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ABSTRACT

The body o f  i n f o r m a t i o n  p r e s e n t e d  in  t h i s  p a p e r  i s  

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

içrowth p r o b le m s .  The r e s e a r c h  u s e s  t h e  s t a t i s t i c a l  c o r ­

r e l a t i o n s  between t h e  r e g r e s s i o n  o f  dem ograph ic  and  e m is ­

s i o n s  d a t a  to  c o n s t r u c t  a  model t o  p r e d i c t  f u t u r e  a i r  

p o l l u t i o n  e m i s s i o n s ,  c o n c e n t r a t i o n s ,  and  c o s t s - t o - c o n t r o l  

b a sed  upon dem ograph ic  d a t a  i n p u t s  from a  p o p u l a t i o n  m o d e l .

C o r r e l a t i o n s  were r u n  f o r  23 c i t i e s  r a n g i n g  i n  p o p u l a ­

t i o n  from lUD t h o u s a n d  t o  2 m i l l i o n .  These  c o r r e l a t i o n s  

a r e  between t o t a l  p o l l u t a n t  e m i s s i o n s  and t h e  d em ograph ic  

f a c t o r s  o f  p o p u l a t i o n ,  number o f  p a s s e n g e r  v e h i c l e s  r e g i s ­

t e r e d  in  t h e  c o u n t y ,  and  t h e  p e r c e n t  o f  t h e  work f o r c e  

employed in  m a n u f a c t u r i n g .  Land a r e a  i s  used  to u n i t i z e  

t h e  e m i s s i o n s  on a t o n  p e r  s q u a r e  m i l e  p e r  y e a r  b a s i s .

Us ing  t h e s e  c o r r e l a t i o n s  t o  d e s c r i b e  c i t i e s  o f  i n c r e a s i n g  

s i z e  and  a g e ,  a  l i n e a r  m o d e l in g  t e c h n i q u e  i s  u s e d  t o  d e s ­

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

e i t h e r  on a  g e o g r a p h i c a l  o r  a  p o p u l a t i o n - i n d u s t r i a l  g ro w th  

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

g ro w in g  c i t y  w i l l  f a l l  p r e c i s e l y  on t h e  r e g r e s s i o n  l i n e  i s  

low, t h e  model p r o v i d e s  t h a t  m e asu re d  e m i s s i o n  v a l u e s  may
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be s u b s t i t u t e d  t o  e s t a b l i s h  a  more r e p r e s e n t a t i v e  r e g r e s ­

s i o n  f o r  t h a t  c i t y .

R e d u c t i o n s  in  e m i s s i o n s  from m o b i l e  s o u r c e s  a s  a  

r e s u l t  o f  t h e  r e q u i r e m e n t s  o f  t h e  Air  Q u a l i t y  Act o f  1^67 

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

iy ?5  -  1976 a r e  p r e d i c t e d  by a  s t e p - f u n c t i o n .

F u t u r e  c o n c e n t r a t i o n s  o f  a i r  p o l l u t i o n  a r e  p r e d i c t e d  th r o u g h  

t h e  u s e  o f  m e t e o r o l o g i c a l  r e t e n t i o n  f a c t o r s  d e v e l o p e d  by 

George C. H o lz w o r th .  The amount o f  e m i s s i o n s  in  e x c e s s  o f  

t h e  am bien t  a i r  q u a l i t y  s t a n d a r d s  a r e  p r e d i c t e d  and  t h e  

t o t a l  c o s t - t o - a b a t e  t h e s e  e x c e s s e s  i s  c a l c u l a t e d .

The model i s  v a l i d a t e d  a g a i n s t  t h e  m e a s u re d  e m i s s i o n s  

and c o n c e n t r a t i o n s  o f  n i n e  c i t i e s .
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AN URBAN AIR POLLUTION PREDICTION MODEL 

BASED ON DEMOGRAPHIC PARAMETERS

CHAPTER I 

INTRODUCTION

Many m ode ls  have  b e e n  d e v e l o p e d  t o  p r e d i c t  t h e  l o c a t i o n  

and  amount o f  a i r  p o l l u t i o n  o v e r  u r b a n  a r e a s .  Most o f  

t h e s e  m o d e ls  d i s p e r s e  a  known amount o f  p o l l u t a n t  f rom a  

p o i n t  o r  l i n e  s o u r c e  i n t o  a  s p e c i f i c  volume o f  a i r  t h r o u g h  

t h e  u s e  o f  m a t h e m a t i c a l  e q u a t i o n s  r e p r e s e n t i n g  t h e  m e t e o r ­

o l o g i c a l  p a r a m e t e r s  o f  wind s p e e d ,  d e p t h  o f  t h e  v e r t i c a l  

m ix in g  l a y e r ,  and  d i s t a n c e  from t h e  s o u r c e .  These  m o d e ls  

have  p r o d u c e d  a c c u r a t e  e s t i m a t e s  o f  p o l l u t i o n  c o n c e n t r a ­

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

p r e s e n t  w here  t h e  e m i s s i o n s  a r e  known. A t h o r o u g h  u n d e r ­

s t a n d i n g  o f  p r e s e n t  a i r  p o l l u t i o n  c o n d i t i o n s  an d  m e c h a n ic s  

i s  c r i t i c a l  t o  an  e f f e c t i v e  a b a te m e n t  p ro g ram .  However,  

t h e r e  i s  a  n e e d  f o r  a  m o d e l in g  t e c h n i q u e  t h a t  w i l l  p r o v i d e  

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

m ig h t  be e x p e c t e d  in  a  c i t y  t h a t  i s  g rowing  in  s i z e  and 

c o m p l e x i t y .
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The p u r p o s e  o f  t h i s  r e s e a r c h  was t o  d e v e l o p  a  model  

w h ich  u s e s  p r e d i c t e d  dem ograph ic  p a r a m e t e r s  a s  a  d r i v i n g  

f o r c e  to  p r e d i c t  f u t u r e  a i r  p o l l u t i o n  e m i s s i o n s ,  c o n c e n t r a ­

t i o n s ,  and  c o s t s - t o - a b a t e  f o r  a  t y p i c a l  c o n t i g u o u s  U n i t e d  

S t a t e s  c i t y .  T h i s  model was to  h a v e  t h e  c a p a b i l i t y  o f  

b e in g  m a n i p u l a t e d  by a  c o m p u t e r i z e d  p r o g ra m ,  a  d e s k  

c a l c u l a t o r ,  o r  even  w i t h  j u s t  p a p e r  a n d  p e n c i l  in  a  

r e a s o n a b l y  s h o r t  p e r i o d  o f  t i m e .  I t  was a l s o  t o  be a p p l i c ­

a b l e  to  g e o p o l i t i c a l  u n i t s  r a n g i n g  i n  s i z e  f rom  a  sm a l l  

c i t y  i s o l a t e d  by s p a c e  f rom  o t h e r  c i t i e s  t o  l a r g e  m e t r o ­

p o l i t a n  a r e a s  c o v e r i n g  t h e  l a r g e s t  p o r t i o n  o f  a  c o u n ty  and  

i n c l u d i n g  o ne  o r  more s u b u rb an  co m m u n i t i e s  o u t s i d e  t h e  main  

c i t y  l i m i t s .

