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ABSTRACT 

A smal l  percentage o f  t h e  wastewater sprayed i n  a  l and  i r r i g a t i o n  o r  
d isposa l  system i s  aerosol  ized. Pathogenic microorganisms conta ined i n  
t h e  munic ipal  wastewater can thus become a i rbo rne  and t ranspor ted  b y  t h e  
wind. The p o t e n t i  a1 f o r  a  h e a l t h  hazard has been suggested b y  a  number 
of  s tud ies  i n  which v i a b l e  microorganisms have been recovered downwind 
o f  a  v i a b l e  aerosol  source. However t h a t  p o t e n t i a l  has n o t  been r e a l i z e d  
i n  terms o f  r e c u r r i n g  human h e a l t h  i n c i d e n t s  associated w i t h  mun ic ipa l  
wastewater i r r i g a t i o n .  

The o b j e c t i v e  o f  t h i s  s tudy  was t o  generate a  model t o  p r e d i c t  
aerosol i z e d  v i a b l e  p a r t i c l e  d i spe rs ion  from a  spray system, t a k i n g  i n t o  
account t h e  e f f e c t s  o f  p a r t i c l e  s ize ,  microorganism v i a b i l i t y  and 
meteorological  parameters such as s o l a r  r a d i a t i o n ,  r e l a t i v e  humidi ty ,  
temperature, wind speed and wind d i r e c t i o n .  

Two spray so lu t i ons ,  one con ta in ing  a  v i a b l e  atmospheric t r a c e r ,  t h e  
b a c t e r i a  E. c o l  i, and t h e  o the r  a  non-decaying t race r ,  t h e  f l uo rescen t  
dye, u r a n i n e x r e  s imul taneously sprayed i n  an open f i e l d  t o  s imu la te  
t h e  aeroso l ized p o r t i o n  o f  a  f u l l - s c a l e  i r r i g a t i o n  spray. Ambient 
concentrat ions were determined b y  sampling a t  d is tances  up t o  311 meters 
downwind. Maximum downwind concent ra t ions  were est imated f rom t h e  dye 
f i e l d  da ta  f o r  65 experimental  runs. 

These da ta  combined w i t h  moni tored meteoro log ica l  da ta  were analyzed 
f o r  development o f  an appropr ia te  atmospheric d i spe rs ion  model. 
Empi r ica l  models were i n v e s t i g a t e d  i n  terms of bo th  a  standard Gaussian 
plume d i s t r i b u t i o n  fo rmat  as w e l l  as a  non-Gaussian l i n e a r  m u l t i p l e  
regression analys is .  The 1  inear  reg ress ion  analyses o f  t h e  dayt ime runs  
i n d i c a t e d  t h a t  t h e  normal i zed concentrat  i ons  (measured concent ra t ion  
d i v i d e d  by  source s t rength ,  x /Q)  were i n v e r s e l y  c o r r e l a t e d  w i t h  d i s tance  
b u t  were n o t  s ign  i f  i c a n t l  y  i n f l uenced  b y  t h e  meteoro log ica l  parameters, 
i n c l u d i n g  wind speed and wind f l u c t u a t i o n .  L im i ted  n  igh t - type c o n d i t i o n s  
i n d i c a t e d  a  s i g n i f i c a n t  i nve rse  c o r r e l a t i o n  w i t h  wind speed. The f i n a l  
l i n e a r  regress ion  ana lys ' s  o f  a l l  daytime runs  combined r e s u l t e d  i n  t h e  
emp i r i ca l  model x /Q = x - jo8 ,  which p r e d i c t e d  concent ra t ions  w i t h i n  a  
f a c t o r  o f  two f o r  e ighty- four  percent  o f  t h e  data. I n  t h i s  equat ion, x 
represents concent ra t ion  i n  ug/m3, Q i s  source s t r e n g t h  i n  uglsec and x 
i s  t h e  d is tance downwind i n  meters. 

V i a b i l i t y  o f  t h e  a i rbo rne  E.  c o l i  was determined f rom comparisons o f  
t h e  b a c t e r i a  t o  dye r a t i o s  i n  f i e s p r a y  and i n  t h e  samplers. Linear 
m u l t i p l e  reg ress ion  a n a l y s i s  o f  t h i s  i n fo rma t ion  r e s u l t e d  i n  a  v i a b i l i t y  
model which i n d i c a t e d  t h a t  t h e  n a t u r a l  l oga r i t hm o f  t h e  b a c t e r i a  death 
r a t e  was i n v e r s e l y  c o r r e l a t e d  w i t h  r e l a t i v e  humid i ty ,  and t o  a  l e s s e r  
ex ten t ,  w i t h  a i rbo rne  t ime, and d i r e c t l y  c o r r e l a t e d  t o  s o l a r  r a d i a t i o n .  



Eva lua t ion  o f  t y p i c a l  wastewater d i sposa l  opera t ions  w i t h  t h e  
e m p i r i c a l  model and assumptions about wastewater c h a r a c t e r i s t i c s  and 
spray equipment a e r o s o l i z a t i o n  e f f i c i e n c y  i n d i c a t e  low l e v e l s  o f  
pathogens on  t h e  o rde r  o f  one p e r  cub i c  meter expected t h i r t y  meters 
downwind f rom sprayed unch lo r i na ted  secondary wastewater e f f l u e n t  o r  
s e t t l e d  raw wastewater depending on s p e c i f i c  wastewater p rope r t i es .  The 
s i g n i f i c a n c e  o f  a h e a l t h  hazard f rom t h e  p r e d i c t e d  exposures cannot be  
concluded w i t h o u t  f u r t h e r  i n v e s t i g a t i o n s  i n t o  dose-response i n f e c t i v i t y  
and d isease s t u d i e s  o f  a i rbo rne  pathogenic microorganisms. 
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CONCLUSIONS 

Sampl i ng Procedures 
1. Uranine dye and E. c o l i  were shown t o  be success fu l  t r a c e r s  f o r  
atmospheric d i s p e r s i b n l  i n q  s tud ies .  They a r e  e a s i l y  d e t e c t a b l e  i n  
smal l '  and a r e  r e a d i l y  i d e n t i f i a b l e - w  i t h  s tandard  a n a l y t i c a l  
techniques.  The dye i s  n o n d e c a y i n g  i n  t h e  d r y  s t a t e  b u t  must be 
s h i e l d e d  f r om t h e  sun when i n  s o l u t i o n s  as  i n  a  l i q u i d  sampler. The 
E. c o l i  a r e  s e n s i t i v e  t o  me teo ro log i ca l  parameters. - -  
2. The Andersen v i a b l e  impac to r  and t h e  May l i q u i d  impinger  were found  
e f f e c t i v e  i n  d e t e c t i n g  d ispersed  a i r b o r n e  b a c t e r i a  downwind o f  a  
s imu la ted  wastewater sp ray  source. The Andersen sampler de tec ted  
b a c t e r i a  t o  a t  l e a s t  300 meters  w h i l e  t h e  May sampler was used 
s u c c e s s f u l l y  a t  150 meters. Al though a  May sample does n o t  r e p r e s e n t  an 
a c t u a l  concen t ra t i on  i t  can b e  compared t o  Andersen sampler r e s u l t s .  

Downwind Concentrat ion P r e d i c t i o n s  
1. Ana l ys i s  o f  t h e  exper imenta l  dye d a t a  i n d i c a t e d  t h a t  norma l i zed  
concen t ra t i on  i s  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  downwind d i s t a n c e  r a i s e d  
t o  t h e  1.8 power. P r e d i c t e d  concen t ra t i ons  w i t h  t h e  e m p i r i c a l l y  d e r i v e d  
d i s p e r s i o n  model were w i t h i n  a  f a c t o r  o f  two o f  observed r e s u l t s  i n  84% 
o f  t h e  cases. The model was n o t  s i g n i f i c a n t l y  i n f l u e n c e d  b y  w ind  speed 
o r  f l u c t u a t i o n s  i n  w ind  d i r e c t i o n ,  i n d i c a t i n g  t h a t  a t  s h o r t  d i s t ances  
( l e s s  t han  200 meters )  t h e  plume c h a r a c t e r i s t i c s  overshadowed t h e  
me teo ro log i ca l  i n f l uence .  Downwind concen t ra t i ons  inc reased  as much as 
one o r d e r  o f  magnitude and were i n v e r s e l y  r e l a t e d  t o  w ind  speed w i t h  
n i gh t - t ype  cond i t i ons .  

2. Ana lys is  o f  t h e  exper imenta l  E. c o l i  d a t a  i n d i c a t e d  t h a t  i t  was 
p o s s i b l e  t o  e s t i m a t e  t h e  v i a b i l i t y o f  a i r b o r n e  t r a c e r  b a c t e r i a  based 
on me teo ro log i ca l  c o n d i t i o n s ,  i n  terms o f  t h e  dea th  r a t e  o f  t h e  
b a c t e r i a .  The n a t u r a l  l o g a r i t h m  o f  t h e  dea th  r a t e  was found  t o  be 
i n v e r s e l y  c o r r e l a t e d  w i t h  r e l a t i v e  hum id i t y ,  and t o  a  l e s s e r  e x t e n t ,  
a i r b o r n e  t ime,  and d i r e c t l y  c o r r e l a t e d  w i t h  s o l a r  r a d i a t i o n .  

A p p l i c a t i o n s  
Based on t h e  r e s u l t s  p r e d i c t e d  b y  t h i s  model, l a n d  a p p l i c a t i o n  b y  

spray  i r r i g a t i o n  i s  cons idered  t o  b e  f e a s i b l e  w i t h  l i t t l e  o r  no  b u f f e r  
zone f o r  u n c h l o r i n a t e d  secondary wastewater e f f l u e n t  and w i t h  m in ima l  
b u f f e r  a rea  f o r  s e t t l e d  raw wastewater depending on  wastewater 
c h a r a c t e r i s t i c s .  





RECOMMENDATIONS 

Further  Studies 
1. Val i d a t i o n  o f  t h e  e m p i r i c a l  model should be attempted by  s tudy ing  
downwind concent ra t ions  a t  e x i s t i n g  sewage spray opera t ions  us ing  bo th  
t h e  May and Andersen samplers. I f  poss ib le ,  u ran ine  dye o r  another 
s u i t a b l e  non-decaying t r a c e r  should be added t o  t h e  spray l i q u i d  i n  
s u f f i c i e n t  q u a n t i t i e s  t o  d e t e c t  i t  downwind. An o v e r a l l  wastewater t o t a l  
b a c t e r i a  death r a t e  model should then be developed based on the  procedure 
fo l l owed  f o r  t h e  E. c o l i  model. -- 
2 .  Dose-response t o x i c o l o g i c a l  and ep idemio log ica l  s tud ies  should be 
conducted t o  determine t h e  r e l a t i o n s h i p  between a i rbo rne  m i c r o b i a l  
concentrat ion,  i n f e c t i v i t y  and disease. This  i n fo rma t ion  i s  needed t o  
develop gu ide l i nes  f o r  maximum acceptable concent ra t ions  o f  a i rbo rne  
pathogenic microorganisms which w i l l  n o t  endanger t h e  p u b l i c  hea l th .  The 
p o i n t  downwind a t  which these l e v e l s  would occur cou ld  then be pred ic ted  
w i t h  appropr ia te  d i spe rs ion  model ing est imates, t o  determine a c t u a l  
b u f f e r  zone requirements. 

Appl i c a t i o n s  
1. Land a p p l i c a t i o n  o f  wastewater should be considered as an acceptable 
a l t e r n a t i v e  t o  convent ional  wastewater t reatment .  Reevaluat ion o f  
the need f o r  d i s i n f e c t i o n  o r  secondary t rea tment  be fo re  spray ing  should be 
made w i t h  respect  t o  appropr ia te  h e a l t h  hazard da ta  i f  l and  a p p l i c a t i o n  
i s  t o  be economical ly  compet i t i ve .  

2 .  Deta i led  design c r i t e r i a  must t ake  i n t o  cons ide ra t i on  t h e  
s i t e - s p e c i f i c  na ture  o f  1  and a p p l i c a t i o n  o f  wastewater systems, i n c l u d i n g  
such f a c t o r s  as wastewater mic rob i  a1 c h a r a c t e r i s t i c s ,  type and l o c a t i o n  
o f  l a n d  a v a i l a b l e  as w e l l  as t h e  general focus o f  t h e  l a n d  a p p l i c a t i o n  
approach, t h a t  i s ,  f o r  d isposal ,  t reatment  o r  rec lamat ion.  





I. I NTRODUCTION 

Statement o f  t h e  Problem 
The d i sposa l  o f  wastewater has been o f  concern t o  mankind s i n c e  

people  began cong rega t i ng  t o g e t h e r .  I t  w i l l  c o n t i n u e  t o  b e  o f  even 
g r e a t e r  concern as t r ea tmen t  requ i rements  become s t r i c t e r ,  t r ea tmen t  
c o s t s  i nc rease  and energy  and wate r  resources  become more l i m i t e d .  Land 
t r ea tmen t  o f  human wastes i s  a  concept which i s  n o t  new. It has been 
used i n  Europe as we1 1  as t h e  U. S. s i n c e  t h e  m id  1800 's .  A l though t h e  
amount o f  wastewater t r e a t e d  on l a n d  i s  a  sma l l  f r a c t i o n  o f  t o t a l  
wastewater load,  t h i s  concept  i s  r e c e i v i n g  i n c r e a s i n g  a t t e n t i o n  as an 
a l t e r n a t i v e  t o  conven t i ona l  wastewater t r ea tmen t  p l a n t s .  Severa l  
b e n e f i t s  such as wa te r  reuse,  n u t r i e n t  reuse,  lower  c o s t  and lower  s t ream 
con tamina t ion  1  oading make t h i s  a  d e s i r a b l e  a1 t e r n a t i  ve. Wi th  t h e  passage 
o f  t h e  Federa l  Water P o l l u t i o n  Con t ro l  Ac t  Pmendments i n  1972 ( 1 )  a l l  new 
wastewater t r ea tmen t  p r o j e c t s  r e c e i v i n g  f e d e r a l  f u n d i n g  must cons ide r  
l a n d  t r ea tmen t  as an a l t e r n a t i v e  d i s p o s a l  method. 

A sma l l  percentage o f  t h e  wastewater sprayed i n  a  l a n d  i r r i g a t i o n  o r  
d i sposa l  system w i  11 b e  aeroso l  i zed .  Pathogenic microorganisms con ta i ned  
i n  t h e  wastewater t h u s  have t h e  p o t e n t i a l  t o  become a i r b o r n e  and 
t r a n s p o r t e d  b y  t h e  wind.  The p o s s i b i l i t y  o f  a  h e a l t h  hazard  t o  persons 
i n  t h e  v i c i n i t y  o f  t h e  sp ray  d r i f t  has been Suggested b y  a  number o f  
s t u d i e s  i n  which v i a b l e  microorganisms have been recove red  downwind o f  a  
sp ray  system. It i s  i m p o r t a n t  t o  l e a r n  t o  what e x t e n t  v i a b l e  p a r t i c l e  
d i s p e r s i o n  can p resen t  a  h e a l t h  hazard  as t h i s  i n f o r m a t i o n  w i l l  p l a y  a  
key r o l e  i n  de te rm in i ng  t h e  l i m i t a t i o n s  t o  t h i s  m u n i c i p a l  wastewater 
t rea tment  and u t i l i z a t i o n  method. 

The es tab l i shmen t  o f  a  body o f  knowledge concern ing  t h e  e x t e n t  o f  t h e  
a i r b o r n e  pathogen exposure f r om t h i s  f o r m  o f  wastewater t r ea tmen t  has a  
t w o - f o l d  s i g n i f i c a n c e .  F i r s t ,  i f  more wastewater i s  t r e a t e d  b y  l a n d  
a p p l i c a t i o n ,  more peop le  may b e  exposed t o  v i a b l e  organisms, r e q u i r i n g  
t h e  development o f  p roper  c o n t r o l  measures and c r i t e r i a  t o  gu iae  s p r a y i n g  
opera t ions .  On t h e  o t h e r  hand, t o o  many r e s t r i c t i v e  requ i rements  based 
on unsubs tan t i a t ed  downwind p r e d i c t i v e  concen t ra t i ons  may p reven t  t h e  
b e n e f i c i a l  aspects  o f  l a n d  t r ea tmen t  f r om  b e i n g  f u l l y  r e a l i z e d .  

A1 though a  number o f  i n v e s t i g a t o r s  have s t u d i e d  t h e  t r a n s p o r t  and 
s u r v i v a l  o f  v i a b l e  wastewater microorganisms, a  number o f  ques t i ons  
remain.  How a p p l i c a b l e  i s  d i s p e r s i o n  model ing,  What i s  t h e  r e l a t i v e  
e f f ec t i veness  o f  microorganism d i e - o f f ,  p h y s i c a l  b a r r i e r s  and 
d i s i n f e c t i o n  as c o n t r o l  measures and what a re  app rop r i a t e  a i r b o r n e  
pathogen c o n c e n t r a t i o n  l e v e l s  t o  adequa te ly  p r o t e c t  t h e  p u b l i c  a r e  
examples o f  ques t i ons  which remain.  These must be  answered be fo re  t h e  
a i r b o r n e  h e a l t h  hazard p o t e n t i a l  o f  l a n d  a p p l i c a t i o n  o f  wastewater can be  
f u l l y  unders tooa and eva lua ted .  

Study Ob jec t i ve  
The s p e c i f i c  o b j e c t i v e  o f  t h i s  s t udy  was t o  genera te  and v e r i f y  a  

model t o  p r e d i c t  v i a b l e  p a r t i c l e  spread f r om ae roso l s  formed d u r i n a  l a n d  
i r r i g a t  on o r  d i s p o s a l  o f  sprayed wastewater, t a k i n g  i n t o  account i h e  
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e f f e c t s  o f  p a r t i c l e  s i z e ,  v i a b i l i t y  o f  a i r b o r n e  microorgan isms,  and 
m e t e o r o l o g i c a l  parameters ,  w i t h  p o s s i b l e  c o r r e l a t i o n s  among t h e  v a r i o u s  
parameters  b e i n g  i n v e s t i g a t e d .  

S p e c i f i c a l l y ,  t h e  downwind r a n g e  ana c o n c e n t r a t i o n  o f  d i s p e r s e d  
a e r o s o l s  were examined t o  d e t e r m i n e  p o s s i b l e  d i s p e r s i o n  model 
p r e d i c t i o n s .  V i a b i l i t y  o f  a e r o s o l i z e d  organisms was measured b y  t h e  use 
o f  a  non-pathogeni  c  b a c t e r i  a  t r a c e r .  S ince  one o rgan ism canno t  
n e c e s s a r i l y  b e  usea t o  model v i a b i l i t y  f o r  any o t h e r ,  t h e  d i s p e r s i o n  o f  a  
n o n v i a b l e  dye t r a c e r  was used t o  p r o v i d e  a  c o n s e r v a t i v e  e s t i m a t e  o f  t h e  
v i a b i l i t y  o f  more r e s i s t a n t  organ isms as  we1 1  as a  compar ison f o r  t h e  
b a c t e r i a .  

L i  t e r a t u r e  Review 
Recent emphasis has been p l a c e d  on l a n d  a p p l i c a t i o n  o f  m u n i c i p a l  

wastewater as a  s e r i o u s  a1 t e r n a t i v e  t o  t h e  c o n v e n t i o n a l  wastewater  
t r e a t m e n t  p l a n t .  A p p l y i n g  wastewater  t o  t h e  land ,  however, has been 
p r a c t i c e d  i n  v a r y i n g  degrees i n  many a reas  f o r  many y e a r s .  The f i r s t  
documented l a n a  a p p l i c a t i o n  sys tem was begun i n  Bunzlau, Germany, i n  1630 
(44) ,  and remained i n  o p e r a t i o n  f o r  o v e r  300 y e a r s .  E a r l y  g o a l s  o f  l a n d  
a p p l  i c a t i o n ,  n o t  u n l  i k e  p resen t -day  r e s o u r c e  r e c o v e r y ,  were t o  improve 
s t r e a m  qua1 i t y  and t o  f e r t i  1  i z e  t h e  s o i  1. O the r  systems were begun, ana 
b y  t h e  m i d - n i n e t e e n t h  c e n t u r y ,  t h e  p r e v a i l i n g  p h i l o s o p h y  c o u l d  b e  
expressed b y  a  c o n c l u s i o n  o f  Eng land 's  Royal  Commission on Sewage 
D i s p o s a l  i n  1856: 

'I.. . . the r i g h t  way t o  d i s p o s e  o f  town sewage i s  t o  a p p l y  
i t  c o n t i n u o u s l y  t o  l a n d  ... i t  i s  o n l y  b y  such a p p l i c a t i o n  
t h a t  t h e  p o l l u t i o n  o f  r i v e r s  can b e  avo ided. "  ( 3 5 )  

Severa l  f a c t o r s  c o n t r i b u t e d  t o  t h e  i n c r e a s e d  i n t e r e s t  i n  l a n d  
a p p l i c a t i o n  o f  wastewater .  I n s t a l  l a t i o n  o f  d r a i n a g e  systems t o  a1 l e v i a t e  
d e t e r i o r a t i n g  s a n i t a r y  c o n d i t i o n s  i n  c i t i e s  and i n c r e a s e d  w a t e r  p o l l u t i o n  
f r o m  d i r e c t  d i s c h a r g e  o f  sewage p r o v i d e d  t h e  p r o p e r  i n c e n t i v e s  f o r  
a d o p t i o n  o f  l a n d  a p p l i c a t i o n  systems. 

The sewage f a r m  i n  Rugby, Englana, e s t a b l i s h e d  i n  1853, was t h e  f i r s t  
t o  u t i l i z e  s p r a y  i r r i g a t i o n  ( 4 6 ) .  I n  1872, Augusta, Maine became t h e  
f i r s t  c i t y  i n  t h e  U.S. t o  b e g i n  a  sewage farm.  Soon a f t e r ,  i n  1881, 
Pullman, I l l i n o i s  became t h e  f i r s t  U. S. sewage f a r m  t o  u t i l i z e  s p r a y  
i r r i g a t i o n  ( 4 6 ) .  It was a  l a r g e  s c a l e  sys tem s e r v i n g  a  p o p u l a t i o n  o f  
11,000. San A n t o n i o  has a p p l i e d  i t s  sewage t o  t h e  l a n d  s i n c e  1895, w i t h  
a p p r o x i m a t e l y  25% o f  i t s  90 mga (mi  11 i o n  g a l  I o n s  p e r  day )  f l o w  o f  t r e a t e a  
sewage hand led  i n  t h i s  manner i n  1973 (35 ) .  

I n  t h e  l a t e  18001s,  l a n d  t r e a t m e n t  o f  wastewater  was w i d e l y  usea and 
was c o n s i d e r e d  an e f f e c t i v e  process.  As p o p u l a t i o n  c e n t e r s  c o n t i n u e d  t o  
grow, however, sewage fa rms  began t o  b e  abandoned due t o  o v e r l o a d i n g  and 
l a c k  o f  s u f f i c i e n t  l a n d  f o r  expans ion.  Fur thermore,  cheaper sources  o f  
f e r t i  1  i z e r  decreased t h e  impor tance  o f  t h e  n u t r i e n t  aspec t  o f  sewage 
fa rm ing .  By t h e  b e g i n n i n g  o f  t h e  t w e n t i e t h  c e n t u r y ,  many wastewater  
t r e a t m e n t  u n i t  o p e r a t i o n s  were b e i n g  deve loped and a  d e f i n i t e  change o f  
p h i l o s o p h y  was t a k i n g  p l a c e .  Wastewater d i s c h a r g e  t o  waterways became 
t h e  accep ted  method w i t h  d i s c h a r g e  s t a n d a r d s  d e t e r m i n i n g  t h e  degree o f  
p r e t r e a t m e n t  r e q u i r e d  b y  wastewater  t r e a t m e n t  p l a n t s .  Th i  s  approach 
con t inued ,  w i t h  few m a j o r  changes, u n t i l  t h e  l a t e  1960 's  and e a r l y  1970 's  



when p u b l i c  awareness o f  t h e  i n c r e a s i n g  p o l l u t i o n  o f  st reams, r i v e r s  and 
l a k e s  began t o  b e  aroused. The concep t  o f  z e r o  d i s c h a r g e  t o  wastewater  
ana t h e  renewed i n t e r e s t  i n  r e s o u r c e  r e c o v e r y  has b r o u g h t  t h e  emphasis on 
l a n d  t r e a t m e n t  o f  wastewater  f u l l  c i r c l e .  

E s t i m a t e s  i n d i c a t e  t h a t  more t h a n  3000 v a r i o u s  t y p e s  o f  1  and 
t r e a t m e n t  systems a r e  c u r r e n t l y  o p e r a t i n g  i n  t h e  U.S. ( 4 6 ) .  The 
p o t e n t i a l  f o r  new systems i s  v e r y  g r e a t ,  b u t  i s  hampered b y  r e s t r i c t i v e  
s t a t e  g u i d e l i n e s  e s t a b l i s h e d  t o  govern t h e  use o f  l a n d  t r e a t m e n t .  These 
g u i d e l i n e s  a r e  a  r e s u l t  o f  t h e  l a c k  o f  s u f f i c i e n t  i n f o r m a t i o n  on wh ich  t o  
de te rm ine  t h e  s o i  1  a s s i m i l a t i o n  c a p a c i t i e s ,  and t h e  f a t e  o f  pa thogen ic  
and hazardous t r a c e  substances i n  t h e  s o i l ,  groundwater,  c r o p s  ana 
s u r r o u n d i n g  a i r .  

