t h e  s u r f a c e  con tamina t ion  a v a i l a b l e  

f o r  suspens ion .  

The exac t  computat ion of t h e  suspended a i r  c o n c e n t r a t i o n  a s  d e s c r i b e d  

above i s  a  t e d i o u s  p rocedure  because  i t  r e q u i r e s  t h e  c o n v o l u t i o n  of t h e  

a r e a l  s o u r c e  s t r e n g t h  d i s t r i b u t i o n  w i t h  a  p o i n t  s o u r c e  f u n c t i o n  d e s c r i b -  

i n g  t h e  a tmospher ic  d i l u t i o n  of  t h e  suspended con tamina t ion .  T h e r e f o r e ,  

a  s i m p l i f i e d  p rocedure  h a s  a l s o  been developed from t h i s  b a s i c  model. 

It r e q u i r e s  knowing o n l y  t h e  t o t a l  upwind s u r f a c e  con tamina t ion  and t h e  

suspended a i r  c o n c e n t r a t i o n  p r e d i c t e d  under s i m i l a r  m e t e o r o l o g i c a l  con- 

d i t i o n s  f o r  t h e  e q u i v a l e n t  uniform con tamina t ion  s o u r c e  w i t h o u t  d e p o s i -  

t i o n .  Th is  method i s  shown t o  b e  q u i t e  a c c u r a t e ,  bo th  f o r  a  h y p o t h e t i c a l  

r e g u l a r  d i s t r i b u t i o n  of s u r f a c e  con tamina t ion  and f o r  t h e  BC C o n t r o l l e d  

Area.  I: kas  :he poter~;la: of b e i n g  very  u s e f u l  f o r  cne r a p i d ,  economicai  

e s t i m a t i o n  of  b o t h  t h e  a i r  c o n c e n t r a t i o n  and t h e  h o r i z o n t a l  f l u x  due t o  

t h e  s u s p e n s i o n  of s u r f a c e  con tamina t ion .  

F i n a l l y  t h e  u s e f u l n e s s  of t h e  r e s u s p e n s i o n  f a c t o r  (de f ined  a s  t h e  

r a t i o  of t h e  suspended a i r  c o n c e n t r a t i o n  t o  t h e  l o c a l  ground con tamina t ion)  

f o r  p r e d i c t i n g  suspended a i r  c o n c e n t r a t i o n s  i s  d i s c u s s e d .  It i s  found 

t h a t  t h e  r e s u s p e n s i o n  f a c t o r  h a s  l i m i t e d  a p p l i c a b i l i t y  downwind of a  



contaminated a r e a .  For p r a c t i c a l  e s t i m a t e s  t h e  resuspens ion  f a c t o r  may 

be t r e a t e d  a s  a  c o n s t a n t  w i th  r e s p e c t  t o  r e c e p t o r  l o c a t i o n  w i t h i n  a r e a  

sources  which vary  w i th  a  l e n g t h  s c a l e  exceeding s e v e r a l  hundred mete rs .  

This  assumption has t h e  l e a s t  e r r o r  f o r  u n s t a b l e  a tmospher ic  cond i t i ons  

and h igh  depos i t i on .  

The Su r f ace  Flux Model 

Model De r iva t i on  

The d i f f e r e n t i a l  equa t ion  d e s c r i b i n g  t h e  d i f f u s i o n  of a tmospher ic  

contaminants  i s  l i n e a r  i n  t h e  c a l c u l a t e d  a i r  c o n c e n t r a t i o n ,  a l lowing  

t h e  s u p e r p o s i t i o n  of s o l u t i o n s  t o  account  f o r  a  number of d i f f e r e n t  

p o l l u t a n t  sou rce s  a t  d i f f e r e n t  l o c a t i o n s .  Thus t h e  a i r  concen t r a t i on  

due t o  an a r e a l  sou rce  of con tamina t ion  may b e  determined by i n t e g r a t i n g  

a  po in t - source  s o l u t i o n  of t h e  d i f f u s i o n  equa t i on  ove r  t h e  upwind e x t e n t  

of t h e  a r e a  sou rce  d i s t r i b u t i o n .  To t h i s  end a  d i f f u s i o n  func t i on  

may be def ined  which d e s c r i b e s  t h e  a i r  c o n c e n t r a t i o n  C ( q u a n t i t y  of 
3 p .  s .  

m a t e r i a l  pe r  m ) due t o  a  p o i n t  sou rce  of nondepos i t ing  m a t e r i a l  l o c a t e d  

a t  ground l e v e l  ,and e m i t t i n g  a t  a  r a t e  Q ( q u a n t i t y  per  s e c ) .  C i s  
p . s .  

evaluated a t  a  he igh t  z  and a t  h o r i z o n t a l  d i s t a n c e s  x  downwind and y  

crosswind of t h e  source ;  u  is  t h e  mean wind speed (m/sec) ,  blowing i n  

t h e  p o s i t i v e  x  d i r e c t i o n .  D i s  de sc r i bed  h e r e  by t h e  Gaussian plume 

model(') parameter ized by o  and o z ,  t h e  h o r i z o n t a l  and v e r t i c a l  s t andard  
Y 

d e v i a t i o n s  (m) of t h e  concen t r a t i on  d i s t r i b u t i o n .  Given t hen  t h e  ho r i -  
2 

zon t a l  d i s t r i b u t i o n  of t h e  n e t  upward f l u x  F ( q u a n t i t y  pe r  m / s ec )  of 
z  

contaminant a t  t h e  s u r f a c e ,  t h e  a i r  c o n c e n t r a t i o n  i s  

where t h e  o r i g i n  of t h e  x c o o r d i n a t e  is  l o c a t e d  a t  t h e  upwind edge of 

t h e  s u r f a c e  contaminat ion.  



Two p r o c e s s e s  a r e  assumed t o  c o n t r i b u t e  t o  t h e  n e t  i n t e r c h a n g e  of 

m a t e r i a l  between t h e  ground and t h e  a i r :  suspens ion  and d e p o s i t i o n .  

I n  t h e  absence  of  d e t a i l e d  mic rophys ica l  models of  t h e s e  p r o c e s s e s ,  they  

w i l l  be d e s c r i b e d  a s  be ing  p r o p o r t i o n a l  t o  t h e  ground con tamina t ion  G 
2  

( q u a n t i t y  of m a t e r i a l  p e r  m ) and t h e  a i r  c o n c e n t r a t i o n  C ,  r e s p e c t i v e l y .  

Thus t h e  v e r t i c a l  f l u x  of  m a t e r i a l  a t  t h e  s u r f a c e  due t o  d e p o s i t i o n  i s  

where C i s  e v a l u a t e d  a t  some r e f e r e n c e  h e i g h t  z The c o n s t a n t  of pro-  
d '  

p o r t i o n a l i t y  v  h a s  t h e  dimensions of  a  v e l o c i t y  and h a s  been a p p r o p r i a t e l y  
d  

named t h e  d e p o s i t i o n  v e l o c i t y .  For common a e r o s o l s  v  c a n  v a r y  from about  
d  

10'~ t o  10  cm/sec ,  depending on t h e  s p e c i f i c  p r o p e r t i e s  of t h e  p a r t i c l e s ,  

of t h e  a tmospher ic  s t r u c t u r e ,  and of t h e  d e p o s i t i o n  s u r f a c e .  (2 )  The 

r e s u l t s  p r e s e n t e d  h e r e ,  however, a r e  pa ramete r ized  on ly  by t h e  r a t i o  of  

t h e  d e p o s i t i o n  v e l o c i t y  t o  t h e  mean wind speed ,  vd /u .  S i n c e  u  i n  t h e  

lowest  100 m of t h e  atmosphere i s  commonly i n  t h e  range  of 1-10 m / s ,  
-7 

v  / U  can  v a r y  from about  1 0  t o  10- l .  
d  

S i m i l a r l y  t h e  r e s u s p e n s i o n  f l u x  F i s  
r 

- 1 
where A i s  a  suspens ion  r a t e  ( s e c  ) and G is t h e  c o n c e n t r a t i o n  of  m a t e r i a l  

on t h e  ground t h a t  i s  a v a i l a b l e  f o r  suspens ion .  Less  i s  known about  A 

than  about  v  bu t  t y p i c a l  v a l u e s  f o r  Hanford s o i l s  appear  t o  b e  i n  t h e  
-90 -1 ( 3 )  

range  of 1 0  t o  lo-' s e c  . 
Thus t h e  n e t  v e r t i c a l  f l u x  a t  t h e  s u r f a c e  is  

and s u b s t i t u t i o n  of (5)  i n t o  (2 )  g i v e s  

t h e  b a s i c  e q u a t i o n  of t h e  s u r f a c e  f l u x  model. 