The m a jo r  p ro b le m  i n  t h e  model  d e v e lo p m e n t  was t h e  

p ro c u re m e n t  o f  c u r r e n t  dem ograph ic  p a r a m e t e r s  and e m i s s i o n s  

i n v e n t o r i e s  f o r  r e p r e s e n t a t i v e  c i t i e s  o f  v a r i o u s  s i z e s  i n  

t h e  c o n t i g u o u s  U n i t e d  S t a t e s .  An i m p o r t a n t  c o n s t r a i n t  i n  

t h e  model d e v e lo p m en t  was t h e  d i f f e r e n c e s  In  d a t a  g a t h e r i n g  

a n d  r e p o r t i n g  t e c h n i q u e s  u s e d  by t h e  v a r i o u s  s t a t e s  and  t h e i r  

e n v i r o n m e n ta l  c o n t r o l  a g e n c i e s .  For  exam ple :  Some c i t i e s

r e p o r t e d  e m i s s i o n s  i n v e n t o r i e s  r e p r e s e n t a t i v e  o f  t h a t  c i t y  

o n l y ,  where  o t h e r s  c a l c u l a t e d  t h e i r  e m i s s i o n s  i n v e n t o r i e s  

f o r  t h e  w h o le  c o u n t y  o r  even  f o r  an  A i r  P o l l u t i o n  C o n t r o l  

Region  i n v o l v i n g  s e v e r a l  c o u n t i e s  i n  more t h a n  one s t a t e .

Due t o  t h e  n o n - s i m i l a r i t y  o f  r e p o r t e d  d a t a ,  c o r r e l a t i o n s  

b e tw een  d e m o g ra p h ic  p a r a m e t e r s  and  p o l l u t a n t  e m i s s i o n s
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were d i f f i c u l t  to  c a l c u l a t e .  The development o f  em iss io n s  

u n i t s  on an amount per square m ile  b a s is  a id ed  in  a r r iv in g  

at th e se  c o r r e la t io n s .

In the  p o l lu t io n  co n c en tr a t io n  phase o f  the  model, 

r e te n t io n  f a c t o r s  developed  by George C. Holzworth (1 9 7 D  

were used  to d e sc r ib e  th e  m e te o ro lo g ica l  tran sp ort mech­

anisms o f  th e  atmosphere. A step  fu n c t io n  was developed  to  

p r e d ic t  th e  red uction  in  motor v e h ic l e  generated  p o l lu t a n t s  

as an expected  r e s u l t  o f  th e  Air Q uality  Act o f  19^7»

U nited  S ta te s  Congress (P u b lic  Law 90-14'^) which r e q u ir e s  

new motor v e h i c l e s  a s  o f  1975 -  197& to  reduce th e se  

e m iss ion s  by 90  ̂ o f  th e  1971 v e h ic l e  model measured v a lu e s .

An average abatement c o s t - p e r - t o n  was c a lc u la t e d  from 

the r e s u l t s  o f  a study by J). A. LeSourd, e;t. a d . (1970) and 

i s  used  to p r e d ic t  the fu tu r e  c o s t s  o f  an abatement program 

to m aintain  the  s t a t e  or Air P o l lu t io n  Control Region  

c o n cen tra t io n  standards.

I t  i s  b e l ie v e d  th a t  t h i s  model w i l l  provide a means 

for p r e d ic t in g  fu tu re  a ir  p o l lu t io n  c o n d it io n s  for  a  c i t y  

where on ly  demographic growth parameters are p r e d ic te d  and 

where th ere  i s  i n s u f f i c i e n t  h i s t o r i c a l  or planning base for  

p r e d ic t in g  fu tu re  a ir  p o l lu t in g  c o n d it io n s .



CHAPTER II 

LITERATURE REVIEW

The Air P o l lu t io n  Problem 

Although on ly  r e c e n t ly  r eco g n ized , a ir  p o l lu t io n  has 

been a problem in  th e  U n ited  S ta te s  fo r  s e v e r a l  d ecades.

The v a s t  in d u s tr ia l  complexes that develop ed  in  n orth ea stern  

c i t i e s  such a s  P it tsb u r g h  and D e tr o it  have produced la rg e  

amounts o f  p o llu ta n ts  s in c e  e a r ly  in  t h i s  c en tu ry . At 

f i r s t ,  t h i s  p o l lu t io n  was looked upon a s  on ly  a smoke prob­

lem req u ir in g  more frequ en t c le a n in g  o f  c lo th in g  and p a in t ­

ing o f  b u i ld in g s .  S ince  World War I I ,  in c r e a s in g  numbers 

o f  communities have exp er ien ced  the adverse  e f f e c t s  o f  

atmospheric contam ination . In em attem pt to  prov ide  the  

b a s ic  data  n ecessary  to  c h a r a c te r iz e  th e  problem o f  a ir  

p o l l u t i o n ,  th e  P u b lic  H ealth S erv ice  in  1953 e s t a b l i s h e d  

an a ir  sampling network.

Congress f i r s t  v o te d  to g iv e  th e  fe d e r a l  government a 

r o le  in  a ir  q u a l i ty  manaigement through th e  Federal Air 

P o l lu t io n  Research and T echnica l A s s is ta n c e  Act o f  1955 

(P u b lic  Law 64" 159). T h is  a c t  a u th o r ized  the  P u b lic  H ealth  

S e r v ic e  to  conduct a program o f  r e se a r c h ,  t e c h n ic a l
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a s s i s t a n c e  to s t a t e  and lo c a l  governments, t r a in in g  o f  

t e c h n ic a l  p e r so n n e l ,  and d is sem in a t io n  o f  in form ation .

The f e d e r a l  governm ent's r o le  was l im i t e d  to determ ining  

th e  natu re  o f  th e  problem w ith  th e  primary r e s p o n s ib i l i t y  

fo r  a ir  q u a l i t y  management r ese rv e d  to th e  s t a t e  and lo c a l  

governments. The o b j e c t i v e s  o f  th e  N ationa l Air Sampling 

Network were; th e  d eterm in ation  o f  th e  ex ten t  and th e  

nature  o f  a ir  p o l lu t io n  a s  w e l l  a s  the  study o f  th e  trend s  

in  th e  l e v e l s  o f  v a r io u s  atm ospheric contam inants and the  

i n v e s t ig a t io n  o f  r e la t io n s h ip s  between a ir  p o l lu t io n  and 

so c ioecon om ic , geograp h ic , top ograp h ic , m e te o r o lo g ic a l ,  

and o th er  f a c t o r s .

By 195^ concern w ith  a ir  p o l lu t io n  had r is e n  to the  

p o in t  th a t  th e  P ub lic  H ealth  S e r v ic e  sponsored a n a t io n a l  

co n feren ce  in  which sentim ent was t e s t e d  fo r  p o s s ib l e  next  

s t e p s  in  a t ta c k in g  th e  problem» In i 9 6 0 , the  Surgeon General 

o f  th e  P u b lic  H ealth S e r v ic e  e s t a b l i s h e d  the  D iv is io n  o f  

Air P o l lu t io n ,  which gave s i g n i f i c a n t  o r g a n iz a t io n a l  s t a tu s  

to  the program. Continued p u b lic  and governmental concern  

fo r  a ir  p o l lu t io n  c o n tro l  le d  to  the  second N ation a l Air 

P o l lu t io n  Conference in  l a t e  i 960 (Hagevik 1970).