F u r t h e r  e x p l o r a t i o n  and s t u d y  o f  each o f  t h e s e  p o t e n t i a l  p rob lem 
a reas  w i l l  c l a r i f y  t h e  f a c t o r s  t h a t  may l i m i t  t h e  expans ion o f  t h e  
p r a c t i c e  o f  l a n d  t r e a t m e n t  o f  wastewater.  The q u e s t i o n  o f  an a i r b o r n e  
hazard  f r o m  pa thogen ic  m ic roo rgan isms  i s  r e l a t e d  t o  t h e  e x t e n t  o f  t h e i r  
presence i n  t h e  wastewater  and t r a n s f e r  ac ross  t h e  w a t e r - a i r  i n t e r f a c e .  
A  hazard  a n a l y s i s  ( 2 9 )  wou ld  i n d i c a t e  a  h a z a r d  p o s s i b i l i t y  i f  pathogens 
a r e  p r e s e n t ,  i f  t h e y  a r e  v i r u l e n t ,  i f  t h e y  a r e  a e r o s o l i z e d ,  i f  t h e y  can 
s u r v i v e  and m a i n t a i n  v i r u l e n c e  i n  an a e r o s o l  s t a t e ,  and i f  t h e y  a r e  
p r e s e n t  i n  i n f e c t i v e  numDers a f t e r  d i s p e r s i o n  t o  t h e  r e c e p t o r .  Pathogens 
a r e  l i k e l y  t o  b e  p r e s e n t  s i n c e  t y p i c a l  m u n i c i p a l  wastewater  i s  known t o  
b e  con tamina ted  w i t h  a  number o f  p a t h o g e n i c  s p e c i e s .  The e x a c t  s p e c i e s  
and t h e i r  c o n c e n t r a t i o n s  a r e  de te rm ined  b y  t h e  c o n d i t i o n s  o f  t h e  
community g e n e r a t i n g  t h e  waste.  T y p i c a l  pathogens can i n c l u d e  v a r i o u s  
b a c t e r i a  ( S h i g e l  l a ,  Sa lmonel l  a, Mycobacter ium t u b e r c u l o s i s ,  
e n t e r o p a t h o g e n i c  E . c o l  i ) , v i r u s e s  (Coxsakie,  tCHO, Adeno and Reo groups)  
and p a r a s i t e s  (amFeba,rotozoans,  h e l m i n t h s )  . These pathogens a r e  
u s u a l l y  p r e s e n t  i n  c o n c e n t r a t i o n  ranges  o f  thousands p e r  1  i t e r  (76)  w h i l e  
t o t a l  o rgan ism c o n c e n t r a t i o n s  a r e  n o r m a l l y  i n  t h e  m i l l i o n s  p e r  l i t e r  
r a n g e  . 

The f r a c t i o n  o f  t h e  wastewater  t h a t  can be  a e r o s o l  i z e d  depends upon 
t h e  method o f  l a n d  a p p l i c a t i o n .  The t h r e e  most common p r a c t i c e s  a r e  
o v e r l a n d  f l o w ,  i n f i l t r a t i o n  and s p r a y  i r r i g a t i o n .  The o v e r l a n d  f l o w  
method r e l i e s  on t h e  s o i l  s u r f a c e  and v e g e t a t i o n  t o  t r e a t  t h e  
wastewater.  The low p r e s s u r e  sp rays  a e r o s o l i z e  a  s rna l l  f r a c t i o n  o f  
wastewater .  I n f i l t r a t i o n  r e q u i r e s  t h e  l e a s t  amount o f  l a n d  w i t h  t h e  
h i g h e s t  a p p l i c a t i o n  r a t e .  It i s  s u r f a c e - a p p l i e d  t o  v e r y  permeable s o i l s  
t o  o b t a i n  maximum p e r c o l a t i o n  t o  groundwater.  Spray i r r i g a t i o n ,  t h e  m o s t  
p o p u l a r  method o f  1  and t r e a t m e n t ,  has t h e  advantage o f  even d i s t r i b u t i o n  
o v e r  a  wide a r e a  b u t  has  t h e  l o w e s t  a p p l i c a t i o n  r a t e  o f  t h e  t h r e e ,  t h u s  
r e q u i r i n g  t h e  most  l a n d .  Spray a p p l i c a t i o n  a l s o  p r o v i d e s  t h e  g r e a t e s t  
a e r o s o l i z a t i o n  p o t e n t i a l  o f  t h e  t h r e e .  

The amount o f  wastewater  t h a t  becomes a e r o s o l i z e d  i n  t h e  p rocess  o f  
s p r a y i n g  has been e s t i m a t e d  e x p e r i m e n t a l l y  t o  r a n g e  f r o m  0.03% t o  1  .O% 
(10,64,68) w i t h  f a i r l y  good agreement among t h e  d i f f e r e n t  e s t i m a t e s .  The 
d r o p l e t  s i z e  d i s t r i b u t i o n  w i l l  v a r y  c o n s i d e r a b l y  depending on t h e  
p a r t i c u l a r  s p r a y i n g  appara tus  usea. I n  g e n e r a l ,  d r o p l e t s  < 1 0 0 ~ m  w i  11 n o t  
r e m a i n  a i r b o r n e  long ,  w h i l e  t h o s e  < I 0 0  pm w i l l  evapora te ,  l e a v i n g  t h e  
s m a l l  r e s i d u e  o r  m ic roo rgan ism t o  t r a v e l  s i g n i f i c a n t  d i s t a n c e s .  
P a r t i c l e s  <10 um can r e m a i n  a i r b o r n e  f o r  ex tended  p e r i o d s  and a r e  i n  t h e  
r e s p i r a b l e  s i z e  r a n g e  wh ich  can pose a  h e a l t h  prob lem.  The tenaency o f  a  
p a r t i c l e  t o  r e m a i n  a i r b o r n e  and v i a b l e  depends on b o t h  p h y s i c a l  and 



b i o l o g i c a l  f a c t o r s .  Removal and d i s p e r s i o n  o f  t h e  p a r t i c l e s  i s  a f f e c t e a  
b y  me teo ro l og i ca l  f a c t o r s  such as w ind  speed and atmospher ic  s t a b i l i t y .  
Env i ronmenta l  s t r e s s  due t o  evapora t ion ,  r e l a t i v e  hum id i t y ,  temperature 
and s o l a r  r a d i a t i o n  can a f f e c t  t h e  v i a b i l i t y  o f  t h e  microorganisms. 

The f i n a l  e lement  i n  t h e  hazard a n a l y s i s  i s  t h e  r equ i r emen t  t h a t  t h e  
pathogen be  p resen t  i n  i n f e c t i v e  q u a n t i t i e s  a t  t h e  r e c e p t o r  l o c a t i o n .  
T h i s  has been s t u a i e d  f r o m  an env i ronmenta l  m o n i t o r i n g  b a s i s  as w e l l  as 
an e p i d e m i o l o g i c a l  b a s i s  b y  many resea rche rs .  Views on t h e  p o t e n t i a l  
h e a l t h  hazards, genera l  adv i sab i  1  i t y  and p r a c t i c a l i t y  o f  wiaespread 1  and 
a p p l i c a t i o n  o f  wastewater range  f r om s t r o n g  advocacy t o  s t r o n g  
d i sapp rova l .  I n  a  genera l  r e v i e w  o f  a t t i t u d e s  about  l a n d  d i s p o s a l  o f  
wastewater, Benarde ( 7 )  s t a t e s  t h a t  t h e r e  i s  a  low r i s k  compared t o  t h e  
b e n e f i t s  gained. I n  f a c t ,  he  f e e l s  t h a t  f r o m  t h e  v i e w p o i n t  o f  
communicable disease, l a n d  d i s p o s a l  o f  t r e a t e d  m u n i c i p a l  sewage e f f l u e n t  
i s  l e s s  o f  a  r i s k  t h a n  conven t i ona l  d i s p o s a l  i n t o  r i v e r s  and streams. 
Wolman (91 ) urges c a u t i o n  t o  avo i  d  pathogen con tam ina t i on  and d isease  
spread. He conc luded t h a t  l a n d  d i s p o s a l  i s  p r a c t i c a b l e  i f  c a r e f u l l y ,  
e f f i c i e n t l y  and c o n t i n u o u s l y  managed. He f e e l s  t h a t  genera l  a p p l i c a t i o n  
i n  t h e  U.S., however, i s  improbable  due t o  t h e  v a r i e d  geology, hydro logy ,  
meteoro logy and topography. P r e l i m i n a r y  s t u d i e s  b y  Sorber and Guter (75)  
l e d  them t o  conc lude t h a t  p r i o r  t o  l a n d  a p p l i c a t i o n ,  t h e  wastewater 
shou ld  be  t r e a t e d  and d i s i n f e c t e d  t o  m in im i ze  t h e  i n f e c t i o n  hazard.  
Krishnaswami (52)  suppor ts  t h e  r euse  o f  wastewater b u t  t o  a v o i d  any 
p o s s i b i l i t y  o f  con tamina t ion ,  suggests  s t r i n g e n t  g u i a e l i n e s  f o r  l a n d  
app l  i c a t i o n ,  aavoca t ing  v a r i o u s  t r ea tmen t  s t eps  even beyond secondary 
t r ea tmen t  and d i s i n f e c t i o n .  

One o f  t h e  most o f t e n  c i t e d  r e f e r e n c e s  which r e l a t e s  a  p o t e n t i a l  
h e a l t h  hazard  t o  sewage i r r i g a t i o n  i s  t h e  s t u d y  b y  Katzenelson and Shuval 
( 50 ) .  They compared t h e  i nc i dence  o f  e n t e r i c  d isease between a  l a r g e  
group o f  k i b b u t z i m  ( c o l l e c t i v e  farms i n  I s r a e l )  p r a c t i c i n g  sewage sp ray  
i r r i g a t i o n  and a  secona l a r g e  group p r a c t i c i n g  no wastewater i r r i g a t i o n .  
T h e i r  i n i t i a l  s t u d y  i n  1976 r e p o r t e d  a  two  t o  f o u r  f o l d  h i g h e r  r a t e  o f  
i l l n e s s  i n  t h e  summer, d u r i n g  t h e  s p r a y i n g  season, a t  t h e  f o rme r  group o f  
k i bbu t z im .  Th i s  s t u d y  has been c r i t i c i z e d  f o r  i t s  d a t a  i n t e r p r e t a t i o n .  
P r e l i m i n a r y  f i n d i n g s  o f  a  f o l l o w - u p  s t u a y  b y  Shuval and F a t t a l  have 
r e c e n t l y  been presented (33) ,  showing no apparent  d i f f e r e n c e  i n  e n t e r i c  
d isease  i nc i dence  between t hose  k i b b u t z i m  p r a c t i c i n g  e f f l u e n t  i r r i g a t i o n  
and t hose  n o t ,  The au thors  now f e e l  t h a t  t h e  e a r l i e r  conc lus i ons  a r e  no 
l onge r  v a l i d .  

Dec is ions  about  sp ray  i r r i g a t i o n  g u i d e l i n e s  and c r i t e r i a  a r e  
impo r tan t  b u t  must be  based on s u f f i c i e n t  t e c h n i c a l  knowledge. Ove r l y  
l i b e r a l  r e g u l a t i o n s  c o u l d  endanger peop le  downwind o f  a  sp ray  l o c a t i o n ;  
on t h e  o t h e r  hand, o v e r r e s t r i c t i v e  c r i t e r i a  c o u l d  r e s u l t  i n  t h e  l o s s  o f  
an e f f e c t i v e  method f o r  wastewater t r ea tmen t .  

An e x t e n s i v e  su r vey  o f  s t a t e  g u i d e l i n e s  was conducted b y  M o r r i s  and 
Jewel1 (58)  i n  1976. A l though r e c e n t  changes have c e r t a i n l y  t a k e n  p l ace ,  
t h i s  su r vey  o f  eve ry  s t a t e  i s  s t i l l  u s e f u l .  As o f  1976, 26 s t a t e s  had 
g u i d e l i n e s  and f i v e  more were p r e p a r i n g  them. O f  s i g n i f i c a n c e  i s  t h e  
f a c t  t h a t  21 o f  t h e  26 s t a t e s  r e q u i r e d  secondary t r ea tmen t .  Th i s  s e v e r e l y  
r e s t r i c t s  l a n d  a p p l i c a t i o n  as a  p r a c t i c a l  ana c o s t - e f f e c t i v e  
a1 t e r n a t i v e .  Obv ious ly ,  l a n d  a p p l i c a t i o n  cannot  be  c o s t - e f f e c t i v e  
cornparea t o  seconaary t r ea tmen t  i f  secondary t r ea tmen t  i s  r e q u i r e d  as 
p a r t  o f  t h e  l a n d  a p p l i c a t i o n  procedure.  These s t a t e s  t e n d  t o  v iew l a n d  



a p p l i c a t i o n  as o n l y  a  d i s p o s a l  techn ique .  The few s t a t e s  which do n o t  
r e q u i r e  p re t rea tment  o r  a r e  more f l e x i b l e  r ecogn i ze  t h a t  t h e  s o i l  i t s e l f  
can be  a  gooa t r ea tmen t  medium. Another c r i t i c a l  f a c t o r  i s  t h e  
requ i rement  f o r  b u f f e r  zones. F i f t e e n  s t a t e s  r e q u i r e  b u f f e r  zones, 
r a n g i n g  f r o m  50 f e e t  (Nebraska) t o  1000 f e e t  f r o m  a  p u b l i c  wa te r  supp l y  
(Wiscons in) ,  w i t h  a  t y p i c a l  zone averag ing  300 f e e t .  Except f o r  Maine, 
which r e q u i r e s  a  300 f o o t  b u f f e r  zone f o r  sp ray  i r r i g a t i o n ,  t h e  d i s t ances  
a l l  r e f e r  t o  l o c a t i o n s  o f  groundwater sources. I n  summary, t h e  au thors  
f e l t  t h a t  t h e  c o s t  o f  l a n d  f o r  s t o rage  ana b u f f e r  zones, and t h e  c o s t  o f  
secondary t r ea tmen t  may severe1 y a f f e c t  t h e  economic f e a s i b i  1  i t y  o f  t h i s  
a l t e r n a t i v e .  They u rged  t h a t  s t a t e s  a1 low s u f f i c i e n t  l a t i t u d e  i n  
deve lop ing  t h e i r  g u i d e l i n e s  so  t h a t  l a n d  a p p l i c a t i o n  can be  developed t o  
i t s  f u l l  p o t e n t i a l .  

A  more r e c e n t  v e r s i o n  o f  t h e  S t a t e  o f  Georg ia  c r i t e r i a  (79)  i n c l u a e s  
t h e  requ i rement  f o r  secondary t r ea tmen t  b u t  n o t  f o r  d i s i n f e c t i o n .  No 
s p r a y i n g  i s  a l l owed  on ba re  o r  d i s t u r b e d  s o i l  o r  on any c r o p  f o r  human 
consumption, and o n l y  l a r g e ,  coarse  d r o p l e t s  shou ld  be  generated. 

As o f  1978, t h e  s t a t e  o f  New York (43)  r e q u i r e d  Secondary t r ea tmen t  
and d i s i n f e c t i o n ,  w i t h  a  200 f o o t  minimum s e p a r a t i o n  from any d w e l l i n g ,  
pub1 i c  r oaa  o r  s u r f  ace water .  

As more i n f o r m a t i o n  i s  acqu i r ed  and t h e  s c i e n t i f i c  b a s i s  f o r  t h e  
p romu lga t ion  o f  r a t i o n a l  l a n d  a p p l i c a t i o n  s tandards  i s  s t rengthened,  more 
u n i f o r m i t y  shou ld  deve lop  i n  areas such as p re t r ea tmen t  requ i rements  and 
b u f f e r  zone d i s t ances .  

Concerns ove r  p o s s i b l e  h e a l t h  hazards f r o m  v i a b l e  ae roso l s  were f i r s t  
r a i s e d  i n  r e l a t i o n s h i p  t o  wastewater t r ea tmen t  p l a n t s .  These concerns 
have generatea a  number o f  s t u d i e s  and op in i ons .  One o f  t h e  most r e c e n t ,  
as w e l l  as most complete r ev i ews  o f  t h i s  t o p i c ,  i s  p resen ted  b y  Hickey 
and R e i s t  (41 $42 ) .  T h e i r  su rvey  o f  a  number o f  f i e l d  s t u d i e s  showeo t h a t  
v i a b l e  ae roso l s  can d e f i n i t e l y  b e  recove red  downwind b u t  u s u a l l y  n o t  more 
t han  50 meters  f r om  t h e  we t t ed  zone o f  t h e  wastewater t r ea tmen t  process 
( a e r a t i o n  bas in ,  a c t i v a t e d  s ludge  tank ,  t r i c k 1  i n g  f i l t e r ) .  Typ i ca l  
ae roso l  s i z e  i s  genera l  l y  4.5 pm (geomet r i c  mean d i ame te r ) .  Many sampler 
t ypes  such as P e t r i  d i shes ,  impactors ,  and l i q u i d  imp ingers  were used 
w i t h  t h e  s i x - s t a g e  Anaersen impactor  r e f e r r e d  t o  most f r e q u e n t l y .  The 
au thors  r e p o r t e d  t h a t  no ev idence o f  unusual  d i sease  i nc i aence  c o u l d  b e  
t r a c e a  t o  wastewater t r ea tmen t  p l a n t s .  They suggestea con t inuea  s t u d y  o f  
exposed groups and improvement i n  sampl ing techn iques  as a  means o f  
de te rm in i ng  c o n t r o l  measure e f f e c t i v e n e s s  as we1 1  as f o r  f u r t h e r  
examina t ion  i n t o  t h e  areas o f  l a n d  i r r i g a t i o n  and v i r u s  spread. 

Other r e f e r e n c e s  concern ing  wastewater t r e a t m e n t  p l a n t  emiss ions have 
appeared i n  t h e  l i t e r a t u r e  s i n c e  t h e  H ickey  and R e i s t  rev iew.  Cronholm 
(19)  samplea t h e  a i r  su r round ing  sma l l  wastewater package t r ea tmen t  
p l a n t s  b u t  c o u l d  f i n d  no s t a t i s t i c a l  d i f f e r e n c e  between upwind and 
downwina samples. She f e l t  t h a t  i t  was n o t  p o s s i b l e  t o  c o n s t r u c t  any 
t y p e  of  use fu l  p r e d i c t i v e  moael f o r  emiss ion  r a t e s  f r om  t h i s  t y p e  o f  
t r ea tmen t  p l a n t .  

C l a r k  e t  a l .  (12 )  conducted a  comprehensive s t u d y  o f  t r ea tmen t  p l a n t  
workers  i n  a d d i t i o n  t o  an env i ronmenta l  m o n i t o r i n g  program. They found 
r e l a t i v e l y  low l e v e l s  o f  a i r b o r n e  t o t a l  f e c a l  c o l  i f o r m  organisms when 
t h e y  sampled ove r  an a c t i v a t e d  s ludge  p l a n t  and 30 meters  downwind. 
Median va lues  were 14/m3 a t  t h e  b a s i n  and 7/m3 a t  30 meters .  They 
were unab le  t o  d e t e c t  any c l i n i c a l  o r  s u b c l i n i c a l  h e a l t h  e f f e c t s  i n  t h e  
workers  t r a c e a b l e  t o  t h e  sewage t r ea tmen t  p l a n t .  



Johnson e t  a l .  (48)  examined t h e  exposure p o t e n t i a l  and p o s s i b l e  
e f f e c t s  f r o m  an a c t i v a t e d  s l u d g e  wastewater  t r e a t m e n t  p l a n t  l o c a t e d  
a d j a c e n t  t o  an e lementa ry  schoo l .  The a e r a t i o n  b a s i n  was 400 m f r o m  t h e  
c lass room b u i l d i n g  and 50 m  f r o m  t h e  schoo l  p layground.  A l though t h e y  
d e t e c t e d  v a r i o u s  microorganisms i n  l e v e l s  s i g n i f i c a n t l y  g r e a t e r  t h a n  
background c o n c e n t r a t i o n  a t  50 m downwind f r o m  t h e  p l a n t ,  t h e r e  was no 
ev idence  o f  adverse e f f e c t s  based on a  comparison o f  schoo l  a t tendance  a t  
t h e  t e s t  schoo l  and e i g h t  c o n t r o l  schoo ls .  

A  s t u a y  combin ing env i ronmenta l  m o n i t o r i n g  ana community h e a l t h  d a t a  
was conducted b y  Carnow e t  a1. ( 1 1 )  f o r  an u rban  a r e a  s u r r o u n d i n g  a  l a r g e  
met ropo l  i t a n  a c t i v a t e d  s l u d g e  t r e a t m e n t  p l a n t .  The p l a n t  was f o u n d  t o  b e  
a  source  o f  v i a b l e  organisms w i t h  v a l u e s  s i g n i f i c a n t l y  g r e a t e r  t h a n  
background up t o  0.8 km downwind. The o v e r a l l  c o n c l u s i o n ,  however, was 
t h a t  t h i s  p l a n t  had no  obv ious  adverse h e a l t h  e f f e c t s  on t h e  s u r r o u n d i n g  
r e s i a e n t s .  It m i g h t  b e  argued t h a t  t h e  sample s i z e  o f  t h e  p o p u l a t i o n  
s t u d i e d  was t o o  s m a l l  t o  show any e f f e c t s ,  b u t  t h e  number o f  households 
c l o s e  t o  a  sewage t r e a t m e n t  p l a n t  becomes a  1  i m i t i n g  f a c t o r  i n  any s t u d y .  

The o v e r a l l  a t t i t u d e  a t  a  r e c e n t  EPA-sponsored seminar on t h e  h e a l t h  
hazards f r o m  wastewater t r e a t m e n t  p l a n t s  (33 )  was s i m i l a r  t o  t h e  
c o n c l u s i o n s  o f  most o f  t h e  r e v i e w s  and s t u d i e s  c i t e d :  t h e r e  does n o t  
appear t o  b e  s u f f i c i e n t  ev idence  t o  show any h e a l t h  hazard  f r o m  a  t y p i c a l  
wastewater t r e a t m e n t  p l a n t  o n  t h e  s u r r o u n d i n g  p o p u l a t i o n .  

Because o f  t h e  h i g h e r  a e r o s o l i z a t i o n  p o t e n t i a l ,  ev idence  o f  
s i g n i f i c a n t  downwind v i a b l e  c o n c e n t r a t i o n s ,  and l a c k  o f  s u f f i c i e n t  
e x p e r i m e n t a l  s c i e n t i f i c  data ,  t h i s  c o n c l u s i o n  cannot y e t  b e  drawn f o r  
l a n d  app l  i c a t i o n  systems. A  number o f  e x c e l  l e n t  overv iews  and g e n e r a l  
r e f e r e n c e s  c o v e r i n g  a  w ide  r a n g e  o f  t o p i c s  c o n c e r n i n g  1  and t r e a t m e n t  
i n d i c a t e  t h a t  a  s t e a d i l y  i n c r e a s i n g  amount o f  c o n s i d e r a t i o n  has been 
g i v e n  t o  1  and t r e a t m e n t  d u r i n g  t h e  l a s t  10 t o  20 y e a r s .  One o f  t h e  
e a r l i e s t  was a  comprehensive l i t e r a t u r e  r e v i e w  b y  Sepp i n  1971 (70 )  ( a  
r e v i s i o n  o f  h i s  e a r l i e r  1963 e d i t i o n ) .  H i s  numerous r e f e r e n c e s ,  b o t h  
f o r e i g n  and domest ic ,  cover  v a r i o u s  aspec ts  o f  sewage i r r i g a t i o n .  There 
was n o t  a  g r e a t  d e a l  o f  i n f o r m a t i o n  on a i r b o r n e  hazards due t o  wastewater  
s p r a y  as can b e  seen b y  t h e  s m a l l  number o f  r e f e r e n c e s  c i t e d .  Sepp ( 7 0 )  
r e p o r t e a  a  s t u d y  b y  Reploh and Handloser  i n  Germany who d e t e c t e a  c o l i f o r m  
organisms on  agar  p l a t e s  u p  t o  160 mete rs  downwind o f  u n d i s i n f e c t e d  r a w  
sewage sp ray .  They e s t i m a t e d  t h a t  t h e  s p r a y  wou ld  t r a v e l  u p  t o  400 
mete rs  w i t h  a  5  m/s w i n d  and recommended a  500 m b u f f e r  zone f o r  s p r a y  
systems. A  secona s t u d y  r e p o r t e d  i n  t h i s  r e v i e w ,  b y  Bringmann and 
T r o l l d e n i e r ,  a l s o  i n  Germany, f o u n d  c o l i f o r m  i n  Endo agar  p l a t e s  63 t o  
400 mete rs  downwind o f  an u n d i s i n f e c t e d  r a w  sewage s p r a y  w i t h  t h e  g r e a t e r  
d i s t a n c e s  o c c u r r i n g  a t  n i g h t  and w i t h  7  m/s w inds  and 100% r e l a t i v e  
h u m i d i t y .  The t h i r d  s t u a y  r e f e r e n c e a  b y  Sepp found, however, no  ev iaence  
o f  a i r b o r n e  c o l i f o r m  beyond t h e  m i s t  o r  w e t t e d  zone o f  an u n d i s i n f e c t e d  
raw sewage s p r a y  i n  C a l i f o r n i a .  The need f o r  more d e t a i l e d  s t u a i e s  t o  
f u r t h e r  i n v e s t i g a t e  t h e  a i r b o r n e  h a z a r d  i s  c l e a r  f r o m  t h e  w ide  r a n g e  o f  
p r e l i m i n a r y  r e s u l t s .  