P r e d i c t e d  A i r  C o n c e n t r a t i o n s  f o r  t h e  BC C o n t r o l l e d  Area  

S i n c e  t h e  c a l c u l a t i o n  o f  suspended a i r  c o n c e n t r a t i o n s  r e q u i r e s  i n  

a lmos t  eve ry  c a s e  a  n u m e r i c a l  i n t e g r a t i o n  o f  ( 6 ) ,  a  FORTRAN program h a s  

been w r i t t e n  t o  perform t h e  n e c e s s a r y  o p e r a t i o n s .  T h i s  program c u r r e n t l y  

u s e s  t h e  r u r a l  d i f f u s i o n  c o e f f i c i e n t s  amalgamated by from 

s e v e r a l  series of d i f f u s i o n  exper imen t s .  These  a r e  a  f u n c t i o n  of t h e  

downwind d i s t a n c e  x  s e p a r a t i n g  s o u r c e  and r e c e p t o r  and of t h e  t u r b u l e n c e  

i n t e n s i t y  o r  s t a b i l i t y  of  t h e  a tmosphere .  B r i g g s '  fo rmulas  a r e  shown 

i n  T a b l e  1 where t h e  a t m o s p h e r i c  s t a b i l i t y  i s  d i v i d e d  i n t o  s i x  c l a s s e s  

r a n g i n g  from v e r y  u n s t a b l e ,  P a s q u i l l  C l a s s  A ,  t o  n e u t r a l ,  C l a s s  D ,  t o  

v e r y  s t a b l e ,  C l a s s  F. C l a s s  A i s  c h a r a c t e r i s t i c a l l y  a  c l e a r  day w i t h  

low wind speed  and s t r o n g  i n s o l a t i o n ,  C l a s s  D o c c u r s  w i t h  a n  o v e r c a s t  

sky  a n d / o r  s t r o n g  winds ,  and C l a s s  F  i s  t y p i c a l l y  a  c l e a r  n i g h t t i m e  

s i t u a t i o n  w i t h  low winds.  

By m u l t i p l y i n g  b o t h  s i d e s  of (6)  by u/A, i t  c a n  e a s i l y  b e  s e e n  t h a t  

uC/A i s  a  f u n c t i o n  o n l y  of  G ,  v  / u  and D and t h u s  t h a t  C depends  l i n e a r l y  
d  

o n  A / U .  Given t h e  h o r i z o n t a l  d i s t r i b u t i o n  o f  t h e  s u r f a c e  c o n t a m i n a t i o n  G ,  

a  v a l u e  f o r  v  / u  and a  s t a b i l i t y  c l a s s ,  t h e  FORTRAN program t h e n  c a l c u -  
d  

l a t e s  t h e  h o r i z o n t a l  d i s t r i b u t i o n  of t h e  normal i zed  a i r  c o n c e n t r a t i o n  

uC/A. The c a l c u l a t i o n s  a r e  c u r r e n t l y  made on a  40 x  40 h o r i z o n t a l  g r i d .  

T a b l e  1. 

Formulas f o r  t h e  D e t e r m i n a t i o n  o f  a and a (4 )  
z 

( x ,  a a i n m e t e r s )  Y 
2 '  Y 

S t a b i l i t y  
C l a s s  



These  d imens ions  were  chosen  a s  a  compromise between t h e  c o n f l i c t i n g  

r e q u i r e m e n t s  of  s p a t i a l  r e s o l u t i o n  and economy, r e c o g n i z i n g  t h a t  t h e  

e v a l u a t i o n  of ( 6 )  i s  a  t e d i o u s  and hence  e x p e n s i v e  n u m e r i c a l  p r o c e s s .  

An a e r i a l  s u r v e y  o f  t h e  BC C o n t r o l l e d  Area was pe r fo rmed(5 )  by 

EGhG on May 30 and J u n e  1, 1973 ,  p r o d u c i n g  i s o p l e t h s  of  ~s~~~ s u r f a c e  
2 

c o n t a m i n a t i o n  w i t h i n  a n  a r e a  of  r o u g h l y  1 5  km . I n  o r d e r  t o  p r o v i d e  t h e  

r e q u i r e d  i n p u t  t o  t h e  c o m p u t a t i o n a l  program,  t h i s  d i s t r i b u t i o n  h a s  been 

d i g i t i z e d  a t  i n t e r v a l s  of  1 0 0  m ,  each  d a t a  p o i n t  e q u a l l i n g  t h e  s u r f a c e  
4 2 

c o n t a m i n a t i o n  w i t h i n  a n  a r e a  o f  1 0  m . Thus t h e  f o l l o w i n g  r e s u l t s  

assume t h a t  a l l  of  t h e  su rveyed  c o n t a m i n a t i o n  i s  a v a i l a b l e  f o r  s u s p e n s i o n  

by t h e  wind,  w h i l e  i t  i s  l i k e l y  t h a t  o n l y  some f r a c t i o n  i s  t r u l y  a v a i l -  

a b l e .  However, i f  t h i s  f r a c t i o n  i s  c o n s t a n t  o v e r  t h e  d i s t r i b u t i o n ,  t h e  

c a l c u l a t e d  a i r  c o n c e n t r a t i o n s  c a n  s i m p l y  b e  p r o p o r t i o n a l l y  r educed .  

F i g u r e  1 shows t h e  s u r f a c e  c o n t a m i n a t i o n  d i s t r i b u t i o n  as recon-  

s t r u c t e d  from t h e  d i g i t i z e d  d a t a .  The v a l u e s  of t h e  l a b e l e d  c o n t o u r s  

a r e  l i s t e d  i n  T a b l e  2.  The o u t l i n e d  c e n t r a l  p o r t i o n  of  t h e  d i s t r i b u t i o n ,  

an  a r e a  2 km s q u a r e ,  was s e l e c t e d  as t h e  s o u r c e  f o r  t h e  f o l l o w i n g  sample  

c a l c u l a t i o n s  o f  suspended a i r  c o n c e n t r a t i o n s .  T h i s  c h o i c e  a l lowed  t h e  

u s e  o f  a c o m p u t a t i o n a l  g r i d  i n t e r v a l  o f  50 m and h e n c e  each  d i g i t i z e d  

v a l u e  of s u r f a c e  c o n t a m i n a t i o n  was a l l o t t e d  t o  f o u r  g r i d  p o i n t s .  