On February 7 ,  1963 , P res id en t  Kennedy sen t  a s p e c ia l  

message to  Congress e n t i t l e d  “Improving America's H ealth ,"  

in  which he c a l l e d  fo r  new l e g i s l a t i o n  to s tren gth en  and 

i n t e n s i f y  fe d e r a l  a ir  p o l l u t i o n  c o n tro l  e f f o r t s .  Congress 

responded by p assin g  th e  Clean Air Act o f  1963 (P u b lic  Law 

b a - 2 0 6 ) .
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In October V 1964» the Senate Special Subcommittee on 

Air and Water P o llu tion  submitted the report "Steps Toward 

Cleaner Air," In which le g is la t io n  was recommended to 

regulate em issions from gasoline-powered motor v eh ic le s  

(Hagevik, 1970) . In 1967 the President proposed sweeping 

new authority for the Department o f H ealth, Education, and 

Welfare (HEW), Including the establishm ent o f national emis­

sion  standards, whereby certa in  in d u str ie s  would be subject 

to uniform nation-wide controls regard less o f  plant lo ca tio n . 

The Air Quality Act o f 1967, however, retained the s ta te  con­

tr o l o f a ir  p o llu tio n  problems (Public Law 90-148). This 

act did e s ta b lish  federal em ission standards for new motor 

v eh ic le  engines e f f e c t iv e  In 1975*

As a re su lt  o f  Mkis le g is la t io n  a lega l b a sis  has been 

estab lish ed  for governmental establishm ent and enforcement 

of a ir  q uality  standards in the United S ta tes .

Prediction Models 

In an attem pt to  b e t te r  understand th s  behavior o f  

atmospheric p o llu ta n ts , many models have been designed to 

predict where p o llu ta n ts  w ill  go a fte r  being em itted to the 

atmosphere. A few models have been developed to a ffe c t  

eith er  abatement or more rapid d isp ersion  o f p o llu ta n ts .

Most models are o f s u ff ic ie n t  c o m p l e x i t y  t o  r e q u i r e  com puter  

an a ly sis  (Martin and T ikvart, 1969),
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AcCOIding t o  H i 1 s t  ( S t e r n ,  1 9 6 8 ) two a p p r o a c h e s  t o  

m a t h e m a t i c a l  m o d e ls  a r e  a v a i l a b l e  t o  u s .  P r e v i o u s  h i s t o r i e s  

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

a m b ie n t  a i r  q u a l i t y  may be u s e d  t o  c o n s t r u c t  s t a t i s t i c a l  

m o d e ls  o f  t h e  a i r  p o l l u t i o n  s y s te m .  A l t e r n a t e l y ,  an u n d e r ­

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

d i f f u s i o n  c o u p l e d  w i t h  knowledge  o f  t h e  t i m e  a n d  s p ace  

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

a  p h y s i c a l  model o f  t h i s  s y s t e m .  F r e q u e n t l y ,  hot!  m e th o d s ,  

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

by way o f  c o m b i n a t i o n s  o f  t h e  p r e d i c t o r  v a r i a b l e s  which  

t e n d  t o  l i n e a r i z e  t h e  s t a t i s t i c a l  p r e d i c t i o n  s y s t e m .  S t a t ­

i s t i c a l  m o d e ls  o f  a i r  p o l l u t i o n  b e h a v i o r  p r o v i d e  an i n ­

c r e a s i n g l y  v a l u a b l e  t o o l  f o r  d e a l i n g  w i t h  management  c o n t r o l  

d e c i s i o n s .  F r e q u e n t l y ,  s t a t i s t i c a l  m e th o d s  o f  s y n t h e s i z i n g  

complex i n t e r a c t i o n s  w i l l  be t h e  o n l y  t o o l s  a v a i l a b l e .  

Whereas t h e  s t a t i s t i c a l  m odels  o f  a i r  p o l l u t i o n  sy s te m s  

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

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

i m p l i c i t l y ?  p h y s i c a l  m o d e ls  a t t e m p t  t o  i d e n t i f y  t n e s e  

component p a r t s  o f  t h e  a i r  p o l l u t i o n  s y s te m  e x p l i c i t l y .

To t h e  e x t e n t  t h a t  su c h  a t t e m p t s  a r e  s u c c e s s f u l ,  t h e  

p h y s i c a l  m o d e ls  have  a  s i g n i f i c a n t  a d v a n t a g e  b e c a u s e  t h e y  

t h e n  p r o v i d e  t h e  o p p o r t u n i t y  t o  s i m u l a t e  t h e  c o n s e q u e n c e s  

o f  d i s c r e e t  c h a n g e s  In  any o f  t h e  component  p a r t s  o f  t h e  

s y s t e m .
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The e a r l ie s t  sp e c if ic  attempts to apply computer 

oriented  systems a n a ly sis  techniques to the planning and 

implementation of a ir  p o llu tio n  montrol appeairs to have 

emerged in the National 41r P ollu tion  Control Administration 

(NAPCA) in 1966 when an Aerospace Industry Task Group form­

ulated  a s e r ie s  o f recommended "goals" in the app lication  

of aarospace technology to urban problems. An outgrowth of 

th is  was the s o l ic ita t io n  hy the O ffice o f Program Devel­

opment o f NAPCA in 1967-68 o f proposals for development o f  

mathematical models for  regional and national decision  

making on a ir  p o llu tio n  control when a three year contract 

was awairded to TRW-Systmms D ivision  (National Industrial 

P ollu tion  Control Council, 1971)* Also in 1967 a contract 

was le t  by the Health Program Analysis Group to Ernst and 

Ernst o f Washington, D. C. to  undertake a "Model City I" 

study, The o b jectiv es  o f the study were to demonstrate the 

value of systems a n a ly sis  and sim ulation in cost e f f e c t iv e ­

ness of a ir  p o llu tio n  and abatement s tr a te g ie s  and to id en tify  

information needs for developing HEW p o lic y . This study was 

lim ited  to the abatement o f sulfur d ioxide (SOg) from the  

combustion o f f o s s i l  fu e ls  (National Industrial P ollu tion  

Control Council, 1971),

Later in 1967 Ernst and Ernst performed a "Model City II" 

study to cover both SOg and p a rticu la tes  from f o s s i l  fu e l and 

in d u str ia l sources and further developed the data base and 

automation o f the sim ulation. In the "Model City II" study the
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Ernst and Ernst approach u t i l i z e d  a mathematical model and 

computer program which, w ith  in p u ts  on (a )  co n tro l  a l t e r ­

n a t iv e s  and t h e ir  c o s t s  on a so u rce-b y -sou rce  b a s i s ,  (b ) an 

em iss io n s  inventory  on a sou rce-b y -sou rce  b a s i s ,  and 

( c ) appropria te  m e te o r o lo g ic a l  parameters and d i f f u s io n  

m odels, cou ld  rep resen t  th e  s p a t ia l  d i s t r ib u t io n  o f  average  

annual c o n c e n tr a t io n s  o f  p a r t i c u la t e s  and SOg fo r  varying  

d egrees o f  c o n tr o l  and c o s t - t o - c o n t r o l  (N ation a l In d u s tr ia l

P o l lu t io n  Control C o u n c il ,  1971).