Other  e x c e l l e n t  examina t ions  o f  t h e  r e u s e  o f  wastewater  b y  1  and 
t r e a t m e n t  g i v i n g  e x t e n s i v e  h i s t o r i c a l  background and systems d e s c r i p t i o n s  
were p r e s e n t e d  b y  Pound and C r i t e s  (63 )  and Hartman (39) . A l though  
n e i t h e r  r e p o r t  c o n c e n t r a t e s  on a i r b o r n e  microorganisms,  Pound and C r i t e s  
a r e  o f  t h e  o p i n i o n  t h a t  s p r a y  i r r i g a t i o n  i s  t h e  most  r e l i a b l e  l a n d  
t r e a t m e n t  method and t h a t  t h e r e  i s  no  i n d i c a t i o n  o f  s e r i o u s  h e a l t h  



hazards due t o  t h e  spray,  p rov i ded  t h a t  t h e  wastewater i s  adequa te ly  
d i s i n f e c t e d .  

More c u r r e n t  and p r a c t i c a l  i n f o r m a t i o n  was r e l e a s e a  b y  t h e  U. S.  
Environmental  P r o t e c t i o n  Agency i n  two  des ign  manuals i n  1976 (30)  and 
1977 ( 3 1 ) .  Design d i f f i c u l t i e s  a r e  s u c c i n c t l y  summarized b y  t h e  
s ta tement  t h a t  because l a n d  a p p l i c a t i o n  b y  n a t u r e  must  be  s i t e  s p e c i f i c  
i t  i s  n o t  w e l l - s u i t e d  t o  s tandard ized  aes ign  g u i d e l i n e s  ( 3 0 ) .  The 
des igner  must  t a k e  a  m u l t i - d i s c i p l i n a r y  approach t o  p r o p e r l y  p l a n  an 
accep tab le  l a n d  a p p l i c a t i o n  system. 

As more emphasis was p l aced  on t h e  use o f  l a n d  a p p l i c a t i o n  systems, 
more d a t a  became a v a i l a b l e  concern ing  a i r b o r n e  microorganisms. Sorber, 
Schaub and Gute r  (77)  i n  a  Problem D e f i n i t i o n  Study o f  l a n a  a p p l i c a t i o n  
o f  wastewater i n  1972 conc luded t h a t  t h e  p r o b a b i l i t y  o f  i n h a l i n g  
pa thogen ic  aeroso ls  near  a  sp ray  s  i t e  was s i g n i f i c a n t .  They recommenaed 
con t i nued  resea rch  i n  t h e  areas o f  env i ronmenta l  m o n i t o r i n g ,  e v a l u a t i o n  
o f  sp ray  systems, de te rm ina t i on  o f  organism s u r v i v a l  r a t e s ,  a i r b o r n e  
d i s p e r s i o n  o f  aeroso ls ,  and development o f  des ign  c r i t e r i a  f o r  l and  
a p p l i c a t i o n  s i t e s .  A number o f  s t u d i e s  have been conductea s i n c e  t h e n  
p r o v i d i n g  a  s t r o n g  f o u n d a t i o n  o f  knowledge. More i n f o r m a t i o n  w i l l  be 
neeaed t o  r each  f i n a l  conc lus ions  concern ing  t h e  o v e r a l l  imp1 i c a t i o n  o f  
1  and a p p l i c a t i o n  o f  wastewater.  

Sorber, Bausum, Schaub and Smal l  (74 )  s t u d i e d  t h e  d i s p e r s i o n  o f  
b a c t e r i a  f rom an army g o l f  course  i r r i g a t i o n  system, u s i n g  c h l o r i n a t e d  
ana u n c h l o r i n a t e d  secondary wastewater e f f l u e n t  . Uran ine  dye was usea t o  
determine spray  a e r o s o l i z a t i o n  e f f i c i e n c y  b y  comparing a i r  samples t o  
d i s p e r s i o n  model p r e a i c t i o n  va lues.  T h i s  method has a  wide range  o f  
e r r o r  assoc ia ted  w i t h  i t  aue t o  t h e  u n c e r t a i n t y  o f  d i s p e r s i o n  model 
p r e d i c t i o n s .  The average ae roso l  i z a t i o n  v a l u e  o f  0.32% does compare w i t h  
o t h e r  work. Samplers u t i l i z e d  i n  t h i s  s t u d y  were t h e  s i x - s t a g e  Andersen 
impactor ,  an a l l - g l a s s  l i q u i d  imp inger  (AGI) and a  h i g h  volume 
e l e c t r o s t a t i c  p r e c i p i t a t o r  (ESP). Typ i ca l  va l ues  o f  t o t a l  b a c t e r i a  
conce t r a t i o n  ranged f r o m  500 t o  1400/m3 a t  150 f e e t ,  ana 86 t o  9 130/m a t  405 f e e t  f o r  u n c h l o r i n a t e d  s p r a y  ( 6 8 ) .  They es t ima ted  a  
c o l  i f o r m  d i e - o f f  r a t e  o f  72% which l e d  them t o  conc lude t h a t  t h e  s tandard  
wastewater i n d i c a t o r ,  E. c o l  i, would n o t  be  s u i t a b l e  as an a i r b o r n e  
i n d i c a t o r  organism. f i e y m t  t h a t  l o s s  o f  v i a b i l  i t y  occu rs  i n  two 
stages. F i r s t ,  an i n i t i a l  ae roso l  shock, perhaps due t o  evapora t ion ,  
k i l l s  t h e  weaker organisms i n  seconds. The second s tage  o f  con t i nued  
d i e - o f f  i s  much s lower  and may b e  r e l a t e d  t o  r e l a t i v e  hum id i t y ,  s o l a r  
r a d i a t i o n  and temperature.  N igh t  r u n s  were found t o  i n c r e a s e  downwind 
a i r  concen t ra t i ons  two t o  f o u r  t imes, w h i l e  c h l o r i n a t e d  r u n s  reduced 
sample l e v e l s  t o  near  background. 

A  s t u d y  o f  t h e  m u n i c i p a l  u n d i s i n f e c t e d  secondary wastewater e f f l u e n t  
was performed a t  Pleasanton, C a l i f o r n i a  (47,49), a  c i t y  whose wastewater 
has been t r e a t e d  b y  l a n a  a p p l i c a t i o n  s i n c e  1931 ( 3 9 ) .  The purpose o f  t h e  
s t u d y  was t o  e v a l u a t e  t h e  e x t e n t  o f  ae roso l  i z e d  microorganism exposure t o  
i n d i v i d u a l s  near  a  sp ray  i r r i g a t i o n  s i t e .  On ly  t h e  h i g h  vo lun~e  ESP, 
o p e r a t i n g  a t  1000 Ipm, was employed f o r  these  t e s t s ,  b u t  t h i s  sampler has 
been shown t o  b e  comparable t o  t h e  Andersen impac to r  i n  p r e v i o u s  t e s t s  
(74) .  k e y  found a  measurable b a c t e r i a l  c o n c e n t r a t i o n  s i g n i f i c a n t l y  
g r e a t e r  t h a n  background l e v e l s  o u t  t o  a t  l e a s t  200 m downwind f r om t h e  
1  i n e  source o f  s p r i n k l e r s .  S i g n i f i c a n c e  o f  r e s u l t s  a t  g r e a t e r  d is tances  
seems d i f f i c u l t  t o  s u b s t a n t i a t e .  D e t e c t i o n  o f  v i r u s ,  however, would  



r e q u i r e  such a  l a r g e  volune o f  a i r  due t o  t h e  extremely low 
concentrat ions t h a t  t h e  authors f e e l  t h a t  a  more p r a c t i c a l  approach would 
be t o  moael t h e  v i r u s  concent ra t ion  basea on t h e  known wastewater v i r u s  
concent ra t ion  and comparison t o  the  wastewater b a c t e r i a l  d ispers ion .  The 
authors conclude t h a t  v i a b l e  aerosols can accu ra te l y  be detectea o n l y  t o  
approximately 100 t o  200 meters and t h a t  more emphasis should be placed 
on t h e  development o f  d i spe rs ion  models t o  p r e d i c t  downwina 
concentrat ions . 

Bausum e t  a l .  (4)  examined the  downwind d i spe rs ion  o f  c h l o r i n a t e a  
e f f l u e n t  from an area source of 96 s p r i n k l e r s  i n  Deer Creek Lake, Ohio. 
Six-s tage Andersen impactors, h igh  volume ESP's and A G I  l i q u i a  impingers 
were used a t  d is tances o f  30, 50 and 200 meters. P a r t i c l e  s i z e  est imates 
i n d i c a t e d  approximate ly  75% o f  t h e  v i a b l e  p a r t i c l e s  f rom t h e  spray were 
r e s p i r a b l e  (<5 um). Dispers ion est imates i n d i c a t e d  a  95% decrease i n  
concent ra t ion  when t h e  sampling p o s i t i o n  was moved f rom a h e i g h t  o f  1.7 m 
t o  9  m. A 92% decrease i n  concent ra t ion  was observed as downwind 
d is tance increased f rom 30 meters t o  200 meters. 

Camann e t  a l .  (10) developed a  m ic rob io log i ca l  d i spe rs ion  model based 
on Turner 's  (85) Gaussian model w i t h  added i n s i g h t s  i n t o  t h e  
a e r o s o l i z a t i o n  and m i c r o b i a l  d i e - o f f  f a c t o r s .  Using t h e  Pleasanton (47) 
and Deer Creek ( 4 )  data, t hey  used t h e  model t o  p r e d i c t  wors t  case 
examples o f  a i r  concent ra t ions  a t  t h e  c l o s e s t  housing, 650 meters 
downwind, w i t h  h igh  r e l a t i v e  humid i t y  and zero s o l a r  r a d i a t i o n .  The 
Pleas n ton  unch lo r i na ted  i s p e r s i o n  p r e d i c t i o n s  were: t o t a l  c o l i f o r m  9 0.2/m ana v i r u s  - O.O1/mg; t h e  Deer Creek c h l o r i n a t e d  data  generatea 
values g f :  t o t a l  co l  i f o r m  - o . o o ~ / ~ ~  and f e c a l  s t r e p t c o c c i  - 
0  .OOi'/m . The authors recommend i n c o r p o r a t i n g  a  p l  us-or-minus order  o f  
magnitude u n c e r t a i n t y  i n  p r e c i s i o n  i n t o  t h e  i n t e r p r e t a t i o n  o f  t h e  model 's 
p red i c t i ons .  

Raynor and Hayes (64) compared t h e  aerosol  c h a r a c t e r i s t i c s  f rom a  
number o f  i r r i g a t i o n  spray systems and ope ra t i ng  parameters. The mean 
number diameter o f  2-4 pm was apparent ly  indepenaent o f  windspeea, nozz le  
t ype  and water pressure. The mean mass diameter had a  l a r g e r  range, 
4-49 vm, due t o  t h e  greater  i n f l u e n c e  o f  a  few l a r g e  p a r t i c l e s .  
Dispers ion est imates based on t h e i r  f i e l d  da ta  w i t h  u ran ine  dye i n d i c a t e d  
a  aownwind c e n t e r l i n e  concent ra t ion  decrease o f  one t o  two orders  o f  
magnitude a t  1  km. 

Wastewater reuse can be p a r t i c u l a r l y  b e n e f i c i a l  i n  a r i a  and semi-ar ia  
reg ions .  Shuval (71) discusses t h e  b e n e f i t s  o f  l and  a p p l i c a t i o n  i n  
I s r a e l .  Data f rom f i e l d  s tud ies  (51) i n d i c a t e  t h a t  c o l i f o r m  b a c t e r i a  
were detected a t  450 m downwind o f  a  l i n e  source o f  raw wastewater 
sp r i nk le rs ,  b u t  p o s i t i v e  r e s u l t s  seemed quest ionable beyond 100 m. One 
Salmonella co lony  was detected a t  60 m and s ince  t h e  wastewater 
concent ra t ion  o f  t h i s  species i s  smal l ,  t h e  authors p laced s i g n i f i c a n c e  
on t h i s  f i n d i n g .  A t  a  second spray s i t e ,  c o l i f o r m  organisms cou ld  n o t  be 
detectea beyond 30 m from a  spray f i e l d  i r r i g a t i n g  w i t h  a e r a t i o n  pond 
wastewater. Shuval noted t h a t  a  t e n - f o l d  increase i n  downwind b a c t e r i a  
concent ra t ion  was observed a t  n i g h t .  Th is  i s  p a r t i c u l a r l y  s i g n i f i c a n t  
s ince  most i r r i g a t i o n  i n  I s r a e l  i s  done a t  n i g h t  t o  min imize evapora t ive  
1  osses. 

Te l tsch  and Katzenelson (82) improved upon t h e i r  p rev ious  study b y  
adding a  marker b a c t e r i a  ( a n t i o b i o t i c  r e s i s t a n t  - -  E. c o l i )  as a  t r a c e r  t o  
t h e  wastewater. Sampl i n g  was conducted w i t h  s  ix-s tage Andersen impactors 



f o r  b a c t e r i a  samples, and a  h i g h  volume l i q u i d  scrubber  f o r  v i r u s  
samples. B a c t e r i a  samples were c o l l e c t e d  20 m  downwind o f  a  s i n g l e  
s p r i n k l e r  s p r a y i n g  c h l o r i n a t e a  secondary wastewater e f f l u e n t .  The t r a c e r  
b a c t e r i a  c o u l d  be de tec te  a t  t h e  samp l ing  p o i n t  when t h e  spray  !I c o n c e n t r a t i o n  exceeded 10 /ml. By sampl ing f o r  30 m inu tes  eve ry  hour  
over  a  t e n  hour  pe r i od ,  t h e y  were a b l e  t o  observe t h e  r e l a t i o n s h i p s  
between t h e  ae roso l  c o n c e n t r a t i o n  and va r i ous  mon i to red  m e t e o r o l o g i c a l  
parameters.  They r e p o r t e d  a  p o s i t i v e  c o r r e l a t i o n  between t h e  number o f  
a e r o s o l i z e a  b a c t e r i a  and r e l a t i v e  h u m i d i t y  w h i l e  s o l a r  r a a i a t i o n  appeared 
n e g a t i v e l y  c o r r e l a t e d  w i t h  b a c t e r i a l  l e v e l .  There was no  c o r r e l a t i o n  
w i t h  temperature o r  w ina  speed. N i g h t  i r r i g a t i o n  produced up  t o  t e n  
t imes  h i g h e r  l e v e l s  o f  v i a b l e  a e r o s o l i z e d  b a c t e r i a .  The presence o f  a  
human e n t e r i c  v i r u s  aownwina i n  some o f  t h e  samples suggestea t o  t h e  
au thors  t h e  p o s s i b i l i t y  t h a t  v i r a l  d iseases i n  a d d i t i o n  t o  e n t e r i c  
o a c t e r i a l  a i sease  can be t r a n s m i t t e a  th rough  t h e  a i r  as a  r e s u l t  o f  sp ray  
i r r i g a t i o n  o f  sewage. I t  would seem t o  be  more accu ra te  t o  conc lude t h a t  
t h e  p o s s i b i l i t y  e x i s t s  t h a t  b a c t e r i a  ana v i r u s  b u t  n o t  n e c e s a r i l y  
d isease, may be  t r a n s m i t t e d  aownwind t o  a  r e c e p t o r .  More work must be 
conductea t o  de te rmine  t h e  i n f e c t i v i t y ,  dose-response and ac tua l  
mechanisms o f  c o n t r a c t i n g  d iseases f rom i n h a l e d  microorganisms. 

From t h e  r e f e r e n c e s  c i t e d ,  i t  can be  seen t h a t  s i g n i f i c a n t  
c o n t r i b u t i o n s  have been maae t o  f u r t h e r  t h e  unders tand ing  o f  t h e  
d i s p e r s i o n  o f  v i a b l e  microorganisms f r om l a n d  a p p l i c a t i o n  o f  wastewater.  
Var ious t ypes  o f  samplers have been used t o  sample downwind o f  s e v e r a l  
wastewater sp ray  ope ra t i ons .  D i f f e r e n t  spec ies  o f  v i a b l e  microorganisms 
have been moni tored.  Reviewing some o f  t h e  a c t u a l  f i e l d  data,  two e a r l y  
German s t u a i e s  (70)  r e p o r t e d  c o l i f o r m  c o l o n i e s  on agar  s e t t l e  p l a t e s  t o  
160 meters  downwind f r om raw sewage spray.  A s e r i e s  o f  s t u d i e s  samp l ing  
f o r  t o t a l  b a c t e r i a  coun ts  downwind f r o m  u n c h l o r i n a t e a  secondary e f f l u e n t  
was conducted. The i n i t i a l  s t u d y  w i t h  a  po in f  source (68,74) r e s u l t e d  i n  
average downwina concen t ra t i ons  o f  500-1400/m a t  50 m  and 100/m3 a t  
150 m. La te r  s t u d i e s  o f  l i n e  ( 4 )  and a rea  (47,49) sources i n d i c a t e d  
approx imate ly  450/m3 a t  50 m and 40/m3 o r  l e s s  a t  200 m. An I s r a e l i  
s t u d y  (82) i n d i c a t e d  c o l i f o r m  d e t e c t a b l e  t o  a t  l e a s t  100 m downwind from 
a  raw wastewater sp ray  1  i ne .  I n  a d d i t i o n ,  v i a b i l i t y  obse rva t i ons  
i n d i c a t e d  a  p o s i t i v e  c o r r e l a t i o n  w i t h  r e l a t i v e  h u m i d i t y  and a  n e g a t i v e  
c o r r e l a t i o n  w i t h  s o l a r  r a d i a t i o n .  A d d i t i o n a l  f i e l d  d a t a  and moael i n g  
e v a l u a t i o n  w i l l  c o n t i n u e  t o  improve t h e  c a p a b i l i t y  o f  de te rm in i ng  t h e  
e x t e n t  o f  downwina exposure t o  aeroso l  i z e d  m i roo rgan i  sms. 





MATERIALS AND METHODS 

Sampling S i t e s  
Exper imenta l  f i e l a  sampl ing was conducted a t  two sampl ing s i t e s .  

Both s i t e s  were l o c a t e d  i n  t h e  c e n t r a l  Piedmont o f  Nor th  C a r o l i n a  b u t  
d i f f e r e d  somewhat i n  topography. The ma jo r  f a c t o r s  cons iaerea i n  
s e l e c t i n g  a  proper  s i t e  f o r  t h e  a i r  sampl ing f i e l d  work i nc l uded  
me teo ro log i ca l  cond i t i ons ,  ambient background a i r  concen t ra t  ions  ana 
access ib i  1  i t y .  A r e l a t i v e l y  f l a t ,  open t e r r a i n  w i t h  no  i n t e r f e r r i n g  
s t r u c t u r e s  t o  cause p e r t u r b a t i o n s  i n  wind c o n d i t i o n s  was cons idered  most 
des i r ab le .  The more genera l  t h e  me teo ro log i ca l  c o n d i t i o n s  o f  t h e  s i t e ,  
t h e  more a p p l i c a b l e  would b e  t h e  r e s u l t s  t o  o t h e r  s i t e s .  A low 
background c o n c e n t r a t i o n  o f  a i r b o r n e  microorganisms was sought s i n c e  i t  
would c o n t r i b u t e  t h e  1  eas t  i n t e r f e r e n c e  t o  any b i o l o g i c a l  sampl ing. 

The f i r s t  s i t e  was l o c a t e d  approx imate ly  t e n  m i l e s  n o r t h e a s t  of 
Rale igh,  N.C. on t h e  grounds o f  t h e  Neuse R i v e r  Wastewater Treatment 
P l a n t  ( r e f e r r e d  t o  as WWTP). F i gu re  1  i n d i c a t e s  t h e  o r i e n t a t i o n  o f  t h e  
e i g h t  ac re  p l o t ,  a  sma l l  p a r t  o f  t h e  open, g e n t l y  r o l l i n g  a g r i c u l t u r a l  
l a n d  sur round ing  t h e  wastewater t rea tment  p l a n t ,  which was used as t h e  
t e s t  s i t e .  A  temporary power l i n e  was i n s t a l l e d  t o  p r o v i d e  e l e c t r i c a l  
power t o  opera te  t h e  sp ray  and sampl ing pumps and o t h e r  misce l laneous 
inst ruments.  Hundreds o f  f e e t  of  ex tens ion  co rd  as w e l l  as a  
supplemental g a s o l i n e  a l t e r n a t o r  f o r  d i s t a n t  samplers were r e q u i r e d .  
P r o x i m i t y  t o  t h e  t r ea tmen t  p l a n t  p rov ided  a  source o f  wa te r  and access t o  
l a b o r a t o r y  f a c i l i t i e s  f o r  i n t e r i m  sample process ing.  

The Second s i t e  was l o c a t e d  i n  Chapel H i  11, N.C. on a  p o r t i o n  o f  an 
unused runway a t  t h e  Horace W i l l i ams  A i r p o r t .  A  map w i t h  l o c a t i o n  i n s e t  
o f  t h i s  e igh teen  ac re  s i t e  ( r e f e r r e a  t o  as HWA), a  f 1 a t  g rassy  r e c t a n g l e  
o f  l a n d  enc losed on t h r e e  s i des  b y  r e l a t i v e l y  t a l l  t r ees ,  i s  shown i n  
F igu re  2 .  Operat ions were l o c a t e d  c l o s e  t o  t h e  open end o f  t h e  runway t o  
avo ia  t h e  u n p r e d i c t a b l e  t u r b u l e n t  w ind  c o n d i t i o n s  c rea ted  b y  t h e  boxed- in  
e f f e c t  o f  t h e  t r e e s .  Photographs o f  t h e  o v e r a l l  s i t e  ana an overheaa 
v iew o f  t h e  ope ra t i ons  a rea  a r e  shown i n  F igure 3. S ince n o  e l e c t r i c a l  
power was a v a i l a b l e  a t  t h i s  s i t e ,  t h r e e  g a s o l i n e  a l t e r n a t o r s  and a  
network o f  ex tens ion  co rds  powered t h e  sampl ing pumps. 

Exper imenta l  Procedure 
The model ing o f  downwina concen t ra t i ons  o f  wastewater microorganisms 

can be  approached i n  one o f  t h r e e  ways: 

1 )  Samples can be c o l l e c t e d  downwind o f  an e x i s t i n g  wastewater 
sp ray ing  system whose p h y s i c a l  parameters such as sp ray  r a t e  
and n o z z l e  c o n f i g u r a t i o n  can be measured ana b i o l o g i  c a l  
parameters moni tored.  

2 )  An exper imenta l  wastewater sp ray ing  system can be  c o n s t r u c t e d  
w i t h  one spray  p o i n t  source so  t h a t  t h e  exper imenta l  
parameters can be  more e a s i l y  c o n t r o l  l ed .  

3 )  An exper imenta l  sma l l - sca le  sp ray ing  system can be  designed t o  
comple te ly  a e r o s o l i z e  a  sma l l  p o r t i o n  o f  1  i q u i d  which would 
s imu la te  t h e  aeroso l  i z e d  p o r t i o n  o f  a  t y p i c a l  wastewater sp ray  
system. 