C a l c u l a t i o n s  w e r e  a l s o  made on  a n  8 0  x 8 0 ,  25 m g r i d  t o  t e s t  t h e  a c c u r a c y  

of  t h e  40 x 40 ,  50 m computa t ion  a n d ,  e x c e p t  a t  t h e  edges  of t h e  d i s t r i b u -  

t i o n ,  t h e  r e s u l t s  were  found t o  a g r e e  w i t h i n  b e t t e r  t h a n  5%. 

F i g u r e s  2-10, t h e n ,  show t h e  r e s u l t s  o f  sample  c a l c u l a t i o n s  of t h e  

suspended a i r  c o n c e n t r a t i o n s  a t  a  h e i g h t  o f  1 m ,  z f o r  a v a r i e t y  o f  
d  ' 

a t m o s p h e r i c  s t a b i l i t y  c o n d i t i o n s ,  d e p o s i t i o n  v e l o c i t i e s  and wind d i r e c -  

t i o n s .  The q u a n t i t y  c o n t o u r e d  i s  t h e  no rmal i zed  a i r  c o n c e n t r a t i o n  uC/A 

and t h e  v a l u e s  of t h e  l a b e l e d  c o n t o u r s  a r e  a g a i n  l i s t e d  i n  T a b l e  2.  

(No te  t h a t  t h e  o r d e r  of l a b e l i n g  i s  r e v e r s e d  f rom t h a t  of  F i g u r e  1 . )  

F i g u r e  3  f o r  n e u t r a l  s t a b i l i t y ,  v  / u  = 0  and a  w e s t  wind ( i n d i c a t e d  by 
d  

t h e  U a r row)  may b e  c o n s i d e r e d  t h e  norm a g a i n s t  which  t o  compare t h e  

r e s u l t s  f o r  v a r y i n g  s t a b i l i t y  ( F i g u r e s  2  and 4 ) ,  v  / u  ( F i g u r e s  5-7) and 
d  

wind d i r e c t i o n  ( F i g u r e s  8-10) .  The a i r  c o n c e n t r a t i o n s  a l s o  v a r y  l i n e a r l y  



SURFACE CONTAMINATION CS-137 BC CRIB AREA 

Figure  1. Contours of Cs-137 Sur face  Contamination i n  t h e  
BC Control led Area 



T a b l e  2 .  

S u r f a c e  and A i r  Con tamina t ion  L e v e l s  f o r  F i g u r e s  1-10 

S u r f a c e  Con tamina t ion  L e v e l s ,  F i g u r e  1 

A 0.12 pCi/m F  0 .88  pCi/m 
2  

B 0.18 pCi/m 
2  

G 1 . 3 3  p C i / m  
2  

C 0 .26  pCi/m 
2  

H 2 . 0  pCi/m 
2  

I? C.40 pCi/m 
2  

I 3 .0  ;Ci/rc 
2  

E 0 .59  pCi/m 
2  

J 4 . 5  pCi/m 
2  

Normalized A i r  C o n c e n t r a t i o n  L e v e l s ,  F i g u r e s  2-10 

A 1000 u C i / m  
2  

F  100  u C i / m  
2 

K 1 0  pCi/m 
2 

B 630 pCi/m G 63 pCi/m L  6 . 3  pCi/m 2  2  2  

C 400 u C i / m  H 40  pCi/m M 4 . 0  pCi/m 
2  2  2  

D 250 pCi/m I 25 pci /m2 N 2 . 5  p C i / m  
2  2  

E 1 6 0  pCi/m J 1 6  pCi/m 0 1 . 6  pCi/m 2  2  2  

w i t h  wind s p e e ~  and s u s p e n s i o n  r a t e ,  b u t  t h i s  may b e  r e p r o d u c e d  s i m p l y  by 

m u l t i p l y i n g  t h e  c o n t o u r  l e v e l s  by t h e  a p p r o p r i a t e  v a l u e  of  A/u. R e c e n t l y  
-10 - 1 

m e a ~ u r e d ' ~ )  r e s u s p e n s i o n  r a t e s  f a l l  i n  t h e  r a n g e  1 0  t o  l o m 6  s e c  f o r  

s u r f a c e  wind s p e e d s  v a r y i n g  from 1-20 m/sec .  An a n n u a l  a v e r a g e  v a l u e  f o r  
- 1 

A/u migh t  b e  m . 
F i g u r e s  2-4 d i s p l a y  t h e  changes  i n  suspended a i r  c o n c e n t r a t i o n  w i t h  

a t m o s p h e r i c  s t a b i l i t y .  The a i r  c o n c e n t r a t i o n s  a r e  g r e a t e s t  f o r  s t a b l e  

P a s q u i l l  F  c o n d i t i o n s  and d e c r e a s e  w i t h  d e c r e a s i n g  s t a b i l i t y  due  t o  t h e  

enhanced e f f e c t i v e n e s s  o f  t h e  a t m o s p h e r i c  e d d i e s  i n  m i x i n g  t h e  suspended 

m a t e r i a i  w i t h  uncon tamina ted  a i r .  The peak  c o n c e n t r a t i o n  f o r  F a s q u i i i  6 

i s  a p p r o x i m a t e l y  20% of t h a t  f o r  P a s q u i l l  F.  F u r t h e r ,  t h e  downwind 

e l o n g a t i o n  of t h e  a i r  c o n c e n t r a t i o n  c o n t o u r s  i s  g r e a t e s t  f o r  P a s q u i l l  F  

f o r  t h e  same r e a s o n .  A t  t h e  e a s t  b o r d e r  o f  t h e  c o m p u t a t i o n a l  a r e a  t h e  

a i r  c o n c e n t r a t i o n  f o r  P a s q u i l l  A h a s  dropped t o  1 0 %  of t h a t  f o r  P a s q u i l l  F .  

F i g u r e s  3  and 5-7 d i s p l a y  t h e  e f f e c t i v e n e s s  of  d e p o s i t i o n  i n  r e d u c i n g  

t h e  a i r  c o n c e n t r a t i o n s .  The p a r a m e t e r  c o n t r o l l i n g  d e p o s i t i o n  i s  t h e  r a t i o  



F i g u r e  2 .  Contours of Normalized Suspended A i r  Concen t ra t ion  
uC/A i n  t h e  BC C o n t r o l l e d  Area f o r  P a s q u i l l  A, 
vd /u  = 0,  and a West Wind 



U C / A ,  RESIJSPENSION FRDM BC C R I B  RRER. PRSOUILL D. VD/U-0.11 

Figu re  3 .  Contours of Normalized Suspended A i r  Concen t ra t ion  
uC/A i n  t h e  BC Con t ro l l ed  Area f o r  P a s q u i l l  D ,  
v /u  = 0 ,  and a  West Wind d 



UC/A, RESUSPENSION FRCIM BC CR[B AREA. PASOUILL F, VD/U=O.O 
r- 

F i g u r e  4 .  Contours of Normalized Suspended A i r  Concen t ra t ion  
uC/A i n  t h e  BC C o n t r o l l e d  Area f o r  P a s q u i l l  F ,  
v /u  = 0, and a  West Wind d  



C / A ,  RESUSPENSION FROM BC C R I B  AREA. PASlSltlILL 0, VD/U=. 0 0 1  - 

Figu re  5. Contours of Normalized Suspended A i r  Concen t ra t ion  
uC/A i n  t h e  BC Cont ro l led  Area f o r  P a s q u i l l  D ,  
vd/u  = and a West Wind 



UC/A ,  RESUSPENSION FROM BC C R I B  FIRER. PASOUILL 0, VD/U:=.Ol 
r 

Figu re  6. Contours of Normalized Suspended A i r  Concen t ra t ion  
uC/A i n  t h e  BC Con t ro l l ed  Area f o r  P a s q u i l l  D ,  
vd/u = and a  West Wind 