The TRW-Systems D iv i s io n  resea rch  produced two computer 

programs: Air Q uality  D isp lay  Model (AQJM) and Implementa­

t io n  Plans Program (IP P ).

AQDM ta k es  m e te o r o lo g ic a l  and em iss io n s  inventory  data  

fo r  a p a r t ic u la r  reg io n  and g iv e s  tim e average s p a t ia l  

d i s t r ib u t io n  o f  s p e c i f i c  p o l lu t a n t s  o f  concern . The model 

a l lo w s  exam ination o f  th e  e f f e c t i v e n e s s — but not c o s t —o f  

v a r io u s  c o n tr o l  s t r a t e g i e s  in  reducing t im e-av erag e  s p a t ia l  

peak c o n c e n tr a t io n s  o f  p o l lu t a n t s  o f  concern . AQDM i s  

being  u t i l i z e d  by th e  Bureau o f  Abatement and C ontrol fo r  

e v a lu a t io n  o f  im plem entation p la n s  subm itted by s t a t e s  

under the p r o v is io n s  o f  th e  Clean Air Act o f  I 967 (N ational  

In d u str ia l  P o l lu t io n  C ontrol C o u n c il ,  1971).

IPP i s  an e x te n s io n  o f  AQJMl which in tro d u ces  c o s t - t o -  

c o n tr o l  in to  th e  a n a l y s i s .  I t  r e q u ir e s ,  in  a d d it io n  to  the  

m e te o r o lo g ic a l  and e m is s io n s  inventory in p u ts  o f  AQIMI, a
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data base o f control co s ts  for the a ltern a tiv e  control 

s tr a te g ie s . IPP i s  thus a c o s t-e f fe c t iv e n e s s  model; one 

which r e la te s  d irect c o s ts -to -c o n tr o l to desired  le v e ls  o f  

air q u a lity  on a regional basis*

RAPA (Regional Air P o llu tio n  A nalysis) which i s  the 

ultim ate o b jectiv e  o f the current TRW research, i s  a 

regional a ir  p o llu tio n  c o s t-b e n e fit  a n a ly sis . It i s  ach ie­

ved by adding damage a n a ly s is  to IFF. RAPA i s  a c o s t-  

benefit to o l which w il l  a s s i s t  in  id en tify in g  the le v e l o f  

a ir  q u ality  at which the cost i s  equal to the b en efits  

(National Industria l P o llu tion  Control Council, 1971) .

Several models have been prepared to predict the 

future a ir  p o llu tio n  problems o f sp e c if ic  c i t i e s .  One o f 

the most promising o f these  was prepared by Cohen and Norco 

(1971) o f the Argonne N ational Laboratory. The methodology 

presented in th e ir  paper provides a means of evaluating  

future e f fe c t iv e n e ss  o f em ission control regu lation s.

Their system c o n s is ts  o f three computerized sub-models:

( 1 ) a p rojection  model which estim ates future em issions 

based on current growth and fu e l-u se  trends from stationary  

sources, ( 2 ) a s t a t i s t i c a l  clim atology model to analyze 

m eteorological con d itions based on h is to r ic a l data, and 

(3 ) a d isp ersion  and d isp lay model for making air q uality  

estim ates v ia  iso p le th  maps.

The p rojection  model provides an em issions inventory 

for any sp e c if ie d  year assuming an exponential growth
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p a t t e r n  which i s  assum ed  to  be u n a l t e r e d  by a  c o n t r o l  

r e g u l a t i o n  su c h  a s  a  s u l f u r  c o n t e n t  l i m i t  on f u e l s .

The c l i m a t o l o g y  model  u s e s  h i s t o r i c a l  w e a th e r  b u re a u  

s t a t i s t i c s  t o  g e n e r a t e  j o i n t  f r e q u e n c y  d i s t r i b u t i o n s  f o r  

g i v e n  c o m b i n a t i o n s  o f  s t a n d a r d  m e t e o r o l o g i c a l  p a r a m e t e r s  

su c h  a s  wind s p e e d , " w i n d  d i r e c t i o n ,  s t a b i l i t y  c l a s s ,  and 

t e m p e r a t u r e .

The o u t p u t s  o f  t h e  p r o j e c t i o n  an d  c l i m a t o l o g y  m o d e ls  

a r e  u t i l i z e d  by a  s t e a d y - s t a t e  G a u s s i a n  plume d i s p e r s i o n  

model t o  o b t a i n  g ro u n d  l e v e l  e s t i m a t e s  o f  p o l l u t a n t  c o n c e n ­

t r a t i o n s .

The Cohen and  Norco model r e q u i r e s  an e x t e n s i v e  

h i s t o r i c a l  d a t a  b a s e  an d  s p e c i f i c  l o c a l  m e t e o r o l o g i c a l  

p a r a m e t e r s  a s  i n p u t s ,  w h e re a s  t h e  model d e s c r i b e d  in  t h i s  

p a p e r  was l i m i t e d  to  c e n s u s - g e n e r a t e d  dem o g rap h ic  p a r a m e t e r  

i n p u t s .

The team o f  R o b e r t s ,  C ro k e ,  and  Kennedy (1 9 7 0 )  d e v e l ­

oped  an u r b a n  a t m o s p h e r i c  d i s p e r s i o n  model f o r  t h e  C h icago  

A ir  P o l l u t i o n  s y s t e m s  A n a l y s i s  Program (CAPSAC), which  

i s  a  m u l t i p l e - s o u r c e  model programmed f o r  t h e  IBM 36Ü-7 5  

com puter  s y s t e m .  I t  i s  an " i n t e g r a t e d  p u f f "  model p r o v i d ­

in g  a  r e a l i s t i c  p h y s i c a l  s i m u l a t i o n  o f  t h e  p r o c e s s e s  o f  

smoke plume d i s p e r s i o n  by p r o v i d i n g  f o r  n e a r - z e r o  wind  

s p e ed  c o n d i t i o n s ,  m o d e l in g  t h r e e - d i m e n s i o n a l  wind v e c t o r  

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

t i o n s  o f  s t a b i l i t y  and  m ix in g  l a y e r  d e p t h  w i t h  t i m e .  A
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s e r i e s  o f  a l g o r i t h m s  a r e  a s s e m b le d  a r o u n d  a  k e r n e l  t h a t  

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

f rom p o i n t  and  a r e a  s o u r c e s  a c c o r d i n g  t o  a  G a u s s i a n  d i s t r i ­

b u t i o n  i n  t h r e e  d i m e n s i o n s .  P r e s e n t - d a y  a i r  q u a l i t y  o n l y  

i s  d e t e r m i n e d  by t h i s  m o d e l .