F igu re  1. Map o f  WWTP S i t e  



F i g u r e  2 .  Map o f  HWA S i t e  







Most o f  t h e  p rev i ous  resea rch  r e p o r t e d  i n  t h e  l i t e r a t u r e  has oeen o f  t h e  
f i r s t  t ype .  Th is  i s  a  s t r a i g h t f o r w a r d  approach r e q u i r i n g  assembly o f  t h e  
sampl ing network o n l y .  Us ing e x i s t i n g  sp ray  sources, however, i n t r oauces  
many v a r i a b l e s  wh ich  a r e  n o t  e a s i l y  c o n t r o l l e d  b y  t h e  researcher .  The 
second method a l l o w s  t h e  researcher  t o  c o n t r o l  t h e  source parameters b u t  
p resen ts  a  more complex system s i n c e  b o t h  a  sampl ing network and a 
f u l l - s c a l e  s p r a y i n g  system, complete w i t h  wastewater supply ,  must b e  
developed. Both o f  these  methoas r e q u i r e  t h e  de te rm ina t i on  o f  t h e  sp rdy  
aeroso l  i z a t i o n  e f f i c i e n c y  which i s  an approximate ana d i f f i c u l t  parameter 
t o  measure. Also,  un less  d i f f e r e n t  t ypes  o f  s p r i n k l e r  des igns and 
spray ing  methods a r e  t o  b e  examined, t h e  sampl ing program woula be  
s p e c i f i c  f o r  t h e  c h a r a c t e r i s t i c s  o f  t h e  s p r i n k l e r  usea. The t h i r a  
dpproach, wh ich  was usea i n  t h e  c u r r e n t  s tudy ,  i s  t h e  most e f t  i c i e n t  f r o m  
t h e  s t a n d p o i n t  o f  t h e  sp ray  source. S ince o n l y  t h e  aeroso l  i z e d  p o r t i o n  
o f  t h e  wastewater s p r a y  p resen t s  an a i r b o r n e  hazard,  a  s i m u l a t i o n  o f  t h i s  
p a r t  o f  t h e  system would p rov i de  d a t a  which can be  e x t r a p o l a t e d  t o  a lmost  
any des ign.  T h i s  approach e l  i n ~ i n a t e s  t h e  nee0 t o  i n v e s t i g a t e  v a r i o u s  
t ypes  o f  s p r i n k l e r s ,  sp ray  pressures and o t h e r  s p e c i f i c  nozz le  
parameters. I n  a d u i t i o n  t o  s i m u l a t i n g  t h e  a e r o s o l i z e a  p o r t i o n  o f  t h e  
wastewater sp ray  ( r educ ing  l i q u i d  volume and s p r a y i n g  requ i rements  b y  
approx imate ly  99%), t h i s  sma l l - s ca le  s p r a y i n g  system uses a s  imu la teu  
wastewater b y  s u b s t i t u t i n g  t r a c e r s  i n  d i s t i l l e d  water .  The rep lacement  
o f  t h e  genera l  assor tment  o f  microorganisms i n  t y p i c a l  wastewater w i t h  
two c o n t r o l l e d  t r a c e r s ,  a v i a b l e  b a c t e r i a  and a f l u o r e s c e n t  dye, 
e l  im ina tea  v a r i a t i o n s  due t o  wastewater con ten t ,  s p r i n k l e r  t y p e  ana 
aeroso l  e f f i c i e n c y .  The use o f  t r a c e r s  f o r  wastewater sp ray  
i n v e s t i g a t i o n s  has been r e p o r t e d  i n  t h e  1  i t e r a t u r e ,  b u t  o n l y  b y  i n j e c t i o n  
i n t o  t h e  wastewater s u p p l y  1  i n e  (4,74,82). 

A commercial h i g h  p ressure  p a i n t  sp ray  gun, opera ted  w i t h  an a i r  
compressor was used t o  a e r o s o l i z e  t h e  sp ray  l i q u i d .  The compressor was 
capable o f  m a i n t a i n i n g  30 p s i  f o r  one o r  two  sp ray  guns, and was equipped 
w i t h  t h e  necessary  p ressure  gauges, va lves ,  m o i s t u r e  t r a p  and p ressure  
r e g u l a t o r s .  The sp ray  gun c o u l d  be  a a j u s t e d  t o  sp ray  i n  e i t h e r  a  
syphon o r  p ressure  mode, and c o u l d  c o n t r o l  t h e  c o n f i g u r a t i o n  o f  t h e  sp ray  
p a t t e r n  anc t h e  a i r  f l o w  r a t e .  The syphoning moae was v e r y  e f f e c t i v e  i n  
produc ing a f i n e  m i s t  a t  l ow  l i q u i d  f l o w  r a t e s .  Because t h e  sp ray  guns 
were opera ted  a t  much lower  f l ow ra tes  t h a n  t h a t  f o r  which t h e y  were 
designed, however, t h e  f l o w r a t e  c o n t r o l  was n o t  e f f e c t i v e  and t h e  
f l o w r d t e  was n o t  cons tan t .  The sp ray  gun was p o s i t i o n e d  a t  an e l e v a t i o n  
o f  two  meters  ana one l i t e r  o f  l i q u i d  i n  a  p l a s t i c  j a r  was p l aced  i n  a 
h o l d e r  above i t .  The inc reasea  p ressure  due t o  t h e  1 i q u i u  e l e v a t i o n  
he lpea  t o  m a i n t a i n  t h e  f l ow  once t h e  syphoning e f f e c t  began. A t u b i n g  
clamp was usea t o  p r o v i d e  a d d i t i o n a l  f l o w  r a t e  c o n t r o l .  The t y p i c a l  r u n  
was designed t o  aeroso ' l ize  one l i t e r  o f  l i q u i d  a t  30 p s i  i n  app rox ima te l y  
13 m inu tes  ( t h i s  i n  e f f e c t  s imu la tes  an a e r o s o l i z a t i o n  e f f i c i e n c y  o f  O.1X 
f r om a 20 gpm i r r i g a t i o n  s p r i n k l e r ) .  Average v a r i a t i o n s  on t h i s  sp ray  
t i m e  were +25% arld t h e  o v e r a l l  range  was +50%. 

The exper imenta l  des i gn  i n c l u d e d  s p r a y i n g  b o t h  t r a c e r s ,  t h e  b a c t e r i a  
ana t h e  dye, t oge the r .  P r e l i m i n a r y  l a b o r a t o r y  t e s t s  t o  de te rmine  t h e  
e f f e c t  o f  t h e  dye i n  0.1% and 1 .O% c o n c e n t r a t i o n  on t h e  b a c t e r i a  were 
i nconc lus i ve .  F i e l d  s t u a i e s  a t  WWTP w i t h  b o t h  t r a c e r s ,  however, 
i n d i c a t e d  t h a t  t h e  1  .O% dye was p robab l y  i n h i b i t i n g  t h e  b a c t e r i a .  To 



avoid t h i s  poss ible  va r iab le ,  a l l  runs a t  HWA were conauctea with two 
separate spray systems. Views of the  spray guns in  operation and the  
spray system with samplers in  the  backgrouna a r e  shown in Figure 4 .  

The development of the  sampling protocol involved many f ac to r s .  
Limitations were imposed on the  sampling s t r a t egy  by f ac to r s  t h a t  
aetermine maximum sampl i ng d is tance  and equipment deployment. Distance 
from t h e  spray source a t  both s i t e s  was l imited t o  approximately 300 m 
(1000 f t ) .  This would have been a  l imi t ing  dis tance  from the standpoint  
of t r a c e r  ae tect ion s e n s i t i v i t y  and t he  a b i l i t y  t o  e f f ec t i ve ly  proviae 
e l e c t r i c a l  power t o  t he  samplers. 

I n i t i a l l y  a l l  t h e  samplers f o r  a  pa r t i cu la r  r u n  were positioned 
together a t  d is tances  l e s s  than 75 m .  These runs provided information on 
sampler reproducibi 1  i  t y ,  sampler com arisons ana t r a ce r  ae tect ion 
1  imitat ions.  A w i n d  s h i f t  of 2O0-309, however, could renaer the  
r e s u l t s  useless .  The samplers were then spread ou t  in  pa i r s  when 
possible over an a r c  of 60°. The f ina l  sampling g r i a  used f o r  most of 
the data  col lec t ion consisted of a  t o t a l  of s i x  sampler posi t ions  s e t  i n  
a  30° a r c  a t  two o r  sometimes three dis tances  i n  order t o  obtain 
dispersion data .  Figure 5 shows the  o r ien ta t ion  of a  typical  r u n .  

Stands were used t o  provide a  platform ana support f o r  t he  samplers 
a t  an e levat ion of 1.5 m ( t o  approximate a  typical  breathing he igh t )  and 
a  lower platform t o  keep the  vacuum pump o f f  the  ground. Each pump 
operated two samplers a t  maximum capacity,  and combinations of samplers 
were pairea whenever poss ible  t o  obtain the  most information from each 
r u n .  For many of the  WWTP runs, a  network of s e t t l e  p la tes  (open 
pre-pourea Pe t r i  d ishes)  were placed on 1  m s tands.  This arrangement 
gave information on p a r t i c l e  s e t t l i n g  and helped t o  confirm average wind 
a i rec t ion  o r  t rends  and t he  maximum cen te r l ine  posi t ion.  Since t h e  
microbial colonies t h a t  grew on the  medi a  ( t r yp t i c a se  soy agar w i t h  5% 
sheep blooa ) were a  r e s u l t  of p a r t i c l e s  t h a t  s e t t l e d  ou t  o r  were 
impactea by wind turbulence, i t  was not  possible t o  a i r e c t l y  determine 
a i r  flow r a t e s  and concentrat ions.  

In a  typical  run, t he  current  wina d i rec t ion  s t r ip  char t  t r a c e  was 
studied t o  determine t he  appropriate posi t ions  f o r  the  samplers. As a  
genera1 c r i t e r i o n ,  i f  t he  wind di rect ion was f luc tua t ing  more than go0, 
the run was hal ted  t o  avoid wasted e f f o r t .  There were many exceptions t o  
t h ~ s  r u l e  a s  can be seen from the  data  and many o ther  f a c to r s  went i n t o  
the  aecision fo r  each run.  The samplers, s tands ,  pumps and a l t e rna to r s  
were then positioned by f i e l d  angle markers locatea every 15O a t  38 m 
and 76 m (125 and 250 f t )  and a t  some f a r t h e r  points .  The bac te r ia l  
t r a ce r  was aaded i n  t h e  f i e l d  t o  a  1 i t e r  of d i s t i l l e d  water. The spray 
b o t t l e s ,  one containing bac te r ia  and t he  other  pre-mixed dye were then 
placed on the spray stand and connected t o  t he  spray guns. The sampler 
pumps were s t a r t ed  immediately p r io r  to  spraying and were stopped a f t e r  
exhausting t h e  sprayed material  t o  ensure sampling during t he  e n t i r e  span 
of the  run. The run time was the  time required t o  spray one l i t e r  of 
sample. The e x t r a  time t h a t  t h e  pumps ran  was not taken i n to  account in 
aetermining concentrat Sons s ince  i t  was assumed t h a t  th i  s  time resul ted  
in no aaai t ional  sample. Upon completion of a  run, l i qu i a  impinger 
samplers were s to red  i n  a  por table  cooler ,  the  Pet r i  dishes were label led  
and t h e  g lass  f i b e r  f i l t e r s  folaed i n  h a l f ,  i d en t i f i ed  and s tored.  A t  
the  end of the  sampling day, the  samples were brought back t o  the 
1  aboratory f o r  processing. 





Figure 4b. Spray Gun with Samplers and S tands  i n  Distance 



Figure  5. Or ien ta t i on  of a  Typical  Run 
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Tr acers 
A number o f  atmospheric t r a c e r  m a t e r i a l s  have been developed t o  s t u d y  

t h e  me teo ro log i ca l  d i s p e r s i o n  o f  p o l l u t a n t s  i n  t h e  atmosphere. Typ i ca l  
c h a r a c t e r i s t i c s  o f  an i d e a l  t r a c e r  o f t e n  c i t e d  (27,66) i nc l ude :  

1 )  High d e t e c t i o n  s e n s i t i v i t y  
2 )  Adaptable t o  f i e l d  c o n d i t i o n s  and e a s i l y  d i spe rsed  
3 )  R e l a t i v e l y  s imp le  a n a l y s i s  w i t h  r e a d i l y  r ecogn i zab le  

c h a r a c t e r i s t i c s  
4 )  Low c o s t  
5)  N o n t o x i c i t y .  

Some t r a c e r s  which have been used i n c l u d e  o i l - f o g ,  s u l f u r  d i o x i d e ,  
r a d i o a c t i v e  isotopes,  Lycopoaium spores, f l u o r e s c e n t  pigments and 
f 1  uorescent  dyes. 

Two t r a c e r s  were used i n  t h i s  s tudy,  one v i a b l e  ana one nonv iab le .  
The v i a b l e  t r a c e r  was t h e  c o l i f o r m  b a c t e r i a  Esche r i ch ia  c o l  i ( s p e c i f i c  
c u l t u r e  ATCC 11775, 11/18/68, l ypho l yzed  i n  sk im  m i l k ) .  the nonv iab le  
t r a c e r  was t h e  f l u o r e s c e n t  dye, sodium f l u o r e s c e i n ,  a l s o  r e f e r r e d  t o  as  
u ran ine .  

The E .  c o l i  organism was chosen as a  t y p i c a l  model f o r  t h e  s t u d y  o f  
b i o l o g i c a l  G y  o r  d i e - o f f  from v a r i o u s  env i ronmenta l  f a c t o r s ,  which 
would e f f e c t ,  t o  v a r y i n g  degrees, any microorganism con ta ined  i n  
wastewater spray.  The s e l e c t i o n  o f  E. c o l i  was based on i t s  wide use as - 
a standard i n  wastewater eva l  ua t  i o n  Techn~ques .  Some i n v e s t i g a t o r s  
(68,75), however, have suggested t h a t  E. c o l i  may n o t  be  as a p p l i c a b l e  
f o r  a i r b o r n e  s t u d i e s  because o f  i t s  s u s c e F i  1  t y  t o  env i ronmenta l  
s t resses .  Experience i n  t h e  i n i t i a l  phases o f  s t u d y  d i d  n o t  f i n d  t h i s  
problem s e r i o u s  enough t o  wa r ran t  t h e  s e l e c t i o n  o f  another  spec ies.  I n  
f a c t ,  t h e  r e a c t i o n  o f  E.  c o l i  t o  s t r esses  such as r e l a t i v e  hum id i t y ,  f o r  
example, made i t  more G s e T s i n c e  b i o l o g i c a l  e f f e c t s  a r e  more r e a d i l y  
observable.  The presence o f  E. c o l i  i n  l a r g e  numbers i n  wastewater and 
t h e  a b i l i t y  t o  compare d a t a  w y t h o t h e r  i n v e s t i g a t o r s  were cons idered  i n  
s e l e c t i n g  t h i s  organism. Impor tant ,  too,  i s  t h e  ease o f  work ing  w i t h  and 
i a e n t i f y i n g  t h e  E .  c o l  i ana i t s  pa thogen i c i t y .  T h i s  spec ies '  p h y s i c a l  
c h a r a c t e r i s t i c s  Z l s o k e  i t  a  d e s i r a b l e  t r a c e r .  An E. c o l i  i s  t y p i c a l l y  
ob long i n  shape w i t h  dimensions o f  1  m b y  3 m, wh i c l i  p-s i t  i n  t h e  
r e s p i r a b l e  s i z e  range.  I t s  s p e c i f i c  g r a v i t y  has been es t ima ted  a t  1.5 
gm/c3(55)  . 

The E .  c o l i  s t ock  c u l t u r e  was ma in ta ined  a t  2 - 5 O ~  i n  a  t e s t  tuDe 
c o n t a i n i n g  E l  o f  a  s t e r i l e  3% t r y p t i c a s e  soy  b r o t h  (TSB). To ensure 
aga ins t  a  b u i l d u p  o f  waste p roduc ts  and mu ta t i ons  i n  t h e  c u l t u r e ,  a  
l o o p f u l  (approx imate ly  0.1 m1) was t r a n s f e r r e d  t o  a  s t e r i l e  TSB tube  and 
re i ncuba ted  approx imate ly  eve ry  two months. The t r a c e r  sp ray  s tock  was 
prepared by  i n c u b a t i n g  a  l o o p f u l  o f  t h e  s tock  c u l t u r e  i n  a  s p e c i a l  K l e t t  
f l a s k  c o n t a i n i n g  50 m l  o f  s t e r i l e  TSB. The c o n c e n t r a t i o n  o f  
microorganisms i n  t h i  s  b r o t h  was determined b y  pho tomet r i ca l  l y  measuring 
t h e  t u r b i d i t y  and comparing t h i s  r e a d i n g  t o  a  predetermined s tandard  
curve.  The t r a c e r  s tock  n o r m a l l y  grew t o  a  c o n c e n t r a t i o n  o f  
approx imate ly  5 x 1 0 ~  b a c t e r i a l m l  i n  t e n  hours.  The sp ray  s tock  f l a s k  
was p laced  i n  a  p o r t a b l e  c o o l e r  f o r  t r a n s f e r  t o  t h e  f i e l d .  The l i q u i d  t o  
be sprayed was prepared i n  t h e  f i e l d  b y  t r a n s f e r r i n g  1 m l  o f  sp ray  s tock  
t o  a p l a s t i c  b o t t l e  c o n t a i n i n g  one l i t e r  o f  a  Standard Methods (78)  pH 
7.2 phosphate bu f f e red  s o l u t i o n .  The r e s u l t i n g  sp ray  l i q u i d  had a  



t y p i c a l  E . - c o l  i c o n c e n t r a t i o n  o f  5x106/ml v a r y i n g  s l  i g h t l y  w i t h  
v a r i a t i o n s  i n  t h e  spray  s tock  c o n c e n t r a t i o n  which was checked 
p e r i o d i c a l l y  b y  p l a t e  count .  T h i s  concen t ra t i on  was chosen t o  s i m u l a t e  
t h e  upper es t ima te  o f  t o t a l  b a c t e r i a  p resen t  i n  t y p i c a l  secondary 
e f f l u e n t  wastewater p r i o r  t o  c h l o r i n a t i o n .  

Uranine i s  w i d e l y  used (27,54,66,90) and meets a1 1  t h e  c r i t e r i a  f o r  
an e x c e l l e n t  t r a c e r  and has been w i d e l y  used i n  atmospheric s t u a i e s .  The 
use o f  a  nonv iab le  t r a c e r  s imu l t aneous l y  w i t h  t h e  v i a b l e  t r a c e r  p rov ided  
t h e  d a t a  t o  determine E .  c o l i  d i e -o f f .  More i m p o r t a n t l y ,  t h e  dye t r a c e r  
d a t a  were used as t h e  6 a s i s  f o r  t h e  development o f  a  d i s p e r s i o n  model. 
An a p p r o p r i a t e  b i o l o g i c a l  d i e - o f f  f u n c t i o n  can be i n c l u d e d  i n  t h e  model. 
Wi thout  t h i s  f unc t i on ,  t h e  model can be used t o  s imu la te  t h e  d i s p e r s i o n  
of a  v e r y  ha rdy  b i o l o g i c a l  spec ies w i t h  r e l a t i v e l y  l i t t l e  d i e - o f f .  

Uranine as a  reddish-orange d r y  powder has a  b u l k  d e n s i t y  o f  1.53 
grn/cm3. S ince u ran ine  i s  v e r y  water  so lub le ,  i t  can be e a s i l y  
d i s s o l v e d  i n  water  and d i spe rsed  as a  spray. Most es t ima tes  o f  t h e  
d e n s i t y  o f  t h e  d r i e d  aeroso l  a r e  v e r y  c l o s e  t o  t h a t  o f  t h e  b u l k  d e n s i t y  
(57,59,69). One lower  e s t i m a t e  o f  0.58 gm/cm3 (80)  was thought  t o  have 
r e s u l t e d  f r om h i g h e r  d r y i n g  temperatures l e a v i n g  v o i d s  i n  t h e  p a r t i c l e s  
(69) .  The s e n s i t i v i t y  o f  t h e  spec ropho tome t r i c  a n a l y s i s  of  t h e  dye 
under c o n t r o l l e d  c o n d i t i o n s  i s  lo-' gm cor respond ing  t o  a  s i n g l e - l o  rn 
p a r t i c l e  (66) ,  b u t  p r a c t i c a l  l i m i t s  o f  d e t e c t i o n  a r e  t y p i c a l l y  10 
gm/ml ( p a r t s  p e r  t e n  b i l l i o n ) .  

P r e l i m i n a r y  r u n s  a t  WWTP compared dye s t r e n g t h s  o f  1  gm/l and 10 gm/l 
(0.1% and 1.0%). Resu l ts  i n d i c a t e d  t h a t  t o  ach ieve a  sample 
s i g n i f i c a n t l y  g r e a t e r  t han  background a t  7 5  m t h e  h i g h e r  c o n c e n t r a t i o n  
would be p r e f e r r e d  b u t  beyond t h a t  d i s t a n c e  i t  would be r e q u i r e d .  Thus, 
excep t  f o r  a  few runs ,  t h e  1.0% s o l u t i o n  was used. Ten grams o f  powaered 
dye were d i s s o l v e d  i n  a  p l a s t i c  b o t t l e  c o n t a i n i n g  one l i t e r  o f  d i s t i l l e d  
water .  The sp ray  was t y p i c a l l y  prepared p r i o r  t o  each day ' s  t e s t i n g ,  
a l though s to rage  i n  t h e  dark  f o r  one t o  two months d i d  n o t  appear t o  
s i g n i f i c a n t l y  a f f e c t  t h e  f l uo rescence  o f  t h e  dye a t  t h i s  concen t ra t i on .  

Since t h e  dye was used t o  determine t h e  E. c o l i  d i e - o f f ,  i t  was 
necessary t o  assume t h a t  t h e  dye d i d  n o t  decay a n d w a s  o n l y  a f f e c t e d  b y  
me teo ro log i ca l  d i s p e r s i o n .  E a r l y  i n  t h e  p r o j e c t ,  i t  was determined t h a t  
a  weak s o l u t i o n  o f  dye l o s t  ove r  50% o f  i t s  f l uo rescence  when exposed t o  
s u n l i g h t  f o r  30 minutes.  Due t o  evapora t ion ,  t h e  dye p a r t i c l e s  were i n  a  
d r y  s t a t e  v e r y  soon a f t e r  sp ray ing .  Dumbauld ( 2 7 )  exposea d r y  u r a n i n e  
powder t o  s u n l i g h t  f o r  34  hours  and found  no d e t e c t a b l e  change. As a  
p r e c a u t i o n  a g a i n s t  photodegradat ion o f  t h e  dye s o l u t i o n ,  t h e  sp ray  
b o t t l e s  were covered w i t h  aluminum f o i  1  d u r i n g  t h e  r u n .  

The s e l e c t i o n  o f  an a p p r o p r i a t e  sampl ing dev i ce  f o r  a  f i e l d  r e s e a r c h  
p r o j e c t  r e q u i r e s  t h e  c o n s i d e r a t i o n  o f  many f a c t o r s .  The substances t o  b e  
c o l l e c t e d  may be  t h e  ma jo r  f a c t o r ,  b u t  o t h e r s  i n c l u d e  1 i m i t s  o f  
d e t e c t a b i  l i t y  and i ns t rumen t  s e n s i t i v i t y  as we1 1 as p h y s i c a l  and economic 
c o n s t r a i n t s .  Both t r a c e r s  used i n  t h i s  r esea rch  program were p a r t i c l e s  
b u t  each had s p e c i a l  c h a r a c t e r i s t i c s  which were cons idered  i n  choosing a  
sampl ing i ns t rumen t .  

The dye t r a c e r ,  u ran ine ,  i s  an ex t reme ly  wate r  s o l u b l e  m a t e r i a l  which 
i n  t h e  d r y  s t a t e  can b e  c o l l e c t e d  i n  a  1  i q u i d  medium i n  an imp inger  o r  on 
a  d r y  s u r f a c e  i n  an impactor  o r  f i l t e r .  I f  c o l l e c t e d  i n  a  1  i q u i d ,  t h e  



sample i s  t h e n  ready  f o r  immediate a n a l y s i s  i n  a  spect rophotometer .  I f  
c o l l e c t e d  on a  f i l t e r ,  t h e  dye i s  e a s i l y  e x t r a c t e d  w i t h  a  l i q u i d  r i n s e .  
The s tandard  h i g h  volume ambient a i r  p o l l u t i o n  sampler was used i n  
p r e l i m i n a r y  t e s t i n g  s i n c e  i t  was a v a i l a b l e  and i t s  h i g h  sampl ing volume 
woula have g r e a t l y  improved t h e  1  i m i  t o f  d e t e c t a b i  1  i t y .  The advantages 
o f  t h e  h i - v o l ,  however, a i d  n o t  outweigh t h e  d isadvantages:  i t s  b u l k i n e s s  
and we igh t  a i d  n o t  f i t i n t o  a  f i e l d  s t u d y  where cons tan t  r e l o c a t i o n  was 
necessary,  and i t s  h i g h  e l e c t r i c a l  power requ i rement  made i t  
i m p r a c t i c a l .  Comparison t e s t s  i nd i ca tea  t h a t  e q u i v a l e n t  r e s u l t s  c o u l a  b e  
ob ta i ned  w i t h i n  one o r d e r  o f  magnitude w i t h  a  47 mm f i l t e r  h o l d e r  u s i n g  
b i n d e r l e s s  f i b e r g l a s s  f i l t e r s .  The 47 mm f i l t e r  t h u s  was used t o  
determine downwind dye concen t ra t i on .  A i r  f l o w  th rough  t h e  f i l t e r  was 
r e g u l a t e d  a t  a  nominal  f l o w  r a t e  o f  55 l i t e r s  p e r  m inu te  ( Ipm) t o  match 
t h e  f l ow  r a t e  o f  t h e  g l a s s  m i c r o b i a l  sampler. F i l t e r  h o l d e r s  were t e s t e d  
w i t h  b o t h  l o n g  and s h o r t  i n l e t s  as w e l l  as w i t h  and w i t h o u t  an en t rance  
cone. No d i f f e r e n c e  i n  concen t ra t i ons  was seen, suppo r t i ng  t h e  
assumption t h a t  t h e  dye p a r t i c l e s  were sma l l  enough t o  f o l l o w  t h e  a i r  
c u r r e n t s .  Dumbauld (27 )  r e p o r t e d  s i m i l a r  f i n d i n g s ,  comparing samplers  
o r i e n t e a  forward, backward and sideways, w i t h  i n s i g n i f i c a n t  d i f f e r e n c e s  
i n  concen t ra t i on  among samplers. 