F i g u r e  7 .  Contours o f  Normalized Suspended A i r  C o n c e n t r a t i o n  
uC/A i n  t h e  BC C o n t r o l l e d  Area f o r  P a s q u i l l  D ,  
vd/u  = lo-', and a West Wind 



UC/A, RESUSPENSICIN FROM BC C R I B  AREA. PASOUILL 0, VD/U=O. (1 

F igure  8. Contours of Normalized Suspended A i r  Concentrat ion 
uC/A i n  t h e  BC Cont ro l led  Area f o r  P a s q u i l l  D ,  
v / u  = 0 ,  and a North Wind d 



lJC/A, RE:SUSPENS ION FROIY BC CR l B ARER. PRSOU I LL 0. VD/U=O. 0 

F i g u r e  9. Contours of Normalized Suspended A i r  Concen t ra t ion  
uC/A i n  t h e  BC Cont ro l led  Area f o r  P a s q u i l l  D ,  
v / u  = 0 ,  and an  Eas t  Wind 

d 



F i g u r e  10.  Contours  of Normalized Suspended A i r  C o n c e n t r a t i o n  
uC/A i n  t h e  BC C o n t r o l l e d  Area f o r  P a s q u i l l  D ,  
v /u = 0, and a  South  Wind 

d  



o f  d e p o s i t i o n  v e l o c i t y  v  t o  mean wind speed u  and r e s u l t s  a r e  shown f o r  
d  

v  / u  = 0 ,  and 10- I .  A c t u a l l y  t h i s  l a r g e s t  v a l u e  of v / u  i s  
d d  

near  t h e  l i m i t  of a p p l i c a b i l i t y  o f  t h e  model s i n c e  i t  i m p l i e s  d e p o s i t i o n  

v e l o c i t i e s  of 1 0  cm/sec o r  g r e a t e r .  I f  t h i s  l a r g e  v  i s  due t o  g r a v i t a -  
d  

t i o n a l  s e t t l i n g ,  t h e  p a r t i c l e s  a r e  l a r g e r  t h a n  1 0  urn d iamete r  and a r e  

approaching t h e  s i z e  a t  which t h e y  w i l l  no l o n g e r  f o l l o w  e x a c t l y  t h e  

eddy motion of t h e  atmosphere.  T h i s  i s  c o n t r a r y  t o  o n e  of t h e  assumptions  

upon which t h e  Gaussian plume model and Tab le  1 a r e  based.  F i g u r e  7 i s  

i n c l u d e d ,  however, t o  emphasize i h ~  e f f e c t s  of d e p o s i t i o n .  

I n c r e a s i n g  d e p o s i t i o n  a f f e c t s  t h e  suspended a i r  c o n c e n t r a t i o n s  i n  

a  manner q u a l i t a t i v e l y  s i m i l a r  t o  d e c r e a s i n g  t h e  a tmospher ic  s t a b i l i t y :  

uC/A i s  decreased  and t h e  downwind e l o n g a t i o n  of t h e  a i r  c o n c e n t r a t i o n  

c o n t o u r s  is reduced.  There  is  l i t t l e  change between v  /u = 0  and 
- 3 - 2 

d  
v  /u = 1 0  , b u t  f o r  v  /u  = 10  t h e  a i r  c o n c e n t r a t i o n  is  reduced by 

d  d  - 1 
about 35% a t  t h e  peak and by about  60% a t  t h e  east edge. For  v  / u  = 1 0  

d  
t h e  downwind e l o n g a t i o n  of t h e  c o n t o u r s  i s  reduced enough t h a t  F i g u r e  7 

d u p l i c a t e s  q u i t e  c l o s e l y  t h e  s u r f a c e  con tamina t ion  p a t t e r n  of  F i g u r e  1. 

F i g u r e s  3 and 8-10 d i s p l a y  t h e  e f f e c t  of a  changing wind d i r e c t i o n  

on t h e  suspended a i r  c o n c e n t r a t i o n .  P a s q u i l l  D i s  used f o r  t h i s ,  and 

t h e  p r e c e d i n g  comparison,  f o r  two r e a s o n s .  F i r s t ,  r e p r e s e n t i n g  t h e  

n e u t r a l  s t a b i l i t y  c o n d i t i o n ,  i t  is t h e  "average" s t a b i l i t y .  Second, 

s i n c e  h igh  winds produce n e u t r a l  s t a b i l i t y  t h e  h i g h e s t  r e s u s p e n s i o n  w i l l  

occur  under P a s q u i l l  D .  A d e p o s i t i o n  v e l o c i t y  of z e r o  i s  chosen t o  

maximize t h e  suspended a i r  c o n c e n t r a t i o n .  

L i t t l e  of a  g e n e r a l  n a t u r e  can  b e  no ted  i n  F i g u r e s  3,  8-10 b e s i d e s  

t h e  obv ious .  The peak a i r  c o n c e n t r a t i o n  i s  l i t t l e  changed w i t h  wind 

d i r e c t i o n  bu t  t h e  con tour  p a t t e r n  i s  h i g h l y  a l t e r e d ,  be ing  e longa ted  

i n  t h e  d i r e c t i o n  of  t h e  wind and p roduc ing  a i r  c o n c e n t r a t i o n s  downwind 

of t h e  peak an o r d e r  of magnitude o r  more g r e a t e r  t h a n  t h o s e  computed 

a t  t h e  same l o c a t i o n  f o r  o t h e r  wind d i r e c t i o n s .  

These  sample c o n c e n t r a t i o n s  demons t ra te  t h e  dependence of t h e  sus -  

pended a i r  c o n c e n t r a t i o n  on t h e  r e l e v a n t  m e t e o r o l o g i c a l  v a r i a b l e s .  



This  mo6el can now b e  app l i ed  t o  t h e  e v a l u a t i o n  of t h e  a i r b o r n e  hazards  

a s s o c i a t e d  w i t h  t h e  BC Cont ro l led  Area and t o  t h e  f u r t h e r  i n v e s t i g a t i o n  

of resuspens ion .  C a l c u l a t i o n s  should be  made of t h e  expected annua l  

exposure  w i t h i n  t h e  BC Cont ro l led  Area and of t h e  annua l  f l u x  of con- 

taminant ou t  of t h e  a r e a ,  u s ing  t h e  c l i m a t o l o g i c a l  d i s t r i b u t i o n s  of 

s t a b i l i t y ,  wind speed and wind d i r e c t i o n .  I s o p l e t h s  of t h e  maximum 

expected a i r  c o n c e n t r a t i o n  could a l s o  be c a l c u l a t e d .  F u r t h e r ,  p r ed i c -  

t i o n s  of t h e  model should be compared t o  e x i s t i n g  measurements of a i r -  

borne contaminat ion w i t h i n  t h e  a r e a ,  bo th  t o  t e s t  and improve t h e  model 

and a l s o  t o  e s t i m a t e  t h e  r a t e  of suspension and t h e  f r a c t i o n  of t h e  su r -  

f a c e  contaminat ion a v a i l a b l e  f o r  suspens ion .  

A S i m ~ l i f  i e d  P r e d i c t  i on  Method 

Model De r iva t i on  

The exac t  e v a l u a t i o n  of (6) t o  p r e d i c t  t h e  suspended a i r  concentra-  

t i o n  is  a  t ed ious  procedure  because i t  r e q u i r e s  t h e  convolu t ion  of t h e  

a r e a l  sou rce  s t r e n g t h  d i s t r i b u t i o n  w i t h  t h e  p o i n t  sou rce  f u n c t i o n  (1) 

d e s c r i b i n g  t h e  a tmospher ic  d i l u t i o n  of t h e  suspended contaminat ion.  