An a i r  q u a l i t y  model f o r  Knox C o u n ty ,  T e n n e s s e e  was 

p r e p a r e d  by S te v e n  U. Hanna (1 971)  u s i n g  t h e  A tm o sp h e r ic  

T u r b u l e n c e  and  D i f f u s i o n  L a b o r a t o r y  Model (ATDL) d e v e l o p e d  

by Hanna and a s s o c i a t e s  a t  t h e  N a t i o n a l  O cean ic  and  Atmo­

s p h e r i c  A d m i n i s t r a t i o n ,  Oak R id g e ,  T e n n e s s e e .  I t  c a l c u l a t e s  

t h e  s u r f a c e  c o n c e n t r a t i o n s  o f  SOg and  su sp e n d e d  p a r t i c l e s  

f o r  a  v a r i e t y  o f  m e t e o r o l o g i c a l  c o n d i t i o n s .  A d e t a i l e d  

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

Hanna fo u n d  t h a t  low l e v e l  s o u r c e s  ( e . g . ,  sm a l l  i n d u s t r i e s  

an d  h o u s e h o ld  a n d  com m erc ia l  h e a t i n g  u n i t s )  c o n t r i b u t e  a s  

much a s  t a l i  p o i n t  s o u r c e s  t o  t o t a l  s u r f a c e  c o n c e n t r a t i o n  

o f  p o l l u t a n t s .  T h i s  model can  be u s e d  i n  t h e  f u t u r e  t o  

e s t i m a t e  t h e  Impac t  o f  c h a n g e s  i n  s t a c k  h e i g h t s  o r  p a t t e r n s  

o f  e m i s s i o n s  on p a t t e r n s  o f  s u r f a c e  c o n c e n t r a t i o n s .

A c r i t i c a l  summary o f  a i r  p o l l u t i o n  m o d e l in g  t o  d a t e  

was p r e p a r e d  by K en n e th  L ,  C a l d e r  (1970)  i n  which  he w r o t e ,  

"The b a s i c  s t r u c t u r e  o f  many c u r r e n t  u r b a n  p o l l u t i o n  m ode ls  

i s  examined f rom t h e  p o i n t  o f  v iew  o f  u n d e r l y i n g  a s s u m p t i o n s  

an d  p h y s i c a l  b a s i s .  I n i t i a l  a t t e m p t s  t o  e x t e n d  s t e a d y - s t a t e  

m o d e ls  t o  v a r i a b l e  c o n d i t i o n s  a n d  l o n g - t e r m  p r e d i c t i o n s
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a r e  i n d i c a t e d ,  w i t h  a  b r i e f  d i s c u s s i o n  o f  s t o c h a s t i c  s im u la ­

t i o n  of  t h e  c o n c e n t r a t i o n  p a t t e r n s  and a v e r a g e  s e a s o n a l  

and annual  d i s t r i b u t i o n s . "  He f u r t h e r  s t a t e s ,  "At t h e  

p r e s e n t  t im e ,  t h e r e  a p p e a r s  to  be a  r e a l  n e e d  to  s tudy  th e  

s e n s i t i v i t y  o f  t h e  c o n c e n t r a t i o n  p r e d i c t i o n s  to  v a r i a t i o n s  

in  i n p u t s  to  t h e  m ode ls .  In some c a s e s  l a r g e  v a r i a t i o n s  in  

in p u t  may have l i t t l e  e f f e c t  on o u t p u t .  With o t h e r s ,  t h e  

r e v e r s e  may be t r u e .  . . . s o m e  r e c e n t l y  p ro p o se d  models  may 

a l r e a d y  be o v e r - c o m p l i c a t e d . "

As C a ld e r  p o i n t s  o u t ,  models sh o u ld  be s e n s i t i v e  to  

in p u t  v a r i a t i o n s  w i th o u t  becoming o v e r - c o m p l i c a t e d .  An 

a t t e m p t  has been made i n  t h e  model d e s c r i b e d  in  t h i s  paper  

to  a c h ie v e  s e n s i t i v i t y  w i th o u t  s a c r i f i c i n g  s i m p l i c i t y  o f  

m a n i p u l a t io n .

Em iss ions  I n v e n t o r i e s  

I f  th e  c h ic k e n  who c r i e d ,  "The sky i s  f a l l i n g "  had 

b o th e re d  to  d e f i n e  t h e  sky and th e n  had d i f f e r e n t i a t e d  

between t h i s  and t h a t  which f e l l  he p r o b a b ly  would no t  

have c r e a t e d  such mass h y s t e r i a  in  t h e  an th rophom orph ic  

world  o f  c h i l d r e n ' s  l i t e r a t u r e .

In much t h e  same way, i f  r e s e a r c h  p e r s o n n e l  b o th e r  to 

d e f i n e  t h e  a tm o sph e re  in  i t s  n a t u r a l  s t a t e  and d i f f e r e n t i a t e  

between t h i s  n a t u r a l  s t a t e  and t h a t  which c o n s t i t u t e s  a i r -  

p o l l u t i o n  th en  a  p e r f e c t l y  normal hazy day might  n o t  c r e a t e  

mass h y s t e r i a  among t h e  g e n e r a l  p u b l i c .
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I t  was e a r l y  r e c o g n i z e d  t h a t  t h e  am oun ts  a n d  t y p e s  o f  

p o l l u t a n t s  e m i t t e d  t o  t h e  a tm o sp h e re  i n  an  a r e a  o f  c o n c e r n  

must  be known i f  a  d i f f e r e n t i a t i o n  b e tw ee n  t h e  n a t u r a l  and  

t h e  u n n a t u r a l  i s  t o  be made.  M a n - g e n e r a t e d  p o l l u t i o n  e m is ­

s i o n s  m ig h t  be d i f f i c u l t  an d  c o s t l y  t o  c o n t r o l  b u t  t h e  

c o n t r o l  o f  n a t u r a l  p o l l u t i o n  e m i s s i o n s  a r e  even  more d i f f i ­

c u l t  and  c o s t l y  a n d  s i n c e  n a t u r e  h a s  a  way o f  a r r i v i n g  a t  

a  b a l a n c e d  s t a t e  i n  i t s  own i n i m i t a b l e  way man i s  and  

s h o u l d  be r e t i c e n t  t o  d i s t u r b  t h i s  n a t u r a l  b a l a n c e .

Some o f  t h e  e a r l i e s t  a t t e m p t s  t o  d e v e l o p  an i n v e n t o r y  

o f  t h e  a i r  p o l l u t a n t  e m i s s i o n s  i n  an  u r b a n  a r e a  were  b ased  

upon t h e  r e g i s t r a t i o n  o f  t h e  known s o u r c e s .  The A i r  P o l l u ­

t i o n  C o n t r o l  F i e l d  O p e r a t i o n s  Manual p u b l i s h e d  by t h e  U. S .  

D epar tm en t  o f  HEW in  1962  p r e s e n t e d  g u i d e l i n e s  f o r  r e g i s ­

t r a t i o n  o f  p o l l u t i o n  s o u r c e s  (W eisb u rd ,  1 9 6 2 ) .  T h i s  p u b l i ­

c a t i o n  s t a t e s ,  "The s u c c e s s  o f  t h e  c o n t r o l  p ro g ra m  d ep en d s  

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

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

W i thou t  su c h  i n f o r m a t i o n ,  t h e  c o n t r o l  p rog ram  l a c k s  d i r e c ­

t i o n  and p u r p o s e ,  a n d  t h e  r e s u l t s  o f  c o n t r o l  a c t i v i t y  a r e  

u n c e r t a i n l y  v e r i f i e d .  The r e g i s t r a t i o n  p r o c e s s  i s  i n t e n d e d  

t o  s e c u r e  a  d e t a i l e d  breakdown o f  t h e  a i r  p o l l u t i o n  p o t e n ­

t i a l s . "  In  s e c u r i n g  t h i s  d e t a i l e d  breakdown o f  p o t e n t i a l s  

t h e  f o l l o w i n g  d a t a  was t o  be c o m p i l e d :
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1 . C o r p o r a t e  o r  i n d i v i d u a l  o w n e r s h ip  o r  r e s p o n ­

s i b i l i t y .