Sampler requ i rements  f o r  t h e  E .  c o l i  t r a c e r  i n c l u d e a  n o t  o n l y  t h e  
a b i l i t y  t o  c o l l e c t  a  r e p r e s e n t a t i v e  K l e  b u t  a l s o  t o  m a i n t a i n  t h e  
v i a b i l i t y  o f  t h a t  sample once i t  was c o l l e c t e d  so  t h a t  t h e  analyzed 
c o n c e n t r a t i o n  was inaeed t h e  c o l l e c t e d  concen t ra t i on .  A  number o f  
samplers have been des igned o r  adapted s p e c i f i c a l l y  as v i a b l e  samplers.  
These can be  d i v i d e d  i n t o  two  b a s i c  groups, those  t h a t  use a  l i q u i d  
c o l l e c t i o n  medium and t hose  t h a t  c o l l e c t  b y  impac t i on  on a  s o l i d  n u t r i e n t  
agar sur face,  w i t h  v a r i o u s  advantages and d isadvantages t o  b o t h  t ypes .  
S ince  an ae roso l  p a r t i c l e  may c o n t a i n  more t han  one v i a b l e  organism, i t  
i s  u s e f u l  t o  have some a g i t a t i o n  and break-up o f  t h e  p a r t i c l e s  as i n  a  
l i q u i a  impinger  so  t h a t  a1 1  t h e  organisms a r e  counted. Impac t ion  o f  a  
v i a b l e  p a r t i c l e  on an agar su r face ,  however, c o u l d  r e s u l t  i n  t h e  growth 
o f  o n l y  one c o l o n y  r e g a r d l e s s  o f  t h e  number o f  organisms o r i g i n a l l y  i n  
t h e  p a r t i c l e .  These two  d i f f e r e n t  approaches t o  de te rm in i ng  ambient a i r  
v i a b l e  organism c o n c e n t r a t i o n s  a c t u a l l y  r e p r e s e n t  p a r t s  o f  t h e  t o t a l  
s i t u a t i o n  and thus,  can complement each o t h e r .  The t o t a l  number of 
v i a b l e  organisms as g i v e n  b y  a  1  i q u i d  sampler p r o v i d e s  u s e f u l  i n f o r m a t i o n  
on downwind d i s p e r s i o n  f r om a  spray  source, whereas t h e  number o f  v i a b l e  
p a r t i c l e s  i s  u s e f u l  i n f o r m a t i o n  i n  terms o f  a  r e s p i r a t o r y  h e a l t h  hazard.  
Most 1  i q u i  d  samplers r e q u i r e  cons ide rab le  p r e p a r a t i o n  t i m e  and l e n g t h y  
sample e x t r a c t i o n  procedures whereas t h e  impac to rs  o n l y  r e q u i r e  placement 
o f  a  pre-poured P e t r i  d i s h  and i n c u b a t i o n  upon comp le t i on  o f  sampl ing.  

The exper imenta l  des i gn  o r i g i n a l l y  c a l l e d  f o r  t h e  use o f  t h e  
two-s tage Andersen v i a b l e  impac to r  b u t  due t o  h i g h  c o s t  and t h e  number 
r e q u i r e d ,  a  more economical  g lass  m u l t i - s t a g e  l i q u i d  imp inger  was 
se lec ted .  Th is  dev ice,  t h e  May t h ree -s tage  g l a s s  imp inger  i s  a  l i q u i d  
meaium sampler developed b y  K .  R .  May ( 5 5 ) .  A v a i l a b l e  th rough  t h e  
B r i t i s h  s c i e n t i f i c  g l a s s  b l o w i n g  f i r m  o f  A.M. Dixon ( A n e r l e y )  L td .  a t  a  
r e l a t i v e l y  low cos t ,  i t  has a p p a r e n t l y  seen l i t t l e  a p p l i c a t i o n  i n  t h e  
U.S., as i n d i c a t e d  b y  i t s  absence f r om t h e  s c i e n t i f i c  l i t e r a t u r e .  It i s  
o f  good des ign  and workmanship w i t h  many improvements ove r  o t h e r  t ypes  o f  
g l a s s  impingers .  An i m p o r t a n t  c h a r a c t e r i s t i c  o f  t h i s  sampler i s  i t s  
a b i l i t y  t o  p r o v i a e  p a r t i c l e  s i z e  i n f o rma t i on .  It c o n s i s t s  o f  t h r e e  



col lect ion s tages  which approximate t h e  p a r t i c l e  s i z e  removal 
c apab i l i t i e s  of the  major port ions of the  human resp i ra to ry  system: t he  
nasopharyngeal, tracheobronchial and the  a lveolar  region. 

The pa r t i c l e  removal mechanism of the  f i r s t  two stages i s  by 
impaction on a wetted s intered d i s c ,  while t h e  smallest  pa r t i c l e s  in  t h e  
t h i rd  s tage impact d i r e c t l y  onto the  wetted g lass  s i de  wall a f t e r  ex i t i ng  
from a smooth curved g lass  j e t .  The cut-off diameters, dtjO (defined a s  
the  diameter of pa r t i c l e s  50% of which a r e  removed by a s tage)  have been 
estimated by May (55) t o  be 6.0 m ,  3 . 3  m and 0.7 m respect ively  f o r  
t he  three  s tages ,  f o r  a typical  bac te r ia  p a r t i c l e  (estimated spec i f i c  
gravi ty  of 1.5) ana a nominal flow r a t e  of 55 Ipm. 

The May samplers a r e  n o t  complete and ready f o r  f i e l d  use a s  received 
from the  factory.  They required g lass  and rubber tubing f o r  connection 
t o  t he  vacuum pump and rubber stoppers t o  sea l  the  f i l l i n g  por ts .  A d r i p  
r ing ,  made from a s l i c e  of rubber stopper, was positionea a t  t h e  ena of 
the  g lass  tubing (suggested by May) t o  avoid l iqu id  loss  by suction of 
splashed drops on t h e  tubing. This sampler i s  shown in  Figure 6. 

Preparation of a May sampler f o r  t he  f i e l d  began with a thorough 
multiple r i n s e  with d i s t i l l e d  water t o  remove any res idual  dye. The 
three  s tages  were f i l l e d  with a commercially avai lable  neutral  buffer  of 
pH 7.0. The choice of t h e  co l lec t ing  medium was governed by t h e  
microbial requirements f o r  a neutral  buffered environment. A1 though a 
nu t r ien t  could be added, t h i s  would add ex t r a  material and preparation 
s teps  t o  an already involved procedure, and could require  t he  addit ion of 
a defoaming agent. I n i t i a l  sampling comparisons of phosphate buffer  and 
broth showed s imilar  r e s u l t s .  The nu t r ien t  environment may even 
encourage bac te r ia l  growth i n  t he  co l lec t ion  medium pr io r  t o  ex t rac t ion  
and analysis ,  thus f a l s e l y  e levat ing t h e  r e s u l t s .  The top two s tages  
were f i l l e d  t o  j u s t  below t h e  top of t h e  impaction f r i t  t o  maintain a wet 
f r i t  condition by cap i l l a ry  action during use. The lower s tage  was 
f i l l e d  with 10-1 1 ml a s  suggested by May t o  provide enough l i qu i a  f o r  
co l lec t ion  even with losses  by evaporation. 

After t h e  rubber stoppers were i n  place and cotton-gauze plugs placed 
in  the  g lass  openings, t he  e n t i r e  u n i t  was terminally s t e r i l i z e d  a t  
121°c f o r  15 minutes. The samplers were then ready f o r  t he  f i e l a  ana 
t he  cotton p l u g s  were not  removed u n t i  1 t h e  vacuum l i n e  was connected f o r  
a r u n .  

From recovery t e s t s  i t  became apparent t h a t  even f o r  t h e  shor t  period 
of time t ha t  t he  l iqu id  i n  t he  g lass  samplers was exposed t o  t he  sun l igh t  
during t h e  run, a s i gn i f i c an t  decay of dye and E. co l i  was occurring. 
Tests run d u r i n g  t h e  winter months, when the  in rens i ty  of the  sun l igh t  
was not a s  g rea t  a s  summer, indicate0 aecay losses  of 40% f o r  t he  E.  - c o l i  
and up t o  70% f o r  the  dye i n  solut ion and exposed t o  the  sun f o r  2n 
minutes. Even more severe losses  were reported by Fedorak and Westlake 
( 3 2 )  who t e s t ed  two d i f f e r en t  v iable  a i r  samplers, both covered and 
uncoverea, and found a three- to  e ight-f 01 d increase i n  recovery with 
shielding.  Consequently a l l  HWA May samplers were covered w i t h  f o i l  and 
correction f ac to r s  were applied t o  a l l  data  col lected from unshielded 
samplers. 

With t h e  experience gained i n  t h e  WWTP sampling phase, i t  became 
evident t h a t  using a l a rge  number of May samplers or  conducting many runs 
in  one day would become prohibi t ive  because of t h e  time required t o  
process samples. I t  was decided t h a t  t he  addit ion of another v i ab l e  



sampler, such as t h e  Andersen, i n  t h e  second phase o f  sampl ing wou ld  
improve t h e  d a t a  c o l l e c t i n g  c a p a b i l i t i e s  f o r  t h e  p r o j e c t .  A p l a s t i c  
v e r s i o n  o f  t h e  two-s tage Andersen v i a b l e  impac to r  had been developed (83 )  
which had been i n t ended  as an economical ,  d i sposab le  easy-to-use 
m i c r o b i a l  sampler. These samplers were no  l onge r  commercial 1y a v a i l a b l e  
b u t  a  l a r g e  q u a n t i t y  o f  these  samplers was ob ta ined ,  c o u r t e s y  o f  
Bard-Parker D i v i s i o n  o f  Becton-Dickinson, Inc . ,  who had purchased t h e  
r i g h t s  f o r  t h e  sampler and t h e  s o l e  r ema in i ng  s tock .  S i x  me ta l  two-s tage 
Andersen v i a b l e  samplers, shown i n  F i g u r e  6 ( b ) ,  were a l s o  made a v a i l a b l e  
c o u r t e s y  o f  Andersen 2000, Inc .  ~ d d i  t i o n a l  l y ,  t h r e e  01 der  s i  x-stage 
Andersen samplers were used. 

The o r i g i n a l  Andersen sampler ( 2 )  i s  a  s o l i d  s u r f a c e  sampler w i t h  s i x  
stages. It has been w i d e l y  used and i s  g e n e r a l l y  cons idered  as a  
s tandara i n  t h e  f i e l d  o f  b i o l o g i c a l  a i r  m o n i t o r i n g .  Each s tage  has 200 
o r  400 p r e c i s e l y  d r i l l e d  h o l e s  w i t h  t h e  h o l e  d iameter  becoming 
p r o g r e s s ~ v e l y  sma l l e r  f r o m  t h e  t o p  t o  t h e  bo t tom s tage .  A P e t r i  d i s h  
c o n t a i n i n g  approx imate ly  27 m l  o f  t r y p t i c a s e  soy agar w i t h  5% sheep 's  
b l o o a  was p o s i t i o n e d  under each s tage .  As t h e  a i r  f l o w s  th rough  t h e  
sampler a t  t h e  s tandard  r a t e  o f  28.3 lpm ( 1  cu.  f t / m i n )  a p a r t i c l e  i s 
depos i tea  b y  impac t i on  on t h e  agar  s u r f a c e  when t h e  momentum impar tea  t o  
t h e  p a r t i c l e  i s  t o o  g r e a t  t o  a l l o w  i t  t o  f o l l o w  t h e  a i r s t r e a m  t o  t h e  n e x t  
s tage.  The s i x  s tages p r o v i d e  a gooa dea l  o f  i n f o r m a t i o n  on t h e  s i z e  
d i s t r i b u t i o n  o f  t h e  sampled ae roso l  c loud ,  w i t h  t h e  t o p  s tage  c o l l e c t i n g  
b a s i c a l l y  n o n - r e s p i r a b l e  p a r t i c l e s ,  t hose  g r e a t e r  t h a n  7 um, and t h e  
lower  s tage  c o l l e c t i n g  t hose  r e s p i r a b l e  p a r t i c l e s  capab le  o f  r e a c h i n g  t h e  
a l v e o l i .  Ac tua l  s i z e  ranges  and e f f i c i e n c i e s  v a r y  depenaing on t h e  
a e n s i t y  o f  t h e  p a r t i c l e ,  and some o v e r l a p p i n g  o f  s tages does occur ,  b u t  
o v e r a l l  r e s u l t s  f r o m  t h i s  sampler have been w i d e l y  acceptea. 

I n  t h i s  s t u d y  t h e  two  s tage  v e r s i o n  o f  t h e  Andersen sampler was a l s o  
used. It i s  v e r y  s i m i l a r  i n  aes ign  ana o p e r a t i o n  t o  t h e  s i x  s t age  
Andersen excep t  t h a t  o n l y  t h e  second and f i f t h  s tages a r e  used and each 
s tage  has o n l y  200 ho les .  T h i s  des ign  p r o v i d e s  a good s e p a r a t i o n  between 
non - resp i r ab le  and r e s p i r a b l e  p a r t i c l e s .  For t h e  requ i rements  o f  t h i s  
p r o j e c t  based on p r e l i m i n a r y  t e s t s ,  two s tages were adequate s i n c e  
approx imate ly  90% o f  t h e  a e r o s o l i z e d  E. c o l  i were s i n g l e  c e l l s  a f t e r  
i n i t i a l  evapora t ion .  The t y p i a l  o b l o G  1 b y  3 um shape o f  an E.  - c o l i  
c e l l  a l l owed i t  t o  b e  e f f i c i e n t l y  t r apped  i n  t h e  second s tage  o f  The two 
s tage  sampler o r  any o f  t h e  bo t t om t h r e e  s tages o f  t h e  s i x - s t a g e  
sampler. Tests  have shown v e r y  good comparison between t h e  two and 
s i x - s t a g e  samplers when exposed t o  a  wide range  o f  E. - c o l i  
concen t ra t i ons .  P rev ious  uses o f  t h e  p l a s t i c  two  sTage sampler w h i l e  i t  
was a v a i  l a b l e  r e c e i v e d  b o t h  f a v o r a b l e  (19)  and un favo rab le  (12)  
comments. Comparison t e s t s  o f  t h e  p l a s t i c  and me ta l  two  s tage  samplers 
d u r i n g  t n e  HWA r u n s  gave e x c e l l e n t  r e s u l t s .  Resu l t s  o f  t h e s e  comparison 
t e s t s  a r e  g i ven  i n  Appendix B. 

A i r  f l ow  r a t e s  f o r  t h e  May and 47 mm samplers were 55 l pm  w h i l e  t h e  
Andersen r e q u i r e d  a 28.3 lprn r a t e .  When t h e  May sampler o r  47 mm f i l t e r  
was p a i r e a  w i t h  an Andersen sampler i n  t h e  normal sampl ing moae w i t h  one 
vacuum pump, t h e  comb ina t ion  o f  p ressure  drops reduced t h e  maximum f l o w  
i n  t h e  May o r  t h e  47 mm f i l t e r  t o  50 Ipm. A s l i g h t  s h i f t  i n  t h e  s i z e  
d i s t r i b u t i o n  o f  t h e  May r e s u l t s  due t o  t h i s  change was f e l t  t o  be  so 
overwhelmea by  t y p i c a l  u n c e r t a i n t i e s  i n d i s p e r s i o n  mode l ing  ana 
b i o l o g i c a l  sampl ing as t o  b e  i n s i g n i f i c a n t .  



F i g u r e  6 a .  Samplers  Being  Readied  for R u n  





A s p e c i a l l y  designed 1 i m i t i n g  o r i f i c e  was used t o  c o n t r o l  t h e  f l o w  o f  
a i r  through t h e  samplers. A l i m i t i n g  o r i f i c e  was se lec ted  as t h e  f l o w  
meter ing  dev ice  because, once c a l i b r a t e d  i n  t h e  l abo ra to ry ,  i t  main ta ined 
a cons tan t  f low r a t e  i n  t h e  f i e l d ,  whereas devices such as rotameters 
must be c a l i b r a t e d  and then moni torea ana ad jus ted  du r i ng  use. The major  
disadvantage no rma l l y  associated w i t h  a 1 i m i  t i n g  o r i f  i c e  i s  t h e  l a r g e  
pressure drop o f  approx imate ly  15 inches o f  mercury (one-ha l f  atmosphere) 
r e q u i r e d  t o  ma in ta in  a cons tan t  f low.  Dur ing t h e  process o f  e s t a b l i s h i n g  
t h e  proper m a t e r i a l  t o  use as an o r i f i c e ,  i t  was d iscovered t h a t  t h e  t i p  
o f  a  Becton-Dickinson Falcon 5 m l  s e r o l o g i c a l  p l a s t i c  p i p e t  came ve ry  
c l o s e  t o  matching t h e  i d e a l  parameters o f  1  ength ana angle o f  a  d i v e r g i n g  
c o n i c a l  c r i t i c a l  o r i f i c e  descr ibed b y  Drue t t  ( 2 6 ) .  By c a r e f u l l y  f i l i n g  
t h e  t i p  o f  t h e  p i p e t ,  i t  was c a l i b r a t e d  t o  t h e  des i red  f l o w  r a t e  a t  a  
pressure drop o f  approx imate ly  5 inches o f  mercury, thus a l l o w i n g  a 
s u b s t a n t i a l  r e d u c t i o n  i n  vacuum pump capac i t y  and cos t .  A f t e r  p r o p e r l y  
s i z i n g  t h e  l i m i t i n g  o r i f i c e ,  t h e  sampl ing t r a i n  was t e s t e d  w i t h  a pr imary 
standard f l o w  c a l i b r a t i o n  dev ice  t o  c o n f i r m  t h a t  t h e  proper f l o w  r a t e  was 
achieved. Once t h e  vacuum source had prov ided a s u f f i c i e n t  vacuum t o  
compensate f o r  t h e  pressure drop requi rements o f  t h e  o r i f  i c e  and t h e  
sampler, f u r t h e r  increases i n  vacuum d i d  n o t  increase t h e  f l o w  above t h e  
des i red  r a t e .  

Meteor01 ogi  ca1 M o n i t o r i n g  
The e x t e n t  o f  p o l l u t a n t  d i spe rs ion  i n  t h e  atmosphere i s  no rma l l y  

i n f l uenced  by  meteoro log ica l  parameters such as wind speed, wind 
d i r e c t i o n  ana tu rbu lence which can be a f u n c t i o n  o f  temperature, s o l a r  
r a d i a t i o n  and c loud  cover. A m a t e r i a l  s u b j e c t  t o  decay such as a 
b i o l o g i c a l  t r a c e r  may a l s o  be i n f l u e n c e d  b y  r e l a t i v e  humia i ty ,  s o l a r  
r a d i a t i o n  and temperature. Although va r i ous  meteoro log ica l  parameters 
were a v a i l a b l e  a t  t n e  l o c a l  a i r p o r t ,  t h e  da ta  f o r  t h i s  s tudy  was 
c o l l e c t e d  a t  t h e  s i t e .  Winds a l o f t  and r e g i o n a l  weather data, a l though 
more accurate f rom a rnacrometeorological s tandpo in t ,  do n o t  n e c e s s a r i l y  
r e f l e c t  t h e  r e a l  s i t u a t i o n  o c c u r r i n g  between t h e  s p r i n k l e r  nozz le  and a 
grouna 1 eve1 recep to r  p o s i t i o n .  A t y p i c a l  wastewater i r r i g a t i o n  system 
i s  p r i m a r i l y  i n f l uenced  b y  t h e  l o c a l  micrometeoro1ogical  c o n d i t i o n s  c l o s e  
t o  t h e  ground. I n  t h i s  s tudy,  wind speed and wind d i r e c t i o n  were 
recorded w i t h  a C. h .  Thornthwaite and Associates m u l t i - l e v e l  tower w i t h  
s i x  l e v e l s  o f  w ~ n d  speed anemometers and a r e c o r d i n g  d i r e c t i o n a l  vane a t  
t h e  3.2 m (10 f t )  upper l e v e l  (20,22). The wind vane r o t a t e s  f r e e l y  on a 
s h a f t  which i s  connected t o  a potent iometer .  Once t h e  system i s  
p h y s i c a l l y  o r i e n t e d  t o  North w i t h  an accura te  compass o r  theodol i t e ,  t h e  
s i g n a l  f rom t h e  potent iometer  d r i v e s  a s t r i p  c h a r t  r eco rde r  i n d i c a t o r  
needle t o  t h e  app rop r i a te  angle on t h e  o0 t o  360° c a l i b r a t e d  s t r i p  
c h a r t  paper. A da ta  p o i n t  i s  produced approx imate ly  every  f i v e  seconds 
on t h e  pressure s e n s i t i v e  paper. Since a wind d i r e c t i o n  ang le  r e f e r s  t o  
t h e  d i r e c t i o n  t h e  wind i s  coming from, downwind f i e l d  angle markers were 
l abe led  180° o u t  of  phase. I n  o the r  words, t h e  phys i ca l  Nor th  p o s i t i o n  
was l abe lea  180° t o  r e f l e c t  t h e  f a c t  t h a t  a  s o u t h e r l y  wind would 
r e q u i r e  t h i s  sampling p o s i t i o n .  

I n i t i a l l y  a  d i g i t a l  r e c o r d i n g  P o l a r o i d  camera (21) was used t o  r e c o r d  
incrementa l  changes i n  wind speed f o r  a1 1 s i x  l e v e l s  every  15 minutes. 
By s h o r t i n g  t h e  t i m i n g  c i r c u i t ,  a  minute-by-minute r e c o r d  was a l s o  
poss ib le .  Data f rom t h e  l e v e l  s i x  anemometer (3.2 m) was used i n  t h e  



data  analys is .  I t  was t he  l e a s t  af fected by ground disturbances and 
represented a compromise between higher wind  speed detection heights ,  
considered as  normal p rac t i ce ,  and the  1 ower plume r e l a t e a  l eve l .  Data 
from leve l s  four (1.6 m )  and f i v e  (2.4 m )  were, on the  average, 90% and 
95%, respect ively ,  of t h e  level  s i x  value (Appendix C ) .  

Solar rad ia t ion  was measured with an Eppley pyranometer recording 
system (23) .  The sensor was mounted on a 1 eve1 platform on t he  roof of 
the  equipment building a t  HWA t o  obtain the  most unobstructed view of the  
sun. The sensor consisted of a thermopile w i t h  t h e  hot lead connected t o  
a black surface and the  cold lead t o  a white surface.  The emf produced 
was recorded on a s t r i p  char t  r e  order l i nea r l y  ca l ib ra teu  i n  m i l l i v o l t s  a per 1 angleyslminute (ca lo r ies /c  -minute) . Maximum so l a r  r a a i a t i on  
outside the  e a r t h ' s  atmosphere, r e fe r red  t o  as  the  so l a r  constant ,  i s  
generally accepted t o  be 2 1 angleyslmin. Approximately one-third of t h i s  
radia t ion i s  absorbed by the  atmosphere, and the  amount reaching the 
e a r t h ' s  surface  i s  p a r t l y  d i r e c t  (sun) rad ia t ion  ana pa r t l y  sky 
rad ia t ion ,  sca t t e red  by the atmosphere. For North Carolina, the  maximum 
global rad ia t ion  (sun and sky) reaching t he  surface  would be 
approximately 1.2 lylmin or l e s s ,  depending on cloud cover, time of year 
ana time of day. Since t h e  so l a r  rad ia t ion  instrument was received a f t e r  
sampling a t  WWTP had been completed, rough es t imates  were assigned t o  
each WWTP r u n  by comparing t h e  meteorological condit ions,  time of day ana 
time of year t o  an appropriate HWA reading. Estimates of so l a r  
insola t ion can a l so  be obtained by a simple a l t e r n a t e  method i f  no d i r e c t  
measurements a re  avai lable  by measuring t he  shadow length of an ob jec t  of 
known height a s  described by Lavdas (53 ) .  

The wind speed, wind d i rec t ion  and so l a r  rad ia t ion  systems were 
operated on a 12 v o l t  DC current  u t i l i z i n g  transformers a t  WWTP and by 
automobile ba t t e r i e s  a t  HWA. The b a t t e r i e s  were per iod ica l ly  checked and 
recharged when necessary. 

Relative humidity and temperature were determined w i t h  a s l i n g  
psychrometer. Cloud cover and other general comments , when appropriate,  
were a l so  recorded on a Field Data Sheet (Appendix D ) .  

Analytical Procedure 
The 47 m m  g lass  f i b e r  f i l t e r s  were analyzed f o r  uranine dye by 

extract ing the  dye in 10 ml of buffer  and examining t he  l iqu id  spectro- 
photometrically. Uranine i s  extremely pH s ens i t i ve ,  e spec ia l ly  i n  t h e  
range of pH 5-7, b u t  i s  very s t a b l e  a t  a pH of 9-10. Care was taken t o  
ensure t h a t  t he  pH of t h e  sample was maintained constant .  A pH 10.0 
buffer was se lected f o r  ext ract ion of t he  f i l t e r s  both t o  take  advantage 
of t he  uranine 's  increased fluorescence a t  t h i s  a l k a l i n i t y  as  well a s  t o  
control f o r  the  in terference from the  a lka l ine  property of the  f i be rg l a s s  
f i l t e r  i t s e l f .  Although most of t h e  dye was extracted within t h e  f i r s t  
ten  minutes, the  f i l t e r  was a1 lowed t o  soak i n  the  10 ml of buffer  f o r  
two t o  t h r ee  hours t o  guarantee complete ex t rac t ion  of a l l  t h e  dye. 
Since 2-3 ml of l iqu id  was re ta ined by the  f i l t e r ,  t h e  pos s ib i l i t y  
exis ted  t h a t  t h i s  l iqu id  might have a higher concentration of dye. 
Comparison of the  ext ract ion l iqu id  and w i t h  t h a t  squeezed from the  
f i l t e r  gave ident ica l  readings.  