There fore ,  a  s i m p l i f i e d  procedure  ha s  been developed which g ive s  h igh ly  

a c c u r a t e  r e s u l t s  i n  t h e  immediate v i c i n i t y  of t h e  a r e a  sou rce ,  where t h e  

a i r  concen t r a t i ons  a r e  g r e a t e s t .  Th is  method i s  de r i ved  i n  t h i s  s e c t i o n  

and i t s  p r e d i c t i o n s  a r e  compared w i th  t h o s e  of (6) i n  t h e  fo l lowing  

s e c t  i o n s .  

The f i r s t  s t e p  i n  s i m p l i f y i n g  (6)  i s  t o  t empora r i l y  l i m i t  considera-  

t i o n  t o  t h e  c rosswind- in tegra ted  a i r  concen t r a t i on  

which was ob ta ined  by f i r s t  i n t e g r a t i n g  bo th  s i d e s  of (6 )  over  a l l  y  and 

then a l s o  performing t h e  i n d i c a t e d  i n t e g r a t i o n  ove r  q. Thus, G and D a r e  

a l s o  now t h e  c rosswind- in tegra ted  v a l u e s .  Equ iva l en t l y ,  (7) d e s c r i b e s  

t h e  a i r  concen t r a t i on  r e s u l t i n g  from a  sou rce  which i s  uniform i n  t h e  

crosswind d i r e c t i o n .  Defining now a  normalized a i r  concen t r a t i on  



( 7 )  becomes 

It is  conven ien t  t o  c o n s i d e r  i n i t i a l l y  t h e  s i t u a t i o n  G = c o n s t a n t ,  

i n  which c a s e  t h e  f i r s t  term on t h e  r ight-hand s i d e  of (9 )  i s  

t h e  normal ized a i r  c o n c e n t r a t i o n  from a  uniform a r e a  s o u r c e  of nondeposi t -  

i n g  m a t e r i a l  ex tend ing  a  d i s t a n c e  x  upwind of t h e  r e c e p t o r .  $ has  been 
0 

c a l c u l a t e d  a t  a  h e i g h t  of 1 m u s i n g  t h e  r u r a l  d i f f u s i o n  paramete rs  of 

Br iggs .  The r e s u l t s  f o r  P a s q u i l l  s t a b i l i t y  c a t e g o r i e s  A ,  D and F  a r e  

shown by t h e  s o l i d  c u r v e s  of F i g u r e  11. A s  would be  expec ted ,  t h e  a i r  

c o n c e n t r a t i o n s  i n c r e a s e  w i t h  d i s t a n c e  from t h e  upwind edge of t h e  s o u r c e .  

They i n c r e a s e  l e a s t  r a p i d l y  i n  t h e  c a s e  of a n  u n s t a b l e  thermal  s t r a t i f i c a -  

t i o n  ( P a s q u i l l  A) due t o  t h e  enhanced e f f e c t i v e n e s s  of t h e  v e r t i c a l  mix- 

i n g  i n  t r a n s p o r t i n g  t h e  m a t e r i a l  away from t h e  s u r f a c e ;  most r a p i d l y  i n  

t h e  c a s e  of a  s t a b l e  atmosphere ( P a s q u i l l  I?) due  t o  t h e  s u p p r e s s i o n  of 

t h e  v e r t i c a l  mixing.  Th is  i s  s i m i l a r  t o  t h e  e f f e c t s  of s t a b i l i t y  noted 

i n  t h e  examples of t h e  p r e v i o u s  s e c t i o n .  

Looking n e x t  a t  t h e  second term on t h e  r igh t -hand  s i d e  of (Y), s t i l l  

f o r  t h e  c a s e  of a  uniform s u r f a c e  con tamina t ion ,  i t  can be  concluded t h a t  

i t s  c o n t r i b u t i o n  t o  t h e  i n t e g r a n d  i s  maximized near  5 = x .  T h i s  i s  based 

on two o b s e r v a t i o n s .  F i r s t ,  $o (and a l s o  $ a s  w i l l  b e  seen  p r e s e n t l y )  

i n c r e a s e s  monoton ica l ly  w i t h  downwind d i s t a n c e .  Secondly,  D(x-5,z) h a s  

a  maximum i n  t h e  v i c i n i t y  of 5 = x  which becomes narrower  and c l o s e r  t o  

5 = x  a s  z  approaches  z e r o .  Thus i t  is  a  good approximat ion ( b e s t  f o r  

smal l  z and when $ changes s lowly w i t h  x )  t o  r e p l a c e  $ ( 5 , z d )  i n  t h e  

i n t e g r a n d  w i t h  + ( x , z  ) ,  g i v i n g  
d  





Solv ing  f o r  $ ( x , z )  

The p r e d i c t i o n s  o f  (12) f o r  t h e  normal ized a i r  c o n c e n t r a t i o n  due  t o  

a  uniform a r e a  s o u r c e  of d e p o s i t i n g  contaminant a r e  shown a s  d i s c r e t e  

d a t a  p o i n t s  i n  F i g u r e  11 f o r  v  / u  = a  c a s e  of moderate ly  s t r o n g  
d  

d e p o s i t i o n ,  and f o r  z = 1 m. Also shown a s  dashed l i n e s  a r e  t h e  exac t  d  
s o l u t i o n s  c a l c u l a t e d  w i t h  ( 9 ) .  Equat ion (12) i s  q u i t e  a d e q u a t e  f o r  a l l  

t h e s e  c o n d i t i o n s  and is  a c t u a l l y  i n  e r r o r  by less t h a n  10% over  most of 

t h e  range  shown. A s  would b e  p r e d i c t e d  from t h e  s l o p e  of t h e  I+ c u r v e s ,  

t h e  agreement i s  b e s t  f o r  P a s q u i l l  A and l a r g e  x  and wors t  f o r  P a s q u i l l  F 

and s m a l l  x. The s m a l l  s l o p e  of t h e  $ c u r v e s  a t  l a r g e  x ,  p a r t i c u l a r l y  

f o r  P a s q u i l l  D and F, i s  due t o  t h e i r  approach t o  t h e  asympto t ic  l i m i t  

u /vd.  Th is  l i m i t  can b e  p r e d i c t e d  e i t h e r  from (12) o r  d i r e c t l y  from ( 9 )  

and r e f l e c t s  a n  e x a c t  b a l a n c e  between r e s u s p e n s i o n  and d e p o s i t i o n .  

The approximat ion (11) i s  s t i l l  v a l i d  i f  G(x) i s  a l lowed t o  b e  a  

monotonical ly  i n c r e a s i n g  f u n c t i o n  of x .  Thus 

The remaining i n t e g r a l  can  b e  f u r t h e r  reduced by changing t h e  v a r i a b l e  

of  i n t e g r a t i o n  t o  

whence i t  becomes 

ix* D(x-[,z) d<* . 

Here x* i s  a  s c a l e d  d i s t a n c e  



Now, i t  is  apparen t  t h a t  (15) i s  c l o s e l y  r e l a t e d  t o  

and t o  i n v e s t i g a t e  t h i s  r e l a t i o n s h i p  we can examine 

I n  t h e  v i c i n i t y  of 5 = x ,  G(<) % G(x) and hence x* - 5* ,> x - 6. But i~ 

i s  i n  j u s t  t h i s  r eg ion  where D(x-E,z) makes i t s  g r e a t e s t  c o n t r i b u t i o n  t o  

t h e  i n t e g r a l  i n  (15) o r  ( 1 7 ) .  Thus t o  a  good approximat ion ( aga in  b e s t  

f o r  smal l  z and s lowly i n c r e a s i n g  G) (13) becomes 

and, a f t e r  so lv ing  f o r  + ( x , z ) ,  

F i n a l l y ,  it  is  necessa ry  t o  l i f t  t h e  r e s t r i c t i o n s  on G a l t o g e t h e r .  