2 . L o c a t i o n  o f  t h e  e q u ip m e n t  s o u r c e .

3 . C om ple te  i d e n t i f i c a t i o n  and d e s c r i p t i o n  o f  

t h e  e q u ip m e n t ,  i n c l u d i n g  a l l  i m p o r t a n t  c o n ­

s t i t u e n t s ,  a p p u r t e n a n c e s ,  and  o t h e r  c o n d i t i o n s  

w h ich  a f f e c t  t h e  e m i s s i o n  o f  c o n t a m i n a n t s .

4 . A l l  d a t a  r e l e v a n t  i n  d e m o n s t r a t i n g  an d  e x p r e s ­

s i n g  t h e  a i r  p o l l u t i o n  p o t e n t i a l s  o f  t h e  

e q u ip m e n t .  T h e se  d a t a  may i n c l u d e  t h e  n a t u r e  

o f  p r o c e s s ,  r a t e s  o f  e m i s s i o n  b a s e d  on s i z e

o f  o u t l e t  and  f lo w  r a t e  o f  e f f l u e n t s ,  compo­

s i t i o n  and  d e s c r i p t i o n  o f  e f f l u e n t ,  e t c .

5 . Some r e c o r d  o f  s t a t u s  t o  i n d i c a t e  t h e  d e g r e e  

o f  c o m p l i a n c e  w i t h  t h e  a i r  p o l l u t i o n  l a w s .

I t  was r e c o g n i z e d  from p a s t  e x p e r i e n c e s  t h a t  a l t h o u g h  

t h e  p r o c u r e m e n t  o f  t h e  n ee d e d  d a t a  lo o k e d  ea s y  in  p r i n t  i t  

was i n d e e d  a  d i f f i c u l t  t a s k  w h ich  p r o m p te d  t h e  w r i t e r s  

( .y/eisburd,  1962) t o  s t a t e ,  " T h e re  i s  l i t t l e  d i s a g r e e m e n t  

among t h o s e  i n t e r e s t e d  o r  a f f e c t e d  by a i r  p o l l u t i o n  c o n t r o l  

r e g a r d i n g  t h e  n e c e s s i t y  f o r  s o u r c e  r e g i s t r a t i o n ,  bu t  t h e r e  

i s  c o n s i d e r a b l e  d i s a g r e e m e n t  a s  t o  t h e  m e th o d s  by which 

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

c o n f l i c t  r e l a t e s  t o  t h e  powers  o f  t h e  c o n t r o l  agency  to  

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

s e c r e c y .  Depending  on i t s  c o n t r o l  p o l i c y ,  a  community may
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p r o v i d e  f o r  any one o r  c o m b i n a t i o n  o f  t h e  f o l l o w i n g  m ethods  

o f  r e g i s t r a t i o n s

1 . P l a n t  o p e r a t o r  s u p p l i e s  i n f o r m a t i o n  on a  

v o l u n t a r y  b a s i s  a s  c o n d i t i o n s  change  in  t h e  

p l a n t .

2 . P l a n t  o p e r a t o r  s u p p l i e s  i n f o r m a t i o n  a s  a u t h o r ­

i z e d  a n d  r e q u i r e d  by law ,  bu t  o n l y  upon fo rm a l  

r e q u e s t .

3 . P l a n t  o p e r a t o r  s u p p l i e s  i n f o r m a t i o n  u n d e r  

o r d e r  o f  t h e  c o n t r o l  a g e n c y ,  and a s  r e q u i r e d

by law .

4 . A l l  d a t a  a c q u i r e d  by f i e l d  i n s p e c t i o n  p e r s o n ­

n e l ,  w i t h  t h e  n e c e s s a r y  a u t h o r i t y . "

In  1961, a  p i l o t  s t u d y  o f  a i r  p o l l u t i o n  in  J a c k s o n ­

v i l l e ,  F l o r i d a  was c o n d u c t e d  (S h ee h y ,  1 9 6 3 ) .  To b e t t e r  

e v a l u a t e  e x i s t i n g  and  p o t e n t i a l  a r e a - w i d e  a i r  p o l l u t i o n  

p r o b le m s  i n  t h e  J a c k s o n v i l l e  a r e a ,  an  e m i s s i o n  i n v e n t o r y  

was c a r r i e d  o u t .  A p p r o x im a te ly  30 o f  t h e  l a r g e s t  i n d u s ­

t r i a l  an d  m u n i c i p a l  e s t a b l i s h m e n t s  w ere  c o n t a c t e d  by p e r ­

s o n a l  v i s i t s ,  q u e s t i o n n a i r e s ,  a n d / o r  t e l e p h o n e .  The f o l ­

low ing  c l a s s i f i c a t i o n  o f  s o u r c e s  was u s e d :
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; i a s s i f  i c a t i o n Source  ty p e

Loca l  s o u r c e s Power g e n e r a t i o n  

I n c L n e r a t  io n  

Water  a e r a t i o n  - -

( m u n i c i p a l  p l a n t s  f o r  

rem oval  o f  hydrogen  

s u l f i d e  from w e l l  

w a t e r s ).

I n d u s t r i a l  com b u s t io n

Area s o u r c e s Commercial

Domestic

T r a n s p o r t a t i o n

The t e c h n i q u e s  u s ed  in  t h e  J a c k s o n v i l l e  s tu d y  were 

t y p i c a l  o f  t h e  t e c h n i q u e s  used  d u r i n g  t h a t  p e r i o d  but  were 

no t  s t a n d a r d i z e d .

A m ajor  a d v an ce  i n  t h e  e v o l u t i o n  o f  t h e  s t a n d a r d i z e d  

e m i s s i o n s  i n v e n t o r y  t e c h n i q u e s  was t h e  deve lo p m en t  and 

c o n s e q u e n t  n u h l i c a t i o n  in  o f  a  C o m p i l a t i o n  o f  Air

P o l l u t a n t  E m is s io n  F a c t o r s  f o r  Com bus t ion  P r o c e s s e s ,  

G a s o l i n e  E v a p o r a t i o n ,  and  S e l e c t e d  I n d u s t r i a l  P r o c e s s e s

by Martin Mayer (1965). fisiasion  fa c to r s , by type, were 

presented as the amount o f pollu tant em itted for a quantity  

of fuel consumed or m aterial processed by a sp e c if ic  com­

bustion or processing technique. The fa c to rs  were com­

p lied  prim arily for use In conducting an a ir  pollu tant
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e m i s s i o n  i n v e n t o r y .  Mayer s t a t e d ,  ’’O b v i o u s ly ,  t h e  b e s t  

e m i s s i o n  f a c t o r  t o  u s e  f o r  any s p e c i f i c  s o u r c e  o f  a i r  

p o l l u t i o n  i s  t h a t  r e s u l t i n g  from s o u r c e  t e s t s  o f  t h e  s p e ­

c i f i c  s o u r c e .  U n f o r t u n a t e l y ,  many u r b a n  a r e a s  a r e  no t  

e q u ip p e d  to  c o n d u c t  t h e  numerous  and  e x p e n s i v e  s t a c k  

t e s t i n g  s t u d i e s  n e e d e d  f o r  an e m i s s i o n  i n v e n t o r y .  The 

p u r p o s e  o f  t h i s  c o m p i l a t i o n  o f  e m i s s i o n  f a c t o r s  i s  to  

p r o v i d e  t h e  b e s t  a v a i l a b l e  s u b s t i t u t e  t o  a i r  p o l l u t i o n  

c o n t r o l  a g e n c i e s  u n a b l e  to  co n d u c t  e x t e n s i v e  s o u r c e  t e s t  

p r o g r a m s . "