The fluorescence spectrophotometer, a G . K .  Turner Model 430, which 
was used f o r  analys is ,  i s  a comparative reading instrument which must be 
ca l ib ra ted  t o  a known standard i n  order t o  obtain a sample reading.  



U r  anine standards o f  known concent ra t ions  were c a r e f u l  l y  prepared, i n 
i d e n t i c a l  pH 10.0 bu f fe r  t o  c a l  i b r a t e  t h e  spectrophotometer (F igu re  7a) . 
L i n e a r i t y  o f  he ins t rument  response was conf i rmed f o r  concent ra t ions  
l e s s  t an 10-5 m g m l  by  making s e r i a l  d i l u t i o n s  o f  dye standards down 
t o  l o - ?  r n g m l ,  t h e  p r a c t i c a l  1  i m i t  o f  de tec t i on .  The i ns t rumen t ' s  
response was l i n e a r  over  t h r e e  orders  o f  magnitude, and thus, o n l y  one 
standard, l o e 4  mg/ml, was used t o  c a l i b r a t e  t h e  ins t rument  p r i o r  t o  
sample ana l ys i s  and t o  check f o r  d r i f t  p e r i o d i c a l l y  d u r i n g  ope ra t i on  o f  
t h e  inst rument .  The u ran ine  standard was covered i n  f o i l ,  s t o r e d  i n  t h e  
dark and rep laced  eve ry  few months w i t h  a f r e s h  standard. Loss i n  
f luorescence was t y p i c a l l y  l e s s  than 5% over  a two month p e r i o d  under 
these cond i t i ons .  

Before t h e  l i q u i d  sample was p laced i n  t h e  spectrophotometer, i t  was 
c e n t r i f u g e d  t o  remove f i b e r s  which c o u l d  cause i n t e r f e r e n c e  i n  t h e  
read ing .  A f t e r  t h r e e  minutes a t  3000 rpm, t h e  sample was removed f rom 
t h e  c e n t r i f u g e  and approx imate ly  3-4 m l  were poured i n t o  a spec t ro -  
photometer grade cuvet te .  The f i l l e d  c u v e t t e  was then p laced i n t o  t h e  
chamber where a Xenon lamp 1 i ght  beam passes through t h e  c e l l  r e g i s t e r i n g  
a response on t h e  i n d i c a t o r  depending on t h e  concen t ra t i on  o f  t h e  dye. A 
f luorescence spectrophotometer operates on t h e  p r i n c i p l e  t h a t  c e r t a i n  
m a t e r i a l s  w i l l  f l u o r e s c e  o r  r e l e a s e  l i g h t  energy a t  a  unique wavelength 
when e x c i t e d  w i t h  a l i g h t  beam o f  another unique wavelength. The 
e x c ~ t a t i o n  wavelength i s  always o f  a  h i g h e r  energy, lower wavelength than 
t h e  emission. To avo id  i n t e r n a l  i n t e r f e r e n c e  between t h e  e x c i t a t i o n  and 
emission spectra,  t h e  Model 430 r e q u i r e s  a 45 nm band sepa ra t i on  between 
s e t t i n g s .  Thus, t h e  spectrophotometer was s e t  a t  wavelengths o f  483 nm 
e x c i t a t i o n  and 528 nm emission, a s e t t i n g  found t o  y i e l d  maximum values, 
al though these s e t t i n g s  were n o t  t h e  c h a r a c t e r i s t i c  u ran ine  peak s e t t i n g s .  

The e x t r a c t i o n  o f  t h e  c o l l e c t i n g  l i q u i d  f rom t h e  May sampler was 
performed w i t h  g rea t  care  t o  avo id  contaminat ion. The l i q u i d  was 
t r a n s f e r r e a  b y  s t e r i l e  p i p e t  f rom each s tage t o  a separate s t e r i l e  
graduated c e n t r i u f u g e  tube f o r  s to rage and measurement. I n  t h e  e a r l y  
phases o f  t h e  p r o j e c t  ,each stage was r i n s e d  w i t h  5 m l  o f  s t e r i l e  pH 7.0 
b u f f e r  t o  remove any r e s i d u a l  sample b u t  t h i s  s t e p  was e l i m i n a t e d  when 
contaminat ion o f  t h e  sample occurred. The amount o f  t r a c e r  l o s t  b y  n o t  
r i n s i n g  a s tage was es t imated  t o  be approx imate ly  6%-7% (Appendix E) .  
E l  im ina t i ng  t h e  contaminat ion r i s k  and t h e  p o s s i b l e  l o s s  o f  a  complete 
sample outweighed t h e  s l i g h t  l o s s  f rom l a c k  o f  r i n s i n g .  Two one m l  
a l i q u o t s  were taken from each stage f o r  d u p l i c a t e  p l a t i n g  on t r y p t i c a s e  
soy agar. T h ~ s  e x t r a c t i o n  and p l a t i n g  technique i s  shown i n  F igure  
7 ( b ) .  The agar p l a t e s  were incubated a t  3 5 O ~  f o r  24 hours and then 
counted, reco rd ing  t h e  average count  o f  t h e  two p la tes .  This  count  
representea t h e  average nunlber o f  v i a b l e  b a c t e r i a  per  m l  f o r  each sampler 
stage. 

A f t e r  t h e   lol logical sample had been remved ,  t h e  r e s i d u a l  l i q u i d  i n  
each stage was examined f o r  dye concent ra t  ion. Since t h e  cho ice  o f  pH 
7.0 f o r  collecting b u f f e r  i n  t h e  May sampler was prepared a t  pH 7.0 t o  
enhance b a c t e r i a l  v i a b i l i t y ,  a  d i f f e r e n t  s e t  o f  dye standards was 
requ i rea .  A1 though t h i s  pH i s  i n  t h e  v e r y  s e n s i t i v e  r e g i o n  o f  
f luorescence response, t h e  pH 7.0 u ran ine  standard read ing  was 
c o n s i s t a n t l y  20% lower than t h e  pH 10.0, i n a i c a t i n g  t h e  p r e c i s i o n  o f  t h e  
pH s o l u t i o n s  used. 







The agar  p l a t e s  f r o m  t h e  Andersen sampler were i ncuba ted  a t  35Oc 
f o r  approx imate ly  18 hours  and t h e n  c o l o n i e s  were counted. E.  c o l  i 
c o l o n i e s  haa a  d i s t i n c t i v e  appearance b o t h  on t h e  s u r f a c e  o f - t r m c a s e  
soy  agar w i t h  5% sheep b l o o d  (Andersen sampler )  and i n  t h e  p l a i n  
t r y p t i c a s e  soy agar (May sampler)  . The - -  E . c o l  i c o l o n i e s  on t h e  agar 
s u r f a c e  were rouna, s l i g h t l y  o f f - w h i t e  r a i s e d  mounds o f  f a i r l y  u n i f o r m  
diameter.  E .  c o l i  c o l o n i e s  w i t h i n  t h e  agar were s m a l l e r  and formed a  
t y p i c a l  a i a i i i o n a a p e d  co lony .  Both o f  these  t ypes  o f  c o l o n i e s  became 
e a s i  l y  d i s t i n g u i s h a b l e  compared t o  o t h e r  i n t e r f e r i n g  o r  background 
b a c t e r i  a  o r  f u n g i  . 





RESULTS 

Summary o f  Runs 
Many d i f f e r e n t  experimental  runs  were conducted d u r i n g  t h e  course o f  

t h e  study. I n i t i a l  runs  determined t h e  range o f  t h e  t r a c e r s  and servea 
t o  i d e n t i f y  var ious  ope ra t i ona l  problems. Fo l lowing t h i s ,  a  s e r i e s  o f  
runs  es tab l i shed  t h e  p r e c i s i o n  o f  t h e  samplers as w e l l  as compared the  
d i f f e r e n t  types o f  samplers. F i n a l  l y ,  and most impor tan t l y ,  t he  f i n a l  
runs  were used t o  p rov ide  d i spe rs ion  data. A summary o f  t h e  t o t a l  da ta  
ou tput  f o r  t h e  p r o j e c t  i s  g iven i n  Table 1. 

F i e l d  sampling was conducted du r ing  t h e  p e r i o d  from February 1978 t o  
February 1979 a t  WWTP and f rom J u l y  1979 t o  December 1979 a t  HWA. Thus a  
wide range o f  seasons and meteoro log ica l  cond i t i ons  a re  represented i n  
t he  data. Minimum and maximum values f o r  many o f  these parameters a r e  
g iven i n  Table 2 .  Due t o  the  na ture  o f  t h e  f i e l d  cond i t ions ,  n i g h t  runs  
woula have been extremely d i f f i c u l t  t o  perform. Meteoro log ica l  changes 
which take  p lace a t  dusk such as calmer, lower speed winds, temperature 
drop and beginning o f  an i n v e r s i o n  l a y e r  have been consiaerea s i m i l a r  t o  
n i g h t  cond i t ions ,  however (85) .  S i x  runs  performed a t  dusk were thus 
c l a s s i f i e d  as n i g h t  runs  and t h e i r  r e s u l t s  examinea separa te ly  f rom t h e  
o ther  runs.  

Data Reauction - Meteoro log ica l  
When t h e  wina speed recorder  system was func t i on ing ,  t y p i c a l  ou tpu t  

cons is ted  o f  a  l i n e  o f  s i x  numbers, f o r  each minute t h e  recorder  was 
ac t iva ted ,  on a  P o l a r o i d  p i c t u r e .  Each number representea t h e  raw 
r e v o l u t i o n s  o f  t he  anemometer cup assembly f o r  each l e v e l  on t h e  wina 
tower. Subt rac t ing  two successive numbers prov iaed t h e  n e t  number o f  
r e v o l u t i o n s  per  minute which was then conver ted t o  u n i t s  o f  meters per  
second (m/s) , based on t h e  f a c t o r y  c a l i b r a t i o n  f a c t o r  f o r  t h e  anemometer 
cups. This minute-by-minute and l eve l -by - l eve l  in fo rmat ion  was used t o  
examine general wind pa t te rns  f o r  t h e  s i t e .  For da ta  ana lys is ,  however, 
t h e  average wind speed d u r i n g  t h e  r u n  f rom tower l e v e l  s i x  was used, 
s ince  i t  was t h e  l e a s t  a f fec ted  by  tu rbu lence c l o s e  t o  t h e  ground. 

The wind d i r e c t i o n  was determined from t h e  recorder  s t r i p  char ts ,  a  
t y p i c a l  sample o f  which i s  presented i n  F igu re  8. The average d i r e c t i o n  
f rom o0 t o  360° was determined f o r  each r u n  b y  v i s u a l  examinat ion o f  
t h e  t r a c e  l eng th  f o r  t h e  t ime  p e r i o d  o f  t h e  run .  Each es t imate  i nvo l ved  
breaking down t h e  t r a c e  i n t o  two t o  t h r e e  minute d i v i s i o n s  and j udg ing  
d o t  d e n s i t i e s  i n  t h e  d i f f e r e n t  groups. This  process produced a  rough 
est imate,  b u t  a  more p r e c i s e  method o f  determin ing average wind d i r e c t i o n  
s t i l l  would n o t  necessa r i l y  convey more usefu lness o r  s ign i f i cance .  
Wind d i r e c t i o n  i s  a  random phys i ca l  phenomenon, e s p e c i a l l y  a t  c l o s e  range 
and f o r  s h o r t  t ime  per iods .  An average d i r e c t i o n  becomes more meaningful  
w i t h  longer t ime  per iods  over  g rea te r  d is tances.  

The s o l a r  r a d i a t i o n  est imates a t  HWA were der ived from the  Eppley 
recoraer  s t r i p  c h a r t  dep ic ted  i n  F igu re  8. The read ing  f o r  a  r u n  i n  
langleys/minute, was obta ined b y  v i s u a l l y  de termin ing  an average value 
f o r  t h e  l eng th  o f  t h e  t r a c e  associatea w i t h  t h e  t ime  per iods  o f  t h e  run .  



Figure 8. Typical Wlnd Direction and Solar Radiation 
Strip Chart Traces 

Wind Direction 



Table  1. Summary o f  Runs 

W WTP W WTP 
P r e l i m i n a r y  Tests F i n a l  Tests HWA - 

T i  me P e r i o d  3/78 - 7/78 8/78 - 2/79 7/79 - 
Days o n  which 11 
r u n ( s )  were made 

Runs 12 

Useable r u n s  0  2 3 ( 4 2  
f o r  dye d i s p e r s i o n  
mode l ing  

Table  2. Range o f  Exper imen ta l  Parameters  Measured 

M i  n  - Max - 
Temperature, 2 3 6 

R e l a t i v e  Humid i ty ,  % 30 9 5 

S o l a r  r a d i a t i o n ,  l y / m i n  0.00 1.26 

Cioud cover ,  % 0 100 



Data Reduct ion - A i rborne  Concentrat ions o f  Tracers 
The maximum aownwind aye concent ra t ions  de r i ved  from t h e  raw data  i n  

A.ppendix H and the  bas ic  parameters f o r  each run  a re  presented i n  Table 5 
f o r  hWTP and Table 6 f o r  HWA. 

Dye concent ra t ions  f rom t h e  spectrophotometer were i n i t i a l l y  read  i n  
u n i t s  o f  vg per  m l  o f  sample. This  va lue  was then m u l t i p l i e d  by t h e  
e x t r a c t i o n  volume o f  10 m l  i n  t h e  case o f  a  47 mm f i l t e r  o r  t h e  ac tua l  
l i , q u i d  volume e x t r a c t e d  from each stage o f  t h e  May i n  order  t o  determine 
t o t a l  dye per f i l t e r  o r  per  stage i n  micrograms. Conversion t o  a i r  
concent ra t ion  i s  achieved by  u s i n g  Equation 1 f o r  t h e  f i l t e r s  o r  Equat ion 
2 f o r  t h e  May samplers. 

10 S 3 
Equation 1: C f  ilter = [(w) x 10 ] - B 

E sivi i - 1  
Equation 2: CMay = [ (  qtf 3 - ) ~ 1 0 ] - B  

where: 

C f i l t e r  & CMay = dyeconcen t ra t i on ,  o f  f i l r e r  o r  May 
r e s p e c t i v e l y ,  ug/m 3 

S = sample concen t ra t i on  f rom spectrophotometer, 
pg/m 1 

V = l i q u i d  volume e x t r a c t e d  f rom a Ray stage, m l  

i = May stage i n d i c a t o r :  1 = top;  2 = center ;  3 = 
bottom 

Q = a i r  f l o w  r a t e  through t h e  sampler, 1pm 
( t y p i c a l l y  5 5  lpm f o r  47 mm and May; 28.3 1pm 
f o r  An aersen) 

t = r u n  t ime,  minutes 

f = c o r r e c t i o n  f a c t o r s  t o  account f o r  sampler 
losses and c o r r e l a t i o n  w i t h  f i l t e r  

B = backgrou a in te r fe rences ,  f o r  dye equ i va len t  t o  
a 0 2  pg/m S 

l o 3  = convers ion f rom l i t e r s  t o  m3 

The E. c o l i  co lony  counts from t h e  two o r  s i x  stage Andersen sampler 
p l a t e s  w e r e x e d  toge the r  t o  g e t  t o t a l  E.  - c o l  i - c o n t a i n i n g  p a r t i c l e s  per 
sampler. The average p l a t e  counts from f n e  May sampler rep resen t  t he  
count per  m l  o f  sample e x t r a c t e d  and were t r e a t e d  t h e  same as t h e  dye per  
m l .  Because t h e  E. c o l i  were r e a d i l y  recogn izab le  and t h e  spray was t h e  
o n l y  source o f  t h i S  s t r a i n  o f  _ -  E .  c o l i ,  t h e  background was assumed t o  b e  



zero.  Tests  r u n  upwind o f  o r  p r i o r  t o  t h e  sp ray  con f i rmed t h i s .  
Conversion t o  ambient a i r  c o n c e n t r a t i o n  was made u s i n g  t h e  f o l  l ow ing  
equa t ions :  

where: 

' ~nde rson  o r  C May = - E .  - c o l i  concen t ra t i on ,  no./m3 

N = number o f  coun ts  pe r  p l a t e  

n  = no. o f  Andersen s tages  used, 2 o r  6 

f L  = c o r r e c t i o n  f a c t o r  t o  account  f o r  sampler 
l osses  and e x t r a c t i o n  procedures 

f C  = c o r r e c t i o n  f a c t o r  t o  account f o r  
c o r r e l a t i o n  w i t h  Andersen 

Both t h e  g l a s s  f i b e r  f i l t e r  sampler and t h e  Andersen v i a b l e  sampler 
have been w i d e l y  accepted as s tandard  sampl ing methods, whereas 
exper ience  w i t h  t h e  May samplers appears t o  b e  somewhat 1 i m i t e d .  Because 
of  t h i s  f a c t  and because t y p i c a l l y  t h e  May gave lower  va lues  f o r  dye and 
E. c o l i  t han  an ad jacen t  4 7  mm f i l t e r  o r  Andersen sampler, t h e  assumption 
wasmade t h a t  t h e  f i l t e r  dye r e s u l t s  and t h e  Andersen E. c o l i  r e s u l t s  -- - 
represen ted  t h e  t r u e  concen t ra t i ons .  

The May c o r r e c t i o n  f a c t o r s  r e f e r r e d  t o  i n  Equa t ions  2 and 4 i n c l u d e  
l osses  due t o  e x t r a c t i o n ,  o p e r a t i o n  and r e l a t i v e  e f f i c i e n c i e s .  A f t e r  t h e  
l i q u i a  was e x t r a c t e d  f r o m  t h e  May, i t  was found  t h a t  a  r i n s e  w i t h  a 
s t e r i l e  1  i q u i  d  would r ecove r  approx imate ly  6% a d d i t i o n a l  sample (dye o r  
E. c o l i ) .  The i n c o r p o r a t i o n  o f  t h i s  sample l o s s  i n t o  a  c o r r e c t i o n  f a c t o r  
i n  o f  t h e  a c t u a l  r i n s e  was a  compromise t o  a v o i d  t h e  inc reased  r i s k  
o f  sample con tam ina t i on  assoc ia ted  w i t h  t h i s  added r i n s e  s t e p .  Recovery 
t e s t s  were a l s o  performed (Appendix E )  i n  which a known E. c o l  i o r  dye 
c o n c e n t r a t i o n  was p l aced  i n  t h e  sampler. The sampler way t h e n h e l d  
s t a t i o n a r y  o r  opera ted  f o r  15 m inu tes  on a  background l eve  1 atmosphere 
and t h e n  t h e  l i q u i d  ex t r ac ted ,  p l a t e d  and i ncuba ted  t o  check f o r  
o p e r a t i o n a l  l osses .  These o v e r a l l  l osses  v a r i e d  f r om sampler t o  sampler 
b u t  averaged approx imate ly  20% f o r  E.  c o l i  whether o r  n o t  a i r  was f l o w i n g  - -  
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through t he  sampler. Less than half  of t h i s  l o s s  was due t o  the  
el imination of the  r i n s e  s t e p  and the  remainder was apparently r e l a t ed  t o  
general ext ract ion procedure losses ,  microorganism aeath and typical  
microbial variabi  1 i  t y  . The overal l  losses  averaged approximate 1 y 20% f o r  
dye i n  a  covered May with a i r  flow. In addit ion t o  t he  r i n s e  l o s s ,  some 
of the  addit ional  loss  may have been due t o  the  ag i t a t ion  and oxidation 
of t h e  dye. 

In a separate  comparison (Appendix F ) ,  27 pa i r s  of May-Andersen 
r e s u l t s  were examined t o  determine t he  extent  of the  agreement of E .  col i  
concentrations a f t e r  t h e  overal l  1 osses of 20% were accounteo f o r  6y an 
f L  = 0.80. A1 1 May samplers i n  t h i s  comparison were coverea with f o i l  
t o  el iminate the  influence of sun l igh t .  The fo l  lowing re la t ionsh ip  

Equation 5: May = 0.82 Andersen ( r 2  = 0.84) 

was found, indicat ing t h a t  even with the  losses  accounted fo r  in  the  
recovery t e s t s ,  t h e  r e s u l t s  from t h e  May sampler on the  average, gave a 
concentration 18% lower than the  Andersen. T h u s ,  a1 1 E .  col i  r e s u l t s  
from the  May sampler (where May was coverea with f  oi 1 ) - w e ~ o r r e c t e d  
using 0.8 ana 0.82 f ac to r s  ( f i  and fc, respec t ive ly ) .  Since t h e  ddta 
had already been corrected with t he  0.8 f a c to r  before the  cor re la t ing  
fac to r  of 0.82 w'as est imated,  t he  e f f ec t i ve  t o t a l  correct ion f ac to r  woula 
ac tua l ly  be f  = 0.66, the  proauct of the  two individual f a c to r s .  For May 
samplers a t  WWTP before f o i l  was usea, an adjustment "L f f i  became 
necessary based on the  estimated amount of so l a r  raa ia t ion  t o  which the  
sampler was exposed. Since t he  support c o l l a r  on the  sampler stdna 
provided some shie lding t o  the  t h i r d  s t age ,  t he  following correct ion 
scheme was developed based o n  t h e  l imi ted s o l a r  rad ia t ion  t e s t i ng .  

Table 3 .  Sampling Loss Correction Factors f o r  
Unshielded Mays, - -  E .  col  i  

f ,  f a c to r  

Solar Radiation, ly/min 
>I .o 

L 
t o r  s tages  I and Z t o r  s tage  5 

0.6 0.8 
0.5 - 1 .O 0.7 0.8 

t 0  .5 0.8 0.8 

A s imi la r  comparison (Appendix G )  of 39 pa i r s  of May-47 mm f i l t e r  
data  was examined t o  determine t he  extent  of the  agreement of dye 
concentrations. Rather than computing t h e  correct ion f ac to r s  separa te ly  
f o r  t h i s  analys is ,  t h e  actual  May and Andersen concentrations were 
compared and t h e  following re la t ionship:  

Equation 6 May = 0.715 Andersen (r2 = 0.97) 

was found, indicat ing an f  = 0.89 in  addit ion to  the estimated f = 0.80. 
Again, f o r  Mays a t  WWTP wi!hhout f o i l ,  an adjustment f o r  f  was developed. 
From recovery t e s t s ,  the support co l l a r  did not appear t o  provide any 
s i gn i f i c an t  protection t o  the dye which i s  very sens i t ive  t o  sunl ight  while 
in solut ion.  



Table 4. O v e r a l l  C o r r e c t i o n  F a c t o r  f o r  Unsh ie lded  Mays, dye 

So la r  Rad ia t ion ,  l y l m i n  f 

> I  .O 0.4 

A c o r r e c t i o n  f a c t o r  suggested b y  Andersen ( 2 ) ,  known as t h e  p o s i t i v e  
h o l e  c o r r e c t i o n ,  was n o t  a p p l i e d  t o  t h e  Andersen d a t a  because t h e r e  i s  
some q u e s t i o n  as t o  i t s  p h y s i c a l  s i g n i f i c a n c e  ( 8 4 ) .  The p o s i t i v e  h o l e  
t h e o r y  s t a t e s  t h a t  as more and more spaces under t h e  200 h o l e s  o f  each 
s tage  a r e  f i l l e d ,  t h e  chance t h a t  a  new p a r t i c l e  w i l l  e n t e r  an a l r e a d y  
occupied space inc reases .  Th i s  p a r t i c l e  wou ld  n o t  b e  counted s i n c e  o n l y  
one coun tab le  c o l o n y  r e s u l t s  i n  each space, whether one o r  more- t h a n  one 
v i a b l e  p a r t i c l e  o r i g i n a l l y  impacted on t h a t  space. From t h e  
observa t ions ,  i t  appears t h a t  above 120 coun ts  on t h e  second s tage  t h i s  
e f f e c t  may b e g i n  t o  become n o t i c e a b l e ,  and above 180 t h e r e  i s  a  
s i g n i f i c a n t  e f f e c t .  A t  l e a s t  i n  t h e  case o f  samp l ing  s i n g l e  E .  - c o l i  
p a r t i c l e s ,  t h e  p o s i t i v e  h o l e  c o r r e c t i o n  does n o t  appear t o  b e r i g n l f  i c a n t  
when t h e  second s tage  coun t  was t han  120. 