This  i s  e a s i l y  accomplished by aga in  u t i l i z i n g  t h e  p ~ i n c i p l e  of l i n e a r  

s u p e r p o s i t i o n  of s o l u t i o n s  and d i v i d i n g  t h e  s u r f a c e  contaminat ion i n t o  

a  number of segments, each of which i s  monotonical ly  i n c r e a s i n g  i n  t h e  

downwind d i r e c t i o n .  I f  G(x) h a s  a  peak a t  x  = x  we can d e f i n e  
0 ' 

and 

bo th  of which a r e  monotonical ly  i n c r e a s i n g  f u n c t i o n s  of x  and t h e  

d i f f e r e n c e  of which is  equal  t o  G(x). Applying (20 ) ,  

Gl (x) q0 ( x t  , 2) 
C(x,z)  = - 

U v 



Using (23)  t h e  c r o s s w i n d - i n t e g r a t e d  a i r  c o n c e n t r a t i o n  of  r e suspended  

m a t e r i a l  may b e  p r e d i c t e d  f o r  any a r e a  s o u r c e  by e v a l u a t i n g  $ a t  t h e  
0 

s c a l e d  d i s t a n c e  x*. D e p o s i t i o n  i s  accoun ted  f o r  i n  t h e  s i m p l e  manner 

d e r i v e d  f o r  a u n i f o r m  a r e a  s o u r c e .  No te  e s p e c i a l l y  t h a t  t h e  t e d i o u s  

c o n v o l u t i o n  i n t e g r a l  (9 )  h a s  been r e p l a c e d  by t h e  s i m p l e r  i n t e g r a l s  (10) 

and ( 1 6 ) .  $o o f  c o u r s e  need o n l y  b e  c a l c u l a t e d  o n c e  f o r  e a c h  c h o i c e  o f  

t h e  d i f f u s i o n  f u n c t i o n  D.  F i n a l l y ,  it w i l l  b e  shown l a t e r  t h a t  t h e  

a p p l i c a t i o n  o f  (23) i s  n o t  l i m i t e d  t o  t h e  c r o s s w i n d - i n t e g r a t e d  v a l u e  

o f  C .  

Comparison w i t h  t h e  Exac t  S o l u t i o n  

The a c c u r a c y  of t h e  a i r  c o n c e n t r a t i o n s  e s t i m a t e d  by (23) may b e  

t e s t e d  by compar ison w i t h  t h e  d i r e c t  p r e d i c t i o n s  of  t h e  b a s i c  e q u a t i o n  

( 6 ) .  Two d i s t r i b u t i o n s  o f  s u r f a c e  c o n t a m i n a t i o n  were  used  f o r  t h i s  t e s t :  

a  Gauss i an  

s e l e c t e d  as a  g e n e r a l  r e p r e s e n t a t i o n  o f  s u r f a c e  c o n t a m i n a t i o n ,  and t h e  

BC C o n t r o l l e d  Area .  D i s t r i b u t i o n s  of t h e  a i r  c o n c e n t r a t i o n s  o f  suspended 

m a t e r i a l  were  c a l c u l a t e d  by n u m e r i c a l l y  s o l v i n g  t h e  b a s i c  e q u a t i o n  ( 6 ) ,  

a s  was done  p r e v i o u s l y ,  and a l s o  by a p p l y i n g  t h e  a n a l y t i c a l  a p p r o x i m a t i o n  

(23) w i t h  t h e  Qo c u r v e s  o f  F i g u r e  11. 

F i g u r e  1 2  shows t h e  p r e d i c t e d  c r o s s w i n d - i n t e g r a t e d  a i r  c o n c e n t r a t i o n s ,  
3  

no rma l i zed  by d?%a AG / u ,  f o r  t h e  Gauss i an  s o u r c e  w i t h  a = 1 0  m and 
2  0 1 

P a s q u i l l  D .  The s o l u t i o n  of  (6)  i s  g i v e n  by t h e  s o l i d  c u r v e  f o r  no 
- 2 

d e p o s i t i o n  and by t h e  broken c u r v e  f o r  v  / u  = 1 0  . The d o t t e d  l i n e  d  
s imply  shows t h e  s h a p e  o f  t h e  c r o s s w i n d - i n t e g r a t e d  s u r f a c e  c o n t a m i n a t i o n  

d i s t r i b u t i o n .  The p r e d i c t i o n s  o f  (23) a r e  p l o t t e d  a s  d i s c r e t e  d a t a  p o i n t s  

and c a n  b e  s e e n  t o  a g r e e  w i t h  t h e  e x a c t  s o l u t i o n  w i t h i n  10% t o  20%. The 

agreement  between t h e  two s o l u t i o n s  changes  l i t t l e  w i t h  a t m o s p h e r i c  

s t a b i l i t y ,  b e i n g  s l i g h t l y  b e t t e r  f o r  P a s q u i l l  A and s l i g h t l y  worse  f o r  

P a s q u i l l  F a s  c o u l d  b e  p r e d i c t e d  f rom t h e  d e r i v a t i o n  o f  ( 2 0 ) .  The 

agreement  i s  degraded  by a b o u t  a n  a d d i t i o n a l  5% when a is  reduced  t o  
1 
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t h e  peak and a t  d i s t a n c e s  of  one,  two and t h r e e  s t a n d a r d  d e v i a t i o n s  c r o s s -  

wind of  t h e  peak. Also shown a s  d i s c r e t e  p o i n t s  a r e  t h e  p r e d i c t i o n s  of 

( 2 3 ) ,  based on t h e  s u r f a c e  c o n t a ~ i n a t i o n  d i s t r i b u t i o n  d i r e c t l y  upwind o f  

t h e  r e c e p t o r .  Th i s  i s  e q u i v a l e n t  t o  assuming t h a t  t h e  crosswind d i s t r i b u -  

t i o n  is uniform a t  t h a t  v a l u e .  From t h e  r e s u l t s  i t  can b e  s e e n  t h a t  f o r  
3  a a l s o  equa l  t o  1 0  m t h i s  i s  a  good approx imat ion ,  e s p e c i a l l y  upwind of 

2  
3 

and d i r e c t l y  downwind o f  t h e  peak. A s  a2 i n c r e a s e s  above 1 0  m ,  t h e  a i r  

c o n c e n t r a t i o n s  a t  crosswind d i s t a n c e s  o f  two and t h r e e  t i m e s  a approach 2  
t h e  c l o s e  match w i t h  t h e  p r e d i c t i o n s  of  ( 2 3 )  d i s p l a y e d  i n  F i g u r e  14  a t  

y  = 0. On t h e  o t h e r  hand a s  a2 d e c r e a s e s ,  producing a  narrow s u r f a c e  

d i s t r i b u t i o n  i n  t h e  crosswind d i r e c t i o n ,  t h e  agreement d e t e r i o r a t e s .  
2  

This i s  exempl i f i ed  by t h e  dashed c u r v e s  f o r  a2 = 1 0  m. The approxima- 

t i o n  is  s t i l l  good upwind of t h e  peak,  b u t  d e t e r i o r a t e s  r a p i d l y  down- 

wind of t h e  peak.  I n  t h e  l a t t e r  c a s e  a  p o i n t  s o u r c e  s o l u t i o n  would more 

c l o s e l y  approximate  t h e  observed d i s t r i b u t i o n .  