The E n v i r o n m e n ta l  P r o t e c t i o n  Agency (EPA) p u b l i s h e d  

a  c o m p i l a t i o n  o f  A ir  P o l l u t a n t  E m is s io n  F a c t o r s  in  1972 

(AP - 4 2 ,  1972;  w hich  expanded  and  u p d a t e d  M a y e r ' s  c o m p i l ­

a t i o n  t o  i n c l u d e  t h e  t e n  f o l l o w i n g  m a jo r  c a t e g o r i e s  o f  

e m i s s i o n  s o u r c e s :

1 . S t a t i o n a r v  co m b u s t io n  s o u r c e s .

2 . S o l i d  w a s t e  d i s p o s a l .

3 .  M o b i le  co m b u s t io n  s o u r c e s .

4 .  E v a p o r a t i o n  l o s s  s o u r c e s .

5 .  Chem ica l  p r o c e s s  i n d u s t r y .

6 . Food and a g r i c u l t u r e  i n d u s t r y .

7 .  M e t a l l u r g i c a l  i n d u s t r y .

8 . M in e r a l  p r o d u c t s  i n d u s t r y .

9 .  P e t r o l e u m  i n d u s t r y ,  

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

i n v e n t o r i e s  which have  been p r e p a r e d  a c c o r d i n g  t o  a r a p i d  

s u r ve y  t e c h n i q u e  d e v e l o p e d  by O z o l i n s  and Smith ( 1966 ).

An i m p o r t a n t  f e a t u r e  o f  t h i s  method i s  t h e  c on c e p t  of  

r e p o r t i n g  z o n e s .  E m i s s i o n s  a r e  a s s i g n e d  t o  t h e  g e n e r a l  

g e o g r a p h i c a l  l o c a l i t i e s  where  t h e y  o c c u r ,  r a t h e r  t h a n  

r e p o r t e d  a s  t o t a l  v a l u e s  f o r  t h e  e n t i r e  m e t r o p o l i t a n  a r e a .

In t h i s  manner ,  a r e a s  o f  h i g h  e m i s s i o n  s t r e n g t h s  a r e  i d e n ­

t i f i e d  and t h e  d i s t r i b u t i o n  p a t t e r n s  o f  t h e  d i f f e r e n t  

p o l l u t a n t s  w i t h i n  t h e  s t u d y  a r e a  may be e s t i m a t e d .

The method u t i l i z e s  i n f o r m a t i o n  r e a d i l y  a v a i l a b l e  in  

most  c om m u n i t i e s  t o  p r o v i d e  r e a s o n a b l y  a c c u r a t e ,  y e t  r a p i d ,  

e s t i m a t e s  o f  t h e  m a j o r  a i r  p o l l u t a n t  e m i s s i o n s  o f  an u r b a n  

a r e a .  The method d o e s  n o t  r e q u i r e  e x t e n s i v e  p l a n t  s u r v e y s  

o r  s o u r c e  s a m p l i n g  p r o c e d u r e s  i n v o l v i n g  h i g h  l e v e l s  o f  

t e c h n i c a l  compe t en ce  and l a r g e  e x p e n d i t u r e s .  I t  i s  p r e s e n t ­

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

a s s u m p t i o n s ,  a imed a t  g u i d i n g  a  p e r s o n  o f  m o d e r a t e  p r o f e s ­

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

w i t h  35Ü,UUÜ and 2,U00,Q0U i n h a b i t a n t s  r e q u i r e d  3 and 6 

w eeks ,  r e s p e c t i v e l y ,  f o r  such  a  p e r s o n  t o  c o m p l e t e  t h e  

s u r v e y  and b a s i c  r e p o r t .

E m i s s i o n s  i n v e n t o r i e s  p r e p a r e d  p r i o r  t o  t h e  d e v e l o p ­

ment o f  t h e  r a p i d  s u r v e y  t e c h n i q u e  i n  1966  a r e  d i f f i c u l t  

t o  compare s i n c e  t h e r e  was l i t t l e  s t a n d a r d i z a t i o n  of  

p r o c e d u r e s .  Thos e  p r e p a r e d  by t h e  r a p i d  s u r ve y  t e c h n i q u e s
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can  u s u a l l y  be compared  on a  c a t e g o r i c a l  b a s i s  s i n c e  th e y  

g e n e r a l l y  employ t h e  same e m i s s i o n  f a c t o r s  in  t h e i r  c a l c u ­

l a t i o n s .

P o l l u t i o n  T r a n s p o r t  

M a n - g e n e r a t e d  p o l l u t i o n  o b v i o u s l y  a d d s  to  t h e  n a t u r a l  

background  p o l l u t i o n  ioari  o f  t h e  e a r t h ' s  a t m o s p h e r e  and 

a s  such a f f e c t s  t h e  whole  w o r l d ,  how ever ,  c o n c e n t r a t i o n s  

s u f f i c i e n t l y  g r e a t  t o  be im m e d ia te ly  n o t i c e a b l e  and  h a z a r d ­

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

o f  p o l l u t i o n  r e l e a s e .  As t h e  e a r t h  r o t a t e s ,  so d o e s  i t s  

a t m o s p h e r e — g r o s s l y  s p e a k i n g .  A c t u a l l y  t h e r e  i s  some 

t e n d e n c y  f o r  t h e  a t m o s p h e r e  t o  l a g  b e h in d  t h e  e a r t h ' s  

r o t a t i o n  w h ich  a i d s  i n  t h e  movement o f  a i r  m a ss e s  from one 

a r e a  t o  a n o t h e r  on t h e  e a r t h ' s  s u r f a c e .  T h i s  movement i s  

a c c e l e r a t e d  o r  m o d i f i e d  by a r e a s  o f  h ig h  and low a tm o s -  

s p h e r i c  p r e s s u r e .  The w inds  r e s u l t i n g  from t h e s e  mass 

a i r  movements c a r r y  a i r  p o l l u t a n t s  away from the points of 

Due t o  t h e  p h y s i c a l  u n e v e n n e s s  o f  t h e  e a r t h ' s  

s u r f a c e  and  t h e  t e n d e n c y  o f  v a r i o u s  a r e a s  o f  t h e  e a r t h ' s  

s u r f a c e  t o  a b s o r o  o r  r e f l e c t  s o l a r  b e a t  a t  d i f f e r e n t  r a t e s  

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

t h i s  s u r f a c e .  R e y n o ld s  s t u d i e d  and d e s c r i b e d  t h e  l a m in a r  

and  t u r b u l e n t  f lo w  c h a r a c t e r i s t i c s  o f  a  f l u i d  m a ss .  These  