Downwind Maximum Center1 i n e  Dye Concen t ra t ion  Est imates 
I n  a  f i e l d  s t u d y  o f  t h i s  t ype ,  t h e  chance o t  p o s i t i o n i n g  any one 

sampler f o r  a  r u n  d i r e c t l y  on t h e  average c e n t e r l i n e  w ind  d i r e c t i o n  i s  
sma l l .  The g r e a t e r  p r o b a b i l i t y  i s  t h a t  t h e  samplers w i l l  s t r a d a l e  t h e  
c e n t e r l i n e  o r  a1 1  be o f f  t o  one s i d e  o f  i t .  I n  b o t h  cases t h e  maximum 
c o n c e n t r a t i o n  f o r  t h a t  downwind d i s t a n c e  w i l l  n o t  be  represen tea  b y  any 
sampler p o s i t i o n  b u t  must  b e  es t imated .  The average w ind  d i r e c t i o n  f r o m  
t h e  s t r i p  c h a r t  r eco rae r ,  which was used as a gu ide  i n  de te rm in i ng  
sampler p o s i t i o n i n g  t o  s e t  up  a  run ,  a l s o  can be  used as a gu ide  i n  
de te rm in i ng  c e n t e r l  i n e  and crosswina p o s i t i o n s  f o r  d a t a  a n a l y s i s .  The 
p r e d i c t e d  c h a r t  cen te r  l i n e  may n o t  agree i n  a1 l cases, however, w i t h  t h e  
a c t u a l  t r e n d  o f  t h e  c o n c e n t r a t i o n  l e v e l s  w i t h  1  a t e r a l  a i s t ance .  T h i s  
disagreement between t h e  a c t u a l  concen t ra t i on -de r i ved  c e n t e r l i n e  and t h e  
i n a i c a t e a  w ind  c h a r t  c e n t e r l i n e  may be  r e l a t e d  t o  t h e  random mo t i on  o f  
t h e  plume from cons tan t  changes i n  w ind  d i r e c t i o n .  Also,  t h e  w ind  
d i r e c t i o n  vane wh ich  was l o c a t e d  near  t h e  sp ray  source  p o s i t i o n  may n o t  
be  capable  o f  a c c u r a t e l y  r e p r e s e n t i n g  t h e  w ind  d i r e c t i o n  downwind a t  t h e  
sampler p o s i t i o n s .  The f i n a l  d e t e r m i n a t i o n  o f  a  b e s t  e s t i m a t e  maximurn 
c e n t e r l i n e  c o n c e n t r a t i o n  was a  judgmental  d e c i s i o n ,  t a k i n g  i n t o  account  
sampler r e s u l t s  as k e l l  as w ind  t r a c e  da ta .  

Three p o s s i b l e  methods ( F i g u r e  9 )  f o r  p r e d i c t i n g  maximum 
concen t ra t i ons  f r o m  t h e  assessment o f  r e s u l t s  were cons idered .  I n  method 
I i t  i s  apparent  t h a t  p h y s i c a l l y ,  t h e  maximum would b e s t  be  rep resen ted  
b y  t h e  i n t e r p o l a t e d  peak. Method I 1  p resen t s  t h e  s i t u a t i o n  i n  which t h e  
maximum sampler c o n c e n t r a t i o n  i s  assumed t o  r e p r e s e n t  t h e  c e n t e r l  i ne ,  
t a k i n g  precedence ove r  t h e  w ind  c h a r t .  Methoa 111 r ep resen t s  a s i t u a t i o n  
i n  which a d d i t i o n a l  we igh t  i s  p laced  on t h e  w ind  c h a r t  r e s u l t s ,  w i t h  a  
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Table 5. Run Parameters and Est imated Maximum Downwind Dye Concentrat ions, WWTP 

21 J u l  78 2 2.5 50 51 33 995 22.9 2.67 

I 
45.7 0.70 

I 
I 

09 Aug 78 1 2.2 60 1.25 68 30 855 45.7 0.80 

1 0 9 A u g 7 8  2 2.2 45 1.25 65 32 877 45.7 1.26 
I 
1 

I 07 Sep 78 2 1.8 60 1.25 48 33 1,390 45.7 0.85 

j 15 Sep 78 1 1.8 4 5 0.60 67 23 1,210 45.7 1.18 
76.2 0.39 I 

15 Sep 78 2 1.8 4 5 0.30 70 24 6,410 45.7 9.92 
76.2 3.80 

24 Oct 78 1 4.5 60 1.00 62 17 23,800 76.2 
i 

12.28 
137.2 2.79 

03 Dec 78 1 1.3 130 0.50 60 21 18,500 76.2 

2 0 D e c 7 8  1 1.6 90 0.20 82 12 22,200 76.2 
I 

I 11 Jan 79  1 2.7 108 
I 

0.15 58 6 11,700 76.2 11.33 

1 '17 Jan 79 2 3.1 90 0.65 44 15 12,300 76.2 
, 152.4 8.30 2.90 
I --- 

( a )  See key a t  end o f  t a b l e  f o r  exp lanat ion  o f  abbrev iated terms and u n i t s .  

I 

I 

I 
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Table 5 (continued) 

Date Run 0 SR - U - - - 

( a )  Key fo r  Terms and Units 

Symbol - Description Un i t s  

~1 Average wind speed metem/second 
8 Wind direction range degrees 
SR Solar radiation langleys/minute 
RH Re1 at ive Humidi t.y % 
T Temperature 0 C 

P Q Source strength vg/second 
IV x Donwwi nd distance meters 

V Viabil i t y  fraction surviving 
k Death rate  second-1 
x Concentration vg/m3 



Table 6. Run Parameters and Estimated Maximum Downwind Dye Concentrations, HWA 

Date Run u (a)  SR RH T Q x 
- - - V k - X - - - 

08 Aug 79 1 2.2 155 1.23 54 34 8,130 38.1 0.005 0.31 7.0 

08 Aug 79 
- 

10 Aug 79 2 2.5 106 1.05 63 33 70,100 76.2 4.0 

'10 Aug 79 3 2.6 82 1.23 56 36 19,000 76.2 7.6 

13 Sep 79 1 2.0 85 0.04 95 20 9,520 38.1 0.99 0.007 12.35 

13 Sep 79 2 2.0 77 0.04 95 20 15,200 38.1 0.99 0.001 19.58 

04 Oct 79 1 1 .O 47 0.44 90 16 10,100 91.4 0.58 0.01 8.83 

09 Oct 79 1 123 0.90 59 24 14,500 38.1 0.09 0.11 8.2 1.7 
76.2 0.07 0.06 2.7 

09 Oct 79 2 2.5 113 1.00 55 27 15,200 38.1 

09 Oct 79 3 2.4 130 0.85 50 28 13,900 38.1 11.7 

23 Oct  79 1 2.4 135 0.30 64 26 11,900 38.1 0.28 0.08 12.0 
76.2 0.12 0.07 2 - 4  

29 Oct 79 1 1 .O 

30 Oct 79 2 1.9 

(a )  See key a t  end o f  tab le  f o r  explanation o f  abbreviated terms and un i t s .  



Table 6. (cont inued) 

Date Ru n - U - 8 - SR -- RH - T - Q -- X - v - k - X - 
31 Oct 79 1 2.7 103 0.90 69 17 12,800 38.1 0.23 0.10 - 

76.2 0.14 0.07 - 
106.7 0.13 0.05 - 

I 31 Oct 79 2 3.0 9 l 0.83 58 21 10,100 38.1 0.11 0.17 - 
I 76.2 0.06 0.11 2.56 
1 
I 
1 

07 Nov 79 1 3,s 88 0.88 56 14 11,500 76.2 0.10 0.11 
I 152.4 0.04 0.07 
I 

2.0 

I 
P 

07 Nov 79 2 3.4 72 0.92 52 15 11,100 76.2 0.04 0.14 

i P 152.4 0.02 0.09 1.13 

07 Nov 79 3 3.5 7 7 0.89 52 16 12,800 76.2 0.02 0.19 3.4 
152.4 0.01 0.11 1 .O 

07 Nov 79 4 3.1 71 0.75 49 16 11,500 76.2 0.03 0.14 5.8 
I 152.4 0.00 - 
1 1 .o 
1 09 Nov 79 1 2.0 72 0.63 61 18 8,330 76.2 0.09 0.06 
I 4.4 152.4 0-08 0.03 
I 

0.90 
228.6 0.03 0.03 0.45 

1 . 
I 

09 Nov 79 2 2.1 112 0.79 65 18 12,800 76.2 0.10 0.06 - 
I 

152-4 0.04 0.04 2.8 
I 228.6 0.03 0.03 0.6 

I 09 Nov 79 3 2.4 152 0.66 63 20 13,900 76.2 0.24 0.04 
I 

- 
152.4 0.16 0.03 - 

1 228.6 0.04 0.03 - 

14 Nov 79 1 5 .O 45 0.84 70 9 9,010 76.2 0.37 0.06 6.0 
152.4 0.11 0.07 2.4 

I 



Table 6. (continued) 

Date Run U - - 8 - SR 
- 

RH T - - Q x - v - k - X - 
14 Nov 79 2 5.4 50 0.92 63 10 11,500 76.2 0.10 0.16 4.92 

152.4 0.09 0.08 1.49 
274.3 0.03 0.07 0.20 

14 Nov 79 3 5.1 54 0.52 63 10 11,500 76.2 0.10 0.15 4.1 
152.4 0.10 0.08 1.25 
274.3 0.03 0.06 

4 
0.20 

14 Nov 79 3.5 46 0.44 52 11 11,900 76.2 0.53 0.03 
6.4 

152.4 0.23 0.03 2.3 
274.3 0.16 0.02 

c -a- r. - 
0.7 

14 Nnv 70 

274.3 
16 Nov 79 1 2.6 85 0.84 49 15 9,010 76.2 

152.4 
16 Nov 79 4 * 1.1 5 9 0.04 59 12 10,800 

152.4 
228.6 -- --- - * Class i f ied as Night-type conditions 



Tab1 e 6 .  (continued) 
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Figure 9.  Maximum Centerline Dye Concentration 
Estimating Methods 
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maximum b e i n g  es t ima ted  f r om an e x t r a p o l a t e d  c u r v e  which was drawn t o  
g i v e  t h e  b e s t  d a t a  f it. General p a t t e r n s  and s lopes  f o r  o t h e r  t y p i c a l  
r uns  a t  t h e  same downwind d i s t a n c e  were used as a  gu ide  i n  drawing t h e  
curve. Obviously,  t h e  more crosswind p o s i t i o n s  p r o v i d i n g  d a t a  a t  any 
d is tance ,  t h e  more 1  i k e l y  i t  i s  t h a t  t h e  e s t i m a t e  would be accurate.  
Three l a t e r a l  p o s i t i o n s  gave t h e  most i n f o r m a t i o n  i n  t h i s  s tudy,  and 
thus, were t h e  l e a s t  s u s c e p t i b l e  t o  major  e r r o r s .  Two l a t e r a l  d a t a  
p o i n t s  r e q u i r e d  more r e l i a n c e  on  suggested t r ends  and s lopes  f rom o t h e r  
t y p i c a l  r u n s  and were more judgmental .  I n  t h e  case o f  o n l y  one da ta  
p o i n t  f o r  a  downwind d is tance ,  i t  was assumed t o  r e p r e s e n t  t h e  maximum 
un less  p h y s i c a l  ev idence suggested o therw ise .  For  example, a  sampl ing 
arrangement w i t h  two samplers a t  7 6  and 152 meters  and one sampler a t  274 
m a1 lowed an average c e n t e r l i n e  t o  b e  p r e d i c t e d  f r o m  t h e  va lues  o f  t h e  76 
and 152 m p o s i t i o n s ,  w i t h  some we igh t  g i ven  t o  c h a r t  d i r e c t i o n .  A v e r y  
rough e x t r a p o l a t i o n  was then  made t o  i nc rease  t h e  v a l u e  o f  t h e  s i n g l e  
p o i n t  i f  i t  was obv ious t h a t  i t  d i d  n o t  r e p r e s e n t  t h e  maximum. 

I n  summary, i t  i s  recogn ized  t h a t  t h e  most d e s i r a b l e  downwind maximum 
would be an a c t u a l  sampler concen t ra t i on  i f  i t  c o u l d  be con f i rmed t o  be 
p o s i t i o n e d  on t h e  c e n t e r l i n e .  I n  r e a l  1  i f e  t h i s  s i t u a t i o n  may n o t  b e  
r e a d i l y  a v a i l a b l e  and t h e  r e s u l t s  may need a  c e r t a i n  amount of  
adjustment.  The da ta  man ipu la t ions  were made w i t h  t h e  i n t e n t  o f  
p r o v i d i n g  t h e  b e s t  es t ima tes  o f  maximum concen t ra t i ons ,  The o v e r a l l  
premise j u s t i f y i n g  these  es t imates  i s  t h a t  i n c r e a s i n g  t h e  va lue o f  t h e  
downwind concen t ra t i on  would p rov ide  a t  l e a s t  a  f a c t o r  o f  s a f e t y ,  e r r i n g  
on t h e  conse rva t i ve  s ide ,  and c o u l d  p r o v i d e  a  more accura te  p h y s i c a l  
r e p r e s e n t a t i o n  o f  t h e  downwind d i spe rs i on .  

E. c o l i  V i a b i l i t y  E s t i m a t i o n  
V i a b i l i t y  i s  de f ined  as t h e  r a t i o  o f  t h e  f i n a l  number o r  

concen t ra t i on  of  v i  ab l  e  microorganisms f o l l o w i n g  some t rea tment  o r  
e f f ec t ,  t o  t h e  i n i t i a l  number o r  c o n c e n t r a t i o n  o f  t h e  same spec ies  p r i o r  
t o  t h e  t reatment .  The v i a b i l i t y  o f  t h e  a i r b o r n e  E. c o l  i t r a c e r  b a c t e r i a  
i n  t h i s  s t u d y  c o u l d  no t ,  however, be determined d i r e m  because t h s  
i n i t i a l  spray c o n c e n t r a t i o n  and t h e  downwind a i r  c o n c e n t r a t i o n  were n o t  
expressed i n  comparable u n i t s .  One method which has been used t o  
determine b a c t e r i a l  v i a b i l i t y  i s  t o  p r e d i c t  an expected downwind 
c o n c e n t r a t i o n  based on t h e  source s t r e n g t h  and me teo ro log i ca l  d i s p e r s i o n  
f a c t o r s  on l y ,  and then  t o  compare t h i s  p r e d i c t e d  amount t o  t h e  a c t u a l  
amount. It i s  assumed t h a t  t h e  d i f f e r e n c e  between t hese  two numbers i s  
t h e  r e s u l t  o n l y  o f  b a c t e r i a l  d ie -o f f ,  b u t  t h i s  p r e d i c t i o n  i s  weak because 
i t  i n h e r e n t l y  absorbs a l l  t h e  a i s p e r s i o n  model e r r o r s  i n t o  t h e  v i a b i l i t y  
p r e d i c t i o n .  

A much more accura te  i n a i r e c t  approach f o r  e s t i m a t i n g  v i a b i l i t y  was 
u t i l i z e d  i n  t h i s  s tudy.  The presence o f  two t r a c e r s ,  one v i a b l e  and one 
non-v i  ab l e ,  sub jec ted  s  imul  taneous ly  t o  t h e  same me teo ro log i ca l  
d i s p e r s i o n  c o n d i t i o n s  p rov ided  two p o i r i t s  o f  comparison. The r a t i o  o f  
t h e  i n i t i a l  E. c o l i  concen t ra t i on  i n  t h e  spray  i n  organisms/ml t o  t h e  

-7 

i n i t i a l  dye concen t ra t i on  i n  g/ml r ep resen ted  i n i t i a l  c o n d i t i o n s  o f  t h e  
systems p r i o r  t o  p r e s e n t a t i o n  o f  any b i o l o g i c a l  cha l lenge .  The u n i t s  o f  
t h i s  r a t i o  a re  organisms/~cg o f  dye. The r a t i o  o f  t h e  E. c o l i  a i r  
concen t ra t i on  i n  organisms/m3 t o  a  dye c o n c e n t r a t i o n  iii f rom 
e i t h e r  t h e  same sampler ( i n  t h e  case o f  t h e  May) o r  an immediate ly  
ad jacen t  sampler r ep resen ts  t h e  f i n a l  c o n d i t i o n s  a f t e r  exposure t o  
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envi ronmenta l  s t r e s s  o f  a i r b o r n e  exposure.  S ince  t h i s  r a t i o  i s  a l s o  
expressed i n  oganisms/ g o f  dye, t h e  r a t i o  o f  f i n a l  t o  i n i t i a l  c o n d i t i o n  
r a t i o s  i s  analogous t o  t h e  l a b o r a t o r y  s t u d y  c f  f i n a l  t o  i n i t i a l  r a t i o .  
Th i s  e x p l a n a t i o n  can b e  summarized by: 

rf Equa t ion  7 :  V = - - Bf 'i - BfDi - (6 - -  
ri f i BiDf 

where : 

V = v i a b i l i t y ,  i n  decimal f r a c t i o n  

r f  = f i n a l  r a t i o  o f  E .  - c o l i  t o  dye i n  sampler a f t e r  
env ironmen t a  1 eTf e c t  s 

f i  = i n i t i a l  r a t i o  o f  E .  - c o l i  t o  dye i n  t h e  sp ray  p r i o r  t o  
env i ronmenta l  e f f e c t s  

Bi = - -  E .  c o l i  c o n c e n t r a t i o n  i n  spray,  no./m1 

Di = a y e c o n c e n t r a t i o n  i n s p r a y ,  pg/ml 

Bf = _ -  E .  c o l i  c o n c e n t r a t i o n  i n  a i r  downwina, no./m3 

3 
Df = aye c o n c e n t r a t i o n  i n  a i r  downwina, pg/m . 

The accuracy o f  these  es t ima tes  i s  aetermined b y  t h e  accuracy o f  t h e  
samplers and b y  t h e  assumption t h a t  l o s s  o f  v i a b i l i t y  occurs  o n l y  w h i l e  
t h e  b a c t e r i a  a r e  a i r bo rne .  As was d iscussed p r e v i o u s l y ,  t h e r e  was a 
c e r t a i n  amount o f  l o s s  when e x t r a c t i n g  t h e  sample f r o m  t h e  May sampler 
a f t e r  c o l l e c t i o n .  The Anderson and 47 mm f i l t e r  d a t a  ( f o r  t h e  E. - c o l i  
and dye r e s p e c t i v e l y )  were used t o  c a l c u l a t e  v i a b i l i t y  d a t a  ( ~ a 6 l e s  5 a 
6 )  whenever p o s s i b l e .  I f  t h e  o n l y  d a t a  a v a i l a b l e  were f r om a May 
sampler, however, t h e  c o r r e c t e d  va lues f o r  t h e  May were used. 



DISCUSSION 

D i spe rs i on  Model ing 
The a b i l i t y  t o  e f f e c t i v e l y  measure downwind v i a b i e  p a r t i c l e  spread 

f rom a  spray  system has been demonstrated i n  t h e  p rev ious  chap te r .  The 
a b i l i t y  t o  p r e d i c t  t h e s e  downwind concen t ra t i ons  b y  f i t t i n g  t h e  d a t a  t o  a  
model i s  now i n v e s t i g a t e d .  Th is  a b i l i t y  t o  p r e d i c t  concen t ra t i ons ,  known 
as t h e  sc i ence  o f  a tmospher ic  d i s p e r s i o n  model ing,  has been c o n t i n u a l l y  
advancing f o r  t h e  p a s t  s i x t y  years .  There a re  numerobs e x c e l l e n t  
pub l  i c a t i o n s  d e a l i n g  w i t h  atmospher ic d i s p e r s i o n  moael ing .  One o f  t h e  
most w i d e l y  c i t e d  and u t i l i z e d  p u b l i c a t i o n s  i s  Tu rne r ' s  "Workbook o f  
Atmospheric D i s p e r s i o n  Est imates1'  (85) . An i m p o r t a n t  a.ssessment o f  t h i s  
document f o r  p o s s i b l e  changes was publ  i shed  b y  t h e  U. S. Environmental  
P r o t e c t i o n  Agency (6l,E9) . Sl ade's Meteoro logy ana Atomi c  Energy (73)  i s  
an ex t r eme l y  comprehensive t r ea tmen t  o t  b o t h  t h e  t h e o r e t i c a l  and 
p r a c t i c a l  aspects  o f  cl i s p e r s i o n  model i n g  and rev i ews  most ma jo r  f i e l  a 
s t u d i e s .  A r e c e n t  s t a t e - o f - t h e  a r t  r e v i e w  b y  Turner (86)  p resen ts  an 
e x c e l l e n t  overv iew o f  c u r r e n t  i n f o rma t i on  as w e l l  as  a v e r y  complete 1 i s t  
o f  r e f e rences .  Though c u r r e n t  mode l ing  techn iques  a r e  s o p h i s t i c a t e o ,  
p r e a i c t i o n s  based on t hese  models a re  s t i l l  o n l y  rough approx imat ions  o f  
t h e  h i g h l y  complex m e t e o r o l o g i c a l  and atmospher ic  processes. Turner ( 8 5 )  
s t a t e s  t h a t  a  b e s t  e s t i m a t e  downwind c o n c e n t r a t i o n  p r e d i c t i o n  can b e  
expected t o  be  w i t h i n  a fa.ctor o f  t h r e e  of  t h e  r e a l  s i t u a t i o n .  The f i n a l  
r e p o r t  o f  t h e  P leasanton s t u a y  (49) suggested t h a t  n c s t  o f  t h e  p r e d i c t e a  
r e s u l t s  f e l l  w i t h i n  a  f a c t o r  o f  f i v e  o f  measured concen t ra t i ons .  Camann 
e t  a l .  (41)  recommendea t h a t  t h e  user  a p p l y  a  f a c t o r  o f  t e n  t o  t h e i r  - 
m o d x  es t imates .  

The f i n a l  model wh ich  was found t o  b e s t  f i t  t h e  d a t a  f r om  t h i s  stucly 
i s  o f  t h e  e m p i r i c a l  form: 

where x = aownwind concen t ra t i on ,  amount/m 3 

Q = source s t r e n g t h ,  amount/sec 

x  = downwind a i s t ance ,  m 

The development o f  t h i s  model was t h e  outcome o f  a st.ep-by-step a n a l y s i s  
o f  v a r i o u s  mode l ing  fo rmats .  Only  t h e  dye d a t a  were used i n  t h i s  model. 
The E .  c o l i  d a t a  were usea as a  gu ide  f o r  e s t i m a t i n g  v i a b i l i t y .  The E .  
c o l i - d a t a a n n o t  b e  used as an i n d i c a t o r  o f  any o t h e r  microorganism synce - 
d i e - o f f  r a t e s  i n  t h e  a i r  would  b e  s p e c i f i c  f o r  each microorganism.  The 
dye d i s p e r s i o n  data,  however, car) be  t hough t  o f  as an envelope, a  



conse rva t i ve  es t ima te ,  o r  as s  i m u l a t i n g  a  v e r y  hardy  microorganism w i t h  
l i t t l e  o r  no d i e - o f f .  

The d a t a  were used t o  develop a  b e s t  f i t  model f o r  each s i t e .  
I n i t i a l l y  two w ind  speed sub-groups were used. A l a t e r  v e r s i o n  o f  t h e  
model combined a l l  w ind  speeds i n t o  one group. A f t e r  d e r i v i n g  an 
equa t i on  which b e s t  r ep resen ted  t h e  d a t a  f rom one s i t e ,  i t  was v a l i d a t e d  
u s i n g  t h e  d a t a  f r o m  t h e  o t h e r  s i t e .  Us ing two  inaependent s e t s  o f  d a t d  
e l i m i n a t e d  t h e  problem o f  t r y i n g  t o  v a i i a a t e  a  model w i t h  t h e  same d a t a  
used t o  generd te  t h e  model. 