S ince  t h e  p r e d i c t i o n s  of ( 2 3 )  i n  F i g u r e  14 a r e  based on t h e  s u r f a c e  

con tamina t ion  d i s t r i b u t i o n  d i r e c t l y  upwind of t h e  r e c e p t o r ,  t h e  agreement 

w i t h  t h e  a i r  c o n c e n t r a t i o n  a s  c a l c u l a t e d  from t h e  b a s i c  e q u a t i o n  ( 6 )  

depends on t h e  e f f e c t i v e n e s s  o f  t h e  crosswind d i f f u s i o n .  The l e a s t  

l a t e r a l  d i f f u s i o n  o c c u r s  f o r  P a s q u i l l  F ,  F i g u r e  1 5 ,  and hence f o r  
3  a = a2 = 1 0  m t h e  a i r  c o n c e n t r a t i o n s  a t  crosswind d i s t a n c e s  of two 1 

and t h r e e  t i m e s  a  match t h e  p r e d i c t i o n s  a lmost  a s  w e l l  a s  f o r  y  = 0. 2  
There i s  a l s o  a  modest improvement from P a s q u i l l  D i n  t h e  match f o r  

2  
a = 1 0  m ,  e s p e c i a l l y  f o r  y  = 0  and y  = a On t h e  o t h e r  hand t h e  match 

2  
2; 

f o r  P a s q u i l l  A ,  F i g u r e  1 6 ,  and a = a = 1 0  m i s  c o n s i d e r a b l y  poorer  a t  1 2  
y = 2a2  and y  = 3 a 2  t h a n  t h a t  f o r  P a s q u i l l  D. C a l c u l a t i o n s  were a l s o  

n n 
L L 

made f o r  u1 = 1 0  m ,  u2 = 1 0  m and u2 = 1 0  m and t h e  p r e d i c t i o n s  of ( 2 3 )  
'7 

matched t h o s e  of  ( 6 )  i n  t h e  same manner a s  t h e  r e s u l t s  f o r  ol = l o J  m ,  
3  2  

a  = 1 0  m a n d  a2 = 10  m. 2  

I n  summary, t h e  Gaussian d i s t r i b u t i o n s  of  s u r f a c e  con tamina t ion  

demons t ra te  t h a t  ( 2 3 )  i s  a d e q u a t e  t o  p r e d i c t  t h e  resuspended a i r  con- 

c e n t r a t i o n s ,  based on ly  on t h e  con tamina t ion  d i r e c t l y  upwind of  t h e  

r e c e p t o r ,  t o  w i t h i n  s e v e r a l  t e n s  of  p e r c e n t  i f  t h e  d i s t r i b u t i o n  h a s  
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roughly t h e  same e x t e n t  i n  a l l  d i r e c t i o n s .  The peak a i r  c o n c e n t r a t i o n  

i s  p r e d i c t e d  w i t h  a n  e r r o r  of  l e s s  than  l o % ,  and t h e  p e r c e n t  e r r o r s  

i n c r e a s e  w i t h  i n c r e a s i n g  d i s t a n c e  from t h e  peak of  t h e  s u r f a c e  d i s t r i b u -  

t i o n .  However, t h e  a i r  c o n c e n t r a t i o n  i s  a t  t h e  same t i m e  d e c r e a s i n g  

w i t h  d i s t a n c e  from t h e  peak. The e r r o r  may b e  g r e a t e r  t h a n  a  f a c t o r  of  

two beyond a  d i s t a n c e  of about  t h r e e  s t a n d a r d  d e v i a t i o n s  from t h e  peak,  

e s p e c i a l l y  f o r  u n s t a b l e  a tmospher ic  c o n d i t i o n s ,  b u t  where t h i s  o c c u r s  

t h e  a i r  c o n c e n t r a t i o n  i s  u s u a l l y  l e s s  t h a n  10% of  t h e  peak c o n c e n t r a t i o n .  

The e f f e c t  of d e p o s i t i o n  was n o t  inc luded  i n  t h e  c a l c u l a t i o n s  f o r  t h e  

Gaussian s o u r c e s ,  b u t  t h e  r e s u l t  would have been a n  enhancement of t h e  

p r e d i c t i v e  c a p a b i l i t y  of (23) .  

F i n a l l y ,  F i g u r e  17  shows t h e  crosswind d i s t r i b u t i o n  of  suspended 

a i r  c o n c e n t r a t i o n  f o r  t h e  BC C o n t r o l l e d  Area,  s i m i l a r l y  c a l c u l a t e d  from 

b o t h  e q u a t i o n s ,  a t  two downwind d i s t a n c e s :  x = 900 m ,  t h e  peak o f  t h e  

c rosswind- in tegra ted  d i s t r i b u t i o n ,  and x  = 2000 m ,  t h e  downwind edge o f  

t h e  c a l c u l a t i o n a l  a r e a .  The m e t e o r o l o g i c a l  c o n d i t i o n s  a r e  i d e n t i c a l  t o  

t h o s e  of  F i g u r e s  6  and 13.  A t  900 m t h e  p r e d i c t i o n s  of ( 2 3 ) ,  i n v o l v i n g  

e s s e n t i a l l y  o n l y  t h e  f i r s t  t e rm of t h a t  e q u a t i o n ,  a g r e e  e x c e l l e n t l y  w i t h  

t h e  numer ica l  s o l u t i o n  of  ( 6 ) .  A t  2000 m t h e  agreement i s  p o o r e r ,  

w i t h i n  about  50% a t  w o r s t ,  b u t  i n  most c a s e s  w i t h i n  15%. Equation (23) 

u n d e r p r e d i c t s  wors t  n o r t h  of t h e  peak because  h e r e  x = 2000 m i s  f a r  

downwind of  a l l  t h e  d i r e c t l y  upwind s u r f a c e  con tamina t ion  b u t  i s  on t h e  

n o r t h  edge of  t h e  c e n t r a l  con tamina t ion  p a t t e r n  ( s e e  F i g u r e s  1 and 1 4 ) .  

C a l c u l a t i o n  o f  t h e  H o r i z o n t a l  F lux  

The t o t a l  h o r i z o n t a l  f l u x  of contaminant  ( q u a n t i t y  p e r  s e c )  i n  t h e  

downwind d i r e c t  i o n ,  

may be found by s u b s t i t u t i o n  of  (6)  i n t o  (25) t o  b e  



Figure 17. Comparison of Suspension-Deposition Models 
for the BC Controlled Area 



This  is i n  f a c t  s imply a  s t a t e m e n t  of c o n s e r v a t i o n  of m a t e r i a l :  t h e  

h o r i z o n t a l  f l u x  (25) is e q u a l  t o  t h e  n e t  v e r t i c a l  f l u x  a t  t h e  s u r f a c e  

( 2 6 ) .  An approximate  v a l u e  f o r  F  may b e  o b t a i n e d  by s u b s t i t u t i o n  of H 
(20) i n t o  ( 2 5 ) ,  

R e c a l l i n g  t h e  d e f i n i t i o n  (10) of io and (1) f o r  D ,  i t  i s  e a s i l y  seen  

t h a t  

and hence 

Thus t h e  h o r i z o n t a l  f l u x  i s  equa l  t o  t h e  upwind suspens ion ,  a p p r o p r i a t e l y  

reduced t o  account  f o r  d e p o s i t i o n .  The e x t e n s i o n  of  (29) t o  t h e  g e n e r a l  

s o u r c e  as e v a l u a t e d  w i t h  (21) - (23) i s  obv ious ly  

I n  d e r i v i n g  ( 2 9 ) ,  (20) was assumed t o  b e  a p p l i c a b l e  a t  a l l  h e i g h t s  

whereas i n  f a c t  i t  i s  b e s t  f o r  s m a l l  z .  A s  z  i n c r e a s e s ,  (20) i n c r e a s i n g l y  

o v e r e s t i m a t e s  t h e  r e d u c t i o n  of $ due  t o  d e p o s i t i o n  and t h u s  (29) under- 
0 

e s t i m a t e s  t h e  h o r i z o n t a l  f l u x .  However, due t o  t h e  v e r t i c a l  d i s t r i b u t i o n  

of $o t h e  major  c o n t r i b u t i o n  t o  F i s  n e a r  z  = 0 ,  i . e . ,  t h e  b u l k  of  t h e  
H 

f l u x  i s  c a r r i e d  n e a r  t h e  s u r f a c e ,  and (29 )  i s  s t i l l  a  f a i r l y  good approx i -  

mat ion .  T h i s  may be  s e e n  i n  F i g u r e  18  f o r  a  uniform a r e a  s o u r c e  and 
-2 

v  / u  = 1 0  , where f o r  P a s q u i l l  F (29) i s  a t  wors t  i n  e r r o r  by 30%. Note d  
a l s o  t h a t  (29) r e t a i n s  t h e  p r o p e r t y  of (12) t h a t  t h e  approx imat ion  

d e t e r i o r a t e s  w i t h  i n c r e a s i n g  s t a b i l i t y .  

To i l l u s t r a t e  t h e  g e n e r a l  c a s e ,  (30) was a p p l i e d  t o  t h e  BC C o n t r o l l e d  
- 2  

Area f o r  P a s q u i l l  D and v / u  = 1 0  . A s  s e e n  i n  F i g u r e  1 9 ,  (30) 
d  
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underes t imates  t h e  h o r i z o n t a l  f l u x  by about  15% a t  t h e  e a s t e r n  edge 

of t h e  c a l c u l a t i o n a l  a r e a .  

Usefu lness  of t h e  Resuspension F a c t o r  

Faced w i t h  t h e  need t o  e s t i m a t e  t h e  hazard due  t o  t h e  s u s p e n s i o n  of 

s u r f a c e  con tamina t ion  and l a c k i n g  models such  a s  t h a t  developed h e r e ,  t h e  

n u c l e a r  i n d u s t r y  has  summarized i t s  e x p e r i e n c e  i n  terms of a  r e s u s p e n s i o n  

f a c t o r  (6) 

The l i m i t e d  d a t a  from i n c i d e n t s  of r a d i o a c t i v e  s u r f a c e  con tamina t ion  
- 6 

appear  t o  i n d i c a t e  ('I a v a l u e  of 1 0  t o  m- I  f o r  f r e s h l y  d e p o s i t e d  

m a t e r i a l  resuspended by n a t u r a l  p r o c e s s e s .  Recent c o n t r o l l e d  e x p e r i -  
-1 0 

m e n t ~ ' ~ )  w i t h  a  n o n r a d i o a c t i v e  t r a c e r  i n d i c a t e  a  lower v a l u e  of 10 

t o  lo-' m - l .  

The r e s u s p e n s i o n  f a c t o r ,  however, does n o t  account  f o r  t h e  v a r i a t i o n s  

i n  C due t o  s o u r c e  con£ i g u r a t i o n  nor  f o r  t h e  dependence of d i f f u s i o n  

on source- recep tor  s e p a r a t i o n .  Hence, measured v a l u e s  of K can b e  used 

w i t h  conf idence  t o  e s t i m a t e  C i n  new s i t u a t i o n s  o n l y  when K is. known t o  

v a r y  l i t t l e  w i t h  l o c a t i o n  r e l a t i v e  t o  t h e  con tamina t ion  d i s t r i b u t i o n .  

The r e s u l t s  developed i n  p r e v i o u s  s e c t i o n s  of t h i s  r e p o r t  c a n  be  used 

t o  d e l i n e a t e  t h o s e  s i t u a t i o n s .  

I n  F i g u r e  1 2  t h e  r e s u s p e n s i o n  f a c t o r  i s  p r o p o r t i o n a l  t o  t h e  r a t i o  

of t h e  a i r  c o n c e n t r a t i o n  c u r v e s  t o  t h e  s u r f a c e  con tamina t ion  curve ,  

and hence a l s o  t o  t h e i r  v e r t i c a l  s e p a r a t i o n .  K may b e  seen  t o  i n c r e a s e  

s lowly w i t h  x upwind of t h e  peak and t h e n  more r a p i d l y  downwind of t h e  

peak. I n  g e n e r a l  t h e  r e s u s p e n s i o n  f a c t o r  has  l i t t l e  u s e f u l n e s s  down- 

wind of a  contaminated a r e a  because  C i s  c o n t r o l l e d  by t h e  upwind con- 

t a m i n a t i o n  r a t h e r  t h a n  t h e  r a p i d l y  d e c r e a s i n g  l o c a l  con tamina t ion .  

T h i s  may b e  one r e a s o n  why t h e  e a r l i e r  v a l u e s  f o r  K exceed t h o s e  r e c e n t l y  

measured w i t h i n  a  un i fo rmly  contaminated a r e a .  Note a l s o  t h a t  t h e  

i n c l u s i o n  o f  d e p o s i t i o n  i n  F i g u r e  12  i n c r e a s e s  t h e  l i n k a g e  of C w i t h  

t h e  l o c a l  v a l u e  of G ,  d e c r e a s i n g  t h e  v a r i a t i o n  of K w i t h  l o c a t i o n .  A 

l a r g e  d e p o s i t i o n  v e l o c i t y  d e c r e a s e s  t h e  downwind i n f l u e n c e  of t h e  



s u r f a c e  con tamina t ion  on t h e  a i r  c o n c e n t r a t i o n .  R e c a l l  from t h e  e a r l i e r  

d i s c u s s i o n  of suspens ion  from t h e  BC C o n t r o l l e d  Area t h a t  d e c r e a s i n g  

t h e  a tmospher ic  s t a b i l i t y  h a s  t h e  same e f f e c t .  

Equat ion (20) d i r e c t l y  p r e d i c t s  t h e  v a l u e  of K upwind of t h e  con- 

t a m i n a t i o n  peak. F i g u r e  11 shows K ,  i n  u n i t s  of A/u, a t  t h e  d e p o s i t i o n  

r e f e r e n c e  h e i g h t  of 1 m. For x* 7 1 0 0  m ,  K i n c r e a s e s  r a p i d l y  w i t h  x*; 

between 1 0 0  m and 1 0  km, K (wi thou t  d e p o s i t i o n )  i n c r e a s e s  l e a s t  r a p i d l y ;  
0 

and beyond 1 0  km K beg ins  t o  i n c r e a s e  more r a p i d l y  a g a i n  a s  t h e  v e r t i c a l  
0 

mixing r e a c h e s  a  l i m i t i n g  v a l u e ,  e s p e c i a l l y  f o r  t h e  s t a b l e  P a s q u i l l  F. 

Once more i t  is a p p a r e n t  t h a t  t h e  r e s u s p e n s i o n  f a c t o r  v a r i e s  l e a s t  w i t h  

l o c a t i o n  f o r  u n s t a b l e  a tmospher ic  c o n d i t i o n s  and s t r o n g  d e p o s i t i o n .  

From (20) i t  can be  s e e n  t h a t  a t  l a r g e  x* K w i t h  d e p o s i t i o n  approaches  

t h e  l i m i t i n g  v a l u e  A/v 
d  ' 
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