Gaussian Approach 
The d i s p e r s i o n  o f  any m a t e r i a l  r e l e a s e d  i n t o  t h e  atmosphere i s  a 

f u n c t i o n  o f  t h e  t u rbu lence  o f  t h e  a i r .  The normal o r  Gaussian 
d i s t r i b u t i o n  f u n c t i o n  p rov i des  a  fundamental  s o l u t i o n  t o  t h e  F i c k i a n  
d i f f u s i o n  equd t i on  (73 ) .  The use o f  t h e  s tandard  d e v i a t i o n  o f  t h e  
Gaussian d i s t r i b u t i o n  o f  plume spread was b a s i c a l l y  developed b y  Pasqui  11 
and G i f f o r d  and i s  t h e  b a s i s  f o r  t h e  wel l -known Gaussian d i s p e r s i o n  
model. The equat ion,  express ing  t h e  downwind c o n c e n t r a t i o n  ( c h i )  i n  
terms o f  a  Car tes ian  x,y,z c o o r d i n a t e  system and a  source emiss ion  h e i g h t  
H y  i s :  

Equat ion 9: 

where x = d o w o w i n o c o n c e n t r a t i o n ,  amount/m3 

Q = source s t r e n g t h ,  arnount/sec 

u = w ind  speed, m/s 

H = source emiss ion  h e i g h t ,  m 

,a = s tandard  d e v i a t i o n  o f  c rossw ina  ano v e r t i c a l  Gaussian plume 
.Y spread, r e s p e c t i v e l y ,  m 

x,y,z = downwind, c rossw ind  and v e r t i c a l  r e c e p t c r  coo rd i na tes ,  
r e s p e c t i v e l y ,  m 

exp[a] = form f o r  ea 

There a r e  a  number o f  assumptions u n d e r l y i n g  t h i s  moue1 equa t i on .  
The c o n c e n t r a t i o n  x r ep resen t s  a  gas o r  an aeroso l  <20 m  i n  d iamete r  
f rom a  con t inuous  source. Constant  w ind  speed, source s t r e n g t h  and t o t a l  
r e f l e c t i o n  o f  t h e  plume f rom t h e  s u r f a c e  (no d e p o s i t i o n  o r  s u r f a c e  
r e a c t i o n )  a r e  assumed. Sampling t i m e s  a r e  g e n e r a l l y  assumea t o  b e  on t h e  
o r d e r  o f  10-30 minutes.  A much s i m p l e r  form o f  t h i s  e q u a t i o n  can be used 



t o  p r e d i c t  maximum c e n t e r 1  i n e  downwind ground 1 eve1 c o n c e n t r a t i o n  f r om  a  
ground l e v e l  source. By s e t t i n g  t h e  source emiss ion  h e i g h t  H = 0, t h e  
r e c e p t o r  h e i g h t  z = 0  and t h e  r e c e p t o r  c rossw ind  d i s t a n c e  y  = 0, a l l  t h e  
exponen t i a l  terms a r e  reduced t o  a  v a l u e  o f  1, l e a v i n g  

Q Equat ion  10: x(x,o,o ;o)  = - u o u  
Y  * 

The c o n c e n t r a t i o n  term, X ,  i s  ob ta i ned  f r o m  t h e  exper imenta l  d a t a  ana 
any e r r o r s  i n h e r e n t  i n  t h e  sampl ing e f f i c i e n c y  a r e  c a r r i e d  th rough  i n  t h e  
moael . The source s t r e n g t h  and w ind  speed a r e  measured i n  each run .  The 
o n l y  unknowns a r e  t h e  terms ay and nz wh ich  a r e  t h e  most c r i t i c a l  
p a r a m t e r s  i n  Gaussian d i s p e r s i o n  model ing a p p l i c a t i o n s .  There i s  no  
s i n g l e  accepted method f o r  de te rm in i ng  va lues  f o r  these  d i s p e r s i o n  
c o e f f i c i e n t s  and t h i s  p rob lem has c r e a t e d  much d i s c u s s i o n  ana con t rove rsy  
among a i r  p o l l u t i o n  and meteoro logy  s c i e n t i s t s .  Sigma va lues  a r e  
t y p i c a l  l y  d e r i v e d  e m p i r i c a l l y  from e x t e n s i v e  f i e l a  data,  b u t  s i n c e  t hese  
exper imenta l  r e s u l t s  a re  a  f u n c t i o n  o f  t h e  s i t e ,  i t s  geography, 
topography and c  1  imate, t h e s e  e m p i r i c a l  va l ues  may n o t  agree. Weber (89) 
has rev iewed many o f  t h e  more wel l -known e m p i r i c a l  methods, as we1 1  a  
some newer t h e o r e t i c a l  approaches f o r  d e r i v i n g  sigma va lues.  There i s  
genera1 agreement t h a t  ay and az  a r e  f u n c t i o n s  o f  v a r i o u s  m e t e o r o l o g i c a l  
f a c t o r s  such as s o l a r  r a d i a t i o n ,  w ind  speea ana w ina  f l u c t u a t i o n ,  wh ich  
c o n t r i b u t e  t o  t h e  o v e r a l l  s t a b i l i t y  o f  t h e  atmosphere. 

There have been many a t tempts  t o  c l a s s i f y  a tmospher ic  s t a b i l i t y  f o r  
t h e  purpose o f  p r e d i c t i n g  changes i n  t h e  sigma va lues .  The b e s t  known 
o f  t hese  c l a s s i f i c a t i o n  systems i s  t h e  one developed b y  P a s q u i l l  ana 
G r i f f o r d  and u t i l i z e d  b y  Turner (85).  Th is  system r a t e s  t h e  atmospher ic  
d i s p e r s i v e  p o t e n t i a l  f r o m  v e r y  u n s t a b l e  ( A )  th rough  n e u t r a l  (D) t o  v e r y  
s t a b l e  ( F ) ,  t a k i n g  i n t o  acount  w ind  speed, c l o u d  cover  and s o l a r  
i n s o l a t i o n .  The 1  a rges t  sigma va lues  r e f l e c t  maximum i n s t a b i l i t y  ana 
p o l l u t a n t  d i f f u s i o n ,  and thus,  t h e  s m a l l e s t  downwind concen t ra t i on .  The 
sigma va lues  i nc rease  1 o g a r i  t hm ica l  l y  w i t h  downwina a i s t ance ,  g e n e r a l l y  
f o l l o w i n g  t h e  power law f u n c t i o n  y = axb. Standard p l o t s  o f  ~ J I  

and az versus  d i s t a n c e  f o r  each s t a b i l i t y  c l a s s  a r e  found  i n  Turner 
( 8 5 ) ,  S l  ade (73 )  and many o t h e r  sources. These p l o t s  have minor  o r  maJor 
d i f f e r e n c e s  depending on t h e  exper imenta l  d a t a  f r om  wh ich  t h e y  were 
developed. 

An a t t emp t  was made t o  c l a s s i f y  each r u n  i n t o  a P a s q u i l l - G i f f o r d  
s t a b i  1  i t y  c l a s s  based on  oaserved c o n d i t i o n s .  Approx imate ly  h a l f  t h e  
r u n s  were s i m i l a r  t o  c l a s s  C, s l i g h t l y  uns tab le ,  a  t h i r d  were e i t h e r  
n e u t r a l  c l a s s  D o r  n i g h t  r u n s  and t h e  remainder  appeared t o  be modera te ly  
uns tab le ,  c l a s s  B. Equa t ion  50 was used t o  p r e d i c t  a  downwina 
c o n c e n t r a t i o n  x p  basea on  Tu rne r ' s  (85) sigma va lues .  T h i s  x p  was 
t hen  p l o t t e d  ve rsus  t h e  observed i n  F i gu re  10. A l though t h e r e  does n o t  
appear t o  be  any  o v e r a l l  s i g n i f i c a n t  c o r r e l a t i o n ,  a n a l y s i s  i n d i c a t e s  
s i g n i f i c a n t  c o r r e l a t i o n s  ( p  ( "01)  f o r  l e a s t  squares a n a l y s i s  b e s t  f i t  
l i n e s ,  we igh ted  th rough  z e r o  when t h e  d a t a  i s  separa ted  b y  s t a b i l i t y  
c l ass .  The equa t ions  o f  t h e  l i n e s  i n d i c a t e  t h a t  t h e  Turner  model 
o v e r p r e d i c t e d  t h e  observed r e s u l t s  b y  3.75, 4.2 and 16 f o r  t h e  6, C, ana 
D c lasses ,  r e s  e c t i v e l y .  The va lues  f o r  t h e  squared c o r r e l a t i o n  S c o e f f i c i e n t ,  r , f o r  6, C and D were 0.62, 0.73 ana 0.90. 





Because o f  t h e  v a r i a b i l i t y  o f  t h e  d a t a  ana i n a b i l i t y  t o  o b t a i n  gooa 
agreement w i t h  t h e  Turner p r e d i c t i o n s ,  t h e  d a t a  was examined w i t h  t h e  
i n t e n t  o f  d e r i v i n g  an e m p i r i c a l  model. The d a t a  was separated i n t o  two 
groups w i t h  a  w ind  speed o f  3 m/s s e l e c t e d  as a  boundary f o r  low and h i g h  
wind cond i t i ons ,  r a t h e r  t han  t h r e e  s t a b i l i t y  c l asses  t o  avo id  d i v i d i n g  
t h e  da ta  i n t o  subca tegor ies  w i t h  t o o  few p o i n t s  t o  a l l o w  s i g n i f i c a n t  
ana lys is ,  S i x  o f  t h e  HWA r u n s  were separated i n t o  a  t h i r d  ca tegory  f o r  
n i g h t - t y p e  c o n d i t i o n s .  

S ince t h e  va lues  f o r  terms x, Q and u  were a v a i l a b l e  f r om t h e  d a t a  i n  
t h e  p resen t  study, Equat ion 10 was s i m p l y  rear ranged t o  s o l v e  f o r  t h e  
p roduc t  o f  t h e  two s  igmas, des ignated S: 

n 

Equat ion  11: S = ( a  a  ) = &  
Y Z  v X U  

It was n o t  necessary t o  separate t h e  cry and oz terms f rom t h e  e m p i r i c a l  
sigma produc t  va lues  s i n c e  t h e y  were used t o  generate c e n t e r l i n e  
concent ra t ions .  However, crosswind d i s p e r s i o n  es t ima tes  were d e r i v e d  ano 
w i  11 be d iscussed l a t e r .  

A  summary o f  t h e  sigma produc t  S va lues  a t  v a r i o u s  downwind d i s tances  
i s  presented i n  Table 7. Al though some o f  t h e  s tandard d e v i a t i o n s  o f  t h e  
average S va lues  a r e  q u i t e  1  arge and t h e  d a t a  a r e  1  irni t e d  a t  t h e  longer  
d is tances,  a  d e f i n i t e  t r e n d  can be  seen i n  t h e  aata.  M o s t o y  a n d a z  
d a t a  a r e  p l o t t e d  on  l o g - l o g  paper t o  f i t  t h e  t y p i c a l  power law f u n c t i o n  
and i t  was assumed t h a t  t h i s  r e l a t i o n s h i p  would a l s o  h o l d  t r u e  f o r  a  p l o t  
o f  t h e i r  products .  The equat ions  r e l a t i n g  S t o  downwinu d i s t a n c e  were 
d e r i v e d  u s i n g  a  l e a s t  squares s imp le  l i n e a r  r e g r e s s i o n  techn ique  a p p l i e d  
t o  t h e  l o g  t ransforms o f  S aria x .  Then t h e  s lopes  anci i n t e r c e p t s  were 
conver ted  back t o  t h e  power l aw  form. The squared c o r r e l a t i o n  
c o e f f i c i e n t ,  r2, t h u s  expresses t h e  pe rcen t  o f  t h e  va r i ance  o f  l o g  S 
exp la i ned  b y  l o g  x. Th i s  l o g  t r ans fo rm  method compressed t h e  sca les  o f  
t h e  numer ica l  values, decreas ing t he  s e n s i t i v i t y  o f  t h e  c o r r e l a t i o n  
c o e f f i c i e n t  t ech  ique ana p roduc ing  somewhat e l e v a t e d  r2 va lues .  The 9 ex t reme ly  h i g h  r values,  however, a r e  c o n s i s t e n t  w i t h  a  good f i t .  
These equat ions  a re  p l o t t e d  i n  F igu re  11. The l i n e s  a r e  somewhat 
p a r a l l e l  and show a  t r e n d  toward sma l l e r  S va lues  w i t h  increasea 
atmospheric s t a b i l i t y ,  w i t h  h i g h e r  speed winds g e n e r a l l y  i n d i c a t i n g  more 
s t a b i l i t y .  N igh t  c o n d i t i o n s  were u s u a l l y  t h e  most s t a b l e .  T h i s  decrease 
i n  aya,corresponds t o  what shou ld  be  o c c u r r i n g  p h y s i c a l l y  i n  t h e  
atmosphere. As s t a b i l i t y  i ncreases, t u r b u l e n t  m i x i n g  decreases, and t h e  
plume remains more i n t a c t  w i t h  a  sma l l e r  plume spread. A comparison o f  
t h e  exper imenta l  curves w i t h  app rop r i a te  curves  d e r i v e d  f r o m  Turner  (85) 
shows t h a t  t h e  Turner d a t a  underest imate t h e  sigma va lues,  e s p e c i a l l y  
when x  ~ 1 0 0  m  ( F i g u r e  12) .  Turner d i d  n o t  i n t e n d  h i s  sigma va lues  t o  b e  
used a t  d is tances  l e s s  than  100 m  b u t  o t h e r s  ( 9 )  have e x t r a p o l a t e d  them 
back t o  s h o r t e r  d is tances .  I t has been suggested t h a t  t h e  Turner  method 
underest imates sigma va lues  and t hus  overes t imates  downwind 
c o n ~ e n t r a t i ~ n s .  Santomauro e t  a1 . (67) r e p o r t e d  t h a t  t h e i r  a  and a, 
curves overest imated t h e  T u r i i i r X w v e s  a t  a1 1  s t a b i  1  i t i e s  a n y  suggested 
t h a t  t h i s  may have been due t o  a i r  t r a j e c t o r y  meanderings f r o m  p e r s i s t e n t  
s t agna t i on  c o n d i t i o n s  i n  t h e  Po Va l ley .  They a l s o  c i t e  Wi lson whose 
d i s p e r s i o n  c o e f f i c i e n t s  were as l a r g e  as s i x  t i r e s  t hose  o f  Turner,  w i t h  
low wind speed i n  t h e  f i r s t  400 m. Th is  a i r  t r a j e c t o r y - p l u m e  meanderings 
exp lana t i on  may be r e s p o n s i b l e  f o r  t h e  inc reasea  sigma va lues  a t  c l o s e r  



I 

Table 7. Sumnary o f  (o  Y o * ) Products vs. Downwind Distance 

2 S = ax b r 2 
n S i te  - - Wind Category S (stnd.dev.), m - I 

WWTP u < 3  m/s 22.9 53 (8) 2 I 45.7 169 (61) 7 S = 0 .678~  1*410 0.983 
76.2 283 (161) 5 I 

S i te  - Wind Category 

WWTP u < 3  m/s 

WWTP 

I 

i HWA 

i 
I 

1 : :  HWA 

I 
1 
I HWA Night 76.2 158 (63) 

152.4 420 (209) 
274.3 1164 
304.8 1282 (325) 



F lgu re  11. Exper lmenta l  5 o (S) Bes t  F i t  L ines  f o r  Each S i t e  
Y Z  



Figure 12. Comparison o f  Experimental S Curves with Turner 

X ,  meters 



d is tances .  The a c t u a l  plume may have a sma l l e r  sprcaa b u t  t h e  meanaering 
o f  t h e  e n t i r e  plume g i v e s  a l a r g e r  apparent  spread. As d i s t a n c e  
inc reases  t h i s  meandering would b e  l e s s  d e t e c t a b l e  w i t h i n  t h e  o v e r a l l  
d i s p e r s i o n  averag ing  e f f e c t s .  Th is  e x p l a n a t i o n  may i n d i c a t e  t h a t  
Tu rne r ' s  equat ions f o r  t h e  plume spread a t  l onge r  d i s t ances  cannot be  
appl  i e d  t o  t h e  wander ing plume a t  s h o r t e r  c l is tances . The exper imenta l  
equa t i on  exponent b va lues,  which on a l o g - l o g  p l o t  r ep resen t  s lope,  a r e  
sma l l e r  than  Turner I s .  Thus, f o r  sma l l  va lues  o f  x, t h e  exper imenta l  
r e s u l t s  i n o i c a t e  a l a r g e r  s i s p e r s i o n ,  b u t  a t  1 arger  d i s t ances  t h e  1 i nes  
w i  11 i n t e r s e c t  and agree w i t h  t h e  Turner l i n e s .  Table 8 presents  a 
comparison o f  t h e  power law parameters, a and b, f r om  San tornauro e t  a l .  -- 
( 6 7 ) ,  Singer  and Smith (721, as we1 1 as Turner (85) and t h e  exper imenta l  
ddta ,  

The eqca t i ons  f o r  X, as a f u n c t i o n  c f  x, b a ~ e d  on t h e  Gaussian model 
were developed b y  s u b s t i t u t i n g  t h e  express ions  f o r  S i n t o  Equat ion 10 anu 
a re  g i v e n  i r ,  Table 9. These equa t ions  were t h e n  v a l i d a t e d  b y  c a l c u l a t i n g  
p r e d i c t e d  downwind concen t ra t i ons  f r om t h e  WWTP model u s i n g  HWA da ta  and 
v i c e  versa.  The precr ic tea versus  observed concen t ra t i ons  a re  p l o t t e d  i n  
F i g u r e  13 f o r  t h e  WWTP moael and F igu re  14 f o r  t h e  HWA model. A summary 
o f  t h e  v a l ~ d a t i o n  comparison i s  g i v e n  i n  Tab le  10. The equa t i on  r e l a t i n g  
p r e d i c t e d  t o  observed va lues  was generated b y  a s imp le  1 i n e a r  r eg ress i on ,  
weightee th rough  z e r o  t o  p r o v i d e  more r e a l  i s t i  c p h y s i c a l  meaning. The 
maximum va lue  o f  P red i  cted/Observed o r  Observed/Predicted was s e l e c t e d  i n  
o rde r  t o  nave a l l  comparisons g r e a t e r  t han  one. Th i s  v a l u e  i s  r e f e r r e a  
t o  as R a t i o  and a percentage o f  t h e  cases i n  which t h e  model 
underp rea ic ted  t h e  observed v a l u e  i s  g i v e n  t o  i n a i c a t e  t h e  ba lance  of  t h e  
model. I t  appears t h a t  t h i s  model f a l l s  w e l l  w i t h i n  accep tab le  l i m i t s  o f  
p r e a i c t i v e  c a p a b i l i t i e s .  

Non-Gaussian Approach 
A second approach t o  t h e  aevelopment o f  a n a p p r o p r i a t e  d i s p e r s i o n  

moael i s  t o  remove t h e  confinement, o f  t h e  Gaussian d i s t r i b u l i o n  and 
cons ider  t h e  model as t h e  r e l a t i o n s h i p  between a aependent v a r i a b l e ,  
r rormal izea aownwinci maximun~ concen t ra t i on  (x/Q), ana a number o f  
independent v a r i a b l e s  i n c l u a i n g  downwind d i s t a n c e  and me teo ro l og i ca l  
parameters. A b e s t  f i t  model can then b e  aevelopeo u s l n g  a s imp le  l e a s t  
squares f i t  l i n e a r  r e g r e s s i o n  a n a l y s i s .  S i x  indepenaent v a r i a b l e s  were 
s e l e c t e a  as b e i n g  most l i k e l y  t o  be correlates t o  t h e  r e s u l t i n g  downwina 
concen t ra t i on .  These ~ a r i a b l e s  and t h e i r  u n i t s  are:  

downwind d i s t a n c e  x m 

average w ind  speed 

r e l a f  i v e  h u m i d i t y  R H % 

s tanaard  d e v i a t i o n  o f  5 e r a d i a n s  
w ind  f l u c t u a t i o n  

s o l a r  r a a i a t i o n  S K l y /m in  

temperature T OC 



Table 8 .  Comparison of  Several Equations f o r  o o 
Y Z  

System & S t a b i l  i t y  Classes  a 

Turner (85) 

L 
D - ( n e u t r a l )  

Brookhaven National Laboratory, 
S inger  and Smith (72)  

2 0.164 
1.82 

1 
0.119 1.72 

C ( n e u t r a l )  0.070 1.56 
D 0.019 1.42 

Santomauro e t  a l .  (67) 
Continental f l a t  s i t e  
A 
B 
C 
D 
E 
Coastal ,  h i l l y ,  s i t e  

Experimental Data 

WW TP 

u<3 m/s 
u23 m/s 

HWA - 
u<3 m/s 
u r 3  m/s 
Night 

b 
Note: Form o f  equa t ion  i s  a = ax . All s t a b i l i t y  c l a s s e s  

ordered from most unsXa61e t o  most s t ab l e .  Values for a & b 
a r e  es t imated  by combining s e p a r a t e  o and oZ equat ions  on 
graphs from t h e  r e f e r ences .  Y 



Table 9 .  Gaussian Version o f  Experimental Dispers ion Model 

S i t e  I Windcategory - 

WWTP 1 u <3 m/s 

WWTP 
I 
I u 23 m/s 

HWA i N igh t  

Model Equation, X = 



Table 10. Va l i da t i on  Sumnary f o r  Gaussian Models 

WWTP Model - HWA Model 
u <3 m/s u a3 m/s u <3 m/s u 23 m/s 

Equation coe f f i c i en t ,  b 
i .e .  b value o f  1.28 1.02 0.54 0.66 
Pred = b x Obs 

2 Cases PredeObs 2 7 3 8 

% Ra t i o  <2 

% Rat io  <3 



Figure  13. P l o t s  of P red i c ted  t o  Observed Dye Concentrat ions 
Val i d a t i n g  WWTP Gaussian Model 
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t- 1 6 . 0  
0 
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Figure 14. Plots of Predicted to Observed Dye Concentrations 
Validating HWA Gaussian Model 

t l a )  u < 3 m / s  

DYE,  OBSERVED ~ g / r n '  

D Y E ,  OBSERVED ug /m3 



The i n i t i a l  f o r m  t o  express t h e  v a r i a b l e s  and c o e f f i c i e n t s  f o r  t h e  
l i n e a r  m u l t i p l e  r e g r e s s i o n  a n a l y s i s  was: 

- b  + b  x  + b U + b  R H  1. b40e  b5SR + b6T Equa t ion  12: X/Q - 
0 1  2  3 

which was s o l v e d  f o r  t n e  b e s t  f i t  va lues  o f  t h e  bi c o e f f i c i e n t s .  
A1 though a  f i r s t  o r d e r  a d d i t i v e  mode 1  s  ch as t h i s  i s  n o t  t h e  t y p i c a l  
form used f o r  such a  p h y s i c a l  system, re va lues  were eva lua ted .  No 
s i n g l e  independent v a r i a b l e  was c o r r e l a t e d  w i t h  t h e  dependent v a r i a b l e  
w i t h  an r2  g r e a t e r  than  0. 8 and even w i t h  eve ry  v a r i a b l e  i n c l u d e d  i n  
t h e  equa t i on  t h e  h i g h e s t  r3 was 0.66. 

A m u l t i p l i c a t i v e  model was t hen  eva lua ted .  The genera l  f o r m  o f  t h i s  
moael i s :  

- 

I f  t h e  l o g a r i t h m  o f  each t e r m  i s  taken, Equa t ion  13 i s  t rans fo rmea i n t o  a 
f o rm  compat ib le  w i t h  t h e  1 i n e a r  r e g r e s s i o n  technique:  

Equa t ion  14: 

l o g x / Q  = logb, + bl l o g x  + b210gu = b31 ogRH + b410g oe + b51 ogSR + b  1  ogT 

A f t e r  t h e  s lopes  and i n t e r c e p t  a re  c a l c u l a t e d  f r o m  a  l e a s t  squares f i t ,  
t h e  s lopes  become t h e  exponents and t h e  a n t i  l o g  o f  t h e  i n t e r  e p t  becomes 'i t h e  c o e f f i c i e n t  i n  t h e  power law (Equa t ion  13) .  Values o f  r were 
computed f o r  t h e  t ransformed m u l t i p l i c a t i v e  model o f  each s i t e  
sepa ra te l y .  The n i g h t - t y p e  r u n s  were n o t  examined f o r  t h e  HWA s i t e  s i n c e  
i t  was assumed t h a t  n i g h t  c o n d i t i o n s  and t h e  r e s u l t i n g  concen t ra t i ons  
would be s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h e  r e s t  o f  t h e  data.  The r2 
va lues  f o r  t h e  c o r r e l a t i o n  o f  l o g  x/Q w i t h  t h e  l o g  o f  each independent 
v a r i a b l e  were determined s e p a r a t e l y  ( by  l e t t i n g  t h e  unwanted b i  = 

O h  , as w e l l  as w i t h  some combinat ions o f  v a r i a b l e s  (Tab le  1 1 ) .  These r 
va lues  e x p l a i n  t h e  v a r i a n c e  i n  l o g  x/Q due t o  t h e  l o g  o f  t h e  v a r i a b l e  o r  
combinat ion o f  v a r i a b l e s .  The downwind d i s t a n c e  was t h e  o n l y  i n d i v i a u a l  
v a r i a b l e  w i t h  which x / Q  was s t r o n g l y  c o r r e l a t e d .  Adding o t h e r  v a r i a b l e s  
t o  t h e  model gave some improvement b u t  n o t  enough t o  j u s t i f y  t h e  
inc reased  c o m p l e x i t y  o f  t h e  model and t h e  d i f f i c u l t y  and e x t r a  expense o f  
p h y s i c a l l y  c o l l e c t i n g  t h e  m a r g i n a l l y  u s e f u l  da ta .  The w ind  speea t e rm  
was r e t a i n e d  i n  t h e  model even though i t  added o n l y  s l i g h t l y  t o  t h e  
use fu lness  o f  t h e  model, s i n c e  t h i s  wou ld  a l l o w  a  b e t t e r  comparison o f  
t h e  l i n e a r  r e g r e s s i o n  models t o  t h e  Gaussian models. The r e s u l t i n g  
non-Gaussian, 1  i nea r  r e g r e s s i o n  models f o r  each s i t e  a r e  p resen ted  i n  
Tab le  12 a l ong  w i t h  t h e  r2 v a l u e  f o r  t h e  moael and t h e  number o f  d a t a  
p o i n t s  i n  t h e  p a r t i c u l a r  w ind  ca tegory .  



Table 11. R' Values f o r  I n i t i a l  Screening o f  Var iab les 
f o r  Best  F i t  L i nea r  Regression Model 

Var iab le  WWTP 
HWA (except  

n igh t - t ype  runs 

a1 1  v a r i  abl es 0.83 0.85 



Table 12.  L inea r  Regression Experimental Dispers ion 
Model s 

Model 

S i t e  Wind Category Equation, x/Q = r n - -- 

WWTP u <3 m/s 

WWTP u 23 m/s 

HWA 

HWA u 1 3  m/s 

N igh t  

WMTP A1 9 data 

HWA A l l  data 0.415 u -0.09x-1 -61 0.82 63 

(except n i  gh t -  type 
runs) 
































































































































































































































































