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

n e a r e s t  t h e  b oundary  w i t h  a  so lid  mass and  a r e  e x p r e s s e d
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i n  p r e s e n t  day p h y s i c s  a s  R e y n o ld s '  num bers  (Blackwood,

The e a r t h ' s  s u r f a c e  i s  a  s o l i d  mass  t h a t  c o n t r i b u t e s  t o  atmo­

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

h u n d r e d  m e t e r s  ab o v e  t h e  e a r t h ' s  s u r f a c e ,  t h e  a tm o sp h e re  

t e n d s  t o  move in  a  l a m i n a r  f lo w .  T h i s  t e n d e n c y  to w a r d s  a  

l a m in a r  f lo w  i s  a i d e d  by t h e  lower  l a y e r  o f  a i r  r e s p o n d i n g  

i m m e d ia t e ly  t o  d e c r e a s e s  i n  t h e  e a r t h ' s  s u r f a c e  t e m p e r a t u r e ,  

r e s u l t i n g  i n  a  boundary  l a y e r  be tw een  t h e  l o w e s t  t u r b u l e n t  

l e v e l  o f  t h e  a tm o s p h e r e  and  t h e  warmer ,  more s t a b l e ,  l a y e r  

above  i t .  T h e r e  i s  v e r y  l i t t l e  i n t e r c h a n g e  be tween t h e s e  

two l a y e r s  w hich  a c t s  a s  a  cap  o r  i n v e r s i o n  w i t h  t h e  r e s u l t  

o f  t r a p p i n g  s u r f a c e  r e l e a s e d  p o l l u t i o n  be low t h i s  i n v e r s i o n  

l a y e r  ( L e d b e t t e r ,  1972 ).

The c o n c e n t r a t i o n s  w hich  a i r  p o l l u t a n t s  can  m a i n t a i n  

n e a r  t h e  p o i n t s  o f  r e l e a s e  a r e  d e p e n d e n t  upon t h e  s p eed  w i t h  

which  t h e y  a r e  moved away from t h e s e  r e l e a s e  p o i n t s  and  t h e  

s p ee d  w i t h  w h ich  t h e y  a r e  mixed w i t h  t h e  s u r r o u n d i n g  mass 

o f  a i r .  T h e s e  d i l u t i o n  mechanisms t h e n  r e q u i r e  t h a t  c e r ­

t a i n  p a r a m e t e r s  be known i f  p o l l u t i o n  c o n c e n t r a t i o n s  n e a r  

t h e  e a r t h ' s  s u r f a c e  a r e  t o  be p r e d i c t e d .  T h e se  p a r a m e t e r s  

a r e  wind s p e e d ,  amount o f  t u r b u l e n c e ,  a n d  h e i g h t  o f  t h e  

i n v e r s i o n  l a y e r  ( L e d b e t t e r ,  1972).

In  1961 C h a r l e s  R. H o s i e r  t a b u l a t e d  t h e  f r e q u e n c y  of 

i n v e r s i o n  a n d / o r  i s o t h e r m a l  c o n d i t i o n s  b a s e d  below 500 

f e e t  f o r  t h e  c o n t i g u o u s  U n i t e d  S t a t e s  ( H o s i e r ,  I 9 6 1 ) .

H os ie r  s t a t e d  t h a t ,  " in  e s se n c e  t h e  d i l u t i o n  e f f i c i e n c y  o f
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t h e  a tm o s p h e r e  d e p e n d s  on t h e  wind  and  t e m p e r a t u r e  g r a d ­

i e n t s ,  b o t h  o f  which  v a r y  v e r t i c a l l y ,  h o r i z o n t a l l y ,  and  

w i t h  t i m e .  S i n c e  t h e  g e n e r a l  s p a t i a l  p ro b le m s  o f  s low 

a t m o s p h e r i c  d i s p e r s i o n  w hich  a f f e c t  l a r g e  a r e a s  u n q u e s t i o n ­

a b ly  a r i s e  a t  t i m e s  when a  s t a b l e  s t r a t i f i e d  l a y e r  o f  a i r  

e x i s t s  n e a r  t h e  s u r f a c e ,  a  knowledge  o f  t h e  f r e q u e n c y  o f  

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

a r e a s  w i l l  be h e l p f u l  f o r  a s s e s s i n g  t h e  p o t e n t i a l  f o r  a i r  

p o l l u t i o n  i n h e r e n t  t o  a  g i v e n  r e g i o n . "  In t h i s  s t u d y ,

U .S .  Weather  Bureau r a d i o s o n d e  d a t a  from w e a th e r  s t a t i o n s  

t h r o u g h o u t  t h e  c o n t i g u o u s  U n i t e d  S t a t e s  was u s e d  t o  t a b u l a t e  

t h e  f r e q u e n c y  o f  l o w - l e v e l  i n v e r s i o n s .  The e n t i r e  n o c t u r n a l  

p e r i o d  was c o n s i d e r e d  s t a b l e  i f  an  i n v e r s i o n  was o b s e r v e d  

a t  any t im e  d u r i n g  t h e  n i g h t ,  and  t h e  maximum p e r c e n t  

f r e q u e n c y  o f  i n v e r s i o n s  f o r  any  one o b s e r v a t i o n  t im e  w i t h i n  

a  n o c t u r n a l  p e r i o d  was assu m ed  a p p l i c a b l e  to  t h e  e n t i r e  

n i g h t t i m e  p e r i o d ;  a n d ,  c o n v e r s e l y ,  t h e  e n t i r e  d a y t im e  

p e r i o d  was assumed t o  be u n s t a b l e ,  and  low v a l u e s  o f  

i n v e r s i o n  f r e q u e n c i e s  occurring at observation times during 

t h e  d a y t im e  h e a t i n g  p e r i o d  w ere  n o t  c o n s i d e r e d  in  computa­

t i o n  o f  i n v e r s i o n  f r e q u e n c y  a s  a  p e r c e n t  o f  t o t a l  h o u r s  

( H o s i e r ,  i y 6 l ) .

In 1^64,  George  C. H o lz w o r th  p u b l i s h e d  E s t i m a t e s  o f  

Mean Maximum M ixing  D ep th s  (MMD) i n  t h e  C o n t ig u o u s  U n i t e d  

S t a t e s  a s  a  su p p lem e n t  t o  H o s i e r ' s  work ,  H o lzw or th  c a l c u ­

l a t e d  and  p l o t t e d  t h e s e  MMU's f o r  a r e a s  o f  t h e  U n i t e d  S t a t e s
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a s  e x i s t  d u r i n g  e ach  o f  t h e  t w e l v e  months  o f  t h e  y e a r  

(H o lz w o r th ,  1 9 6 4 ) .  T h i s  i n f o r m a t i o n  l e d  t o  a  f u r t h e r  

s tu d y  by H o lzw o r th  r e s u l t i n g  i n  h i s  p r e s e n t a t i o n  o f  

An A tm ospher ic  D i f f u s i o n  Model f o r  M e t r o p o l i t a n  A reas  t o  

t h e  5 9 th  Annual M e e t in g ,  A ir  P o l l u t i o n  C o n t r o l  A s s o c i a t i o n ,  

Ju n e  1966. T h i s  model  makes p o s s i b l e  rough  e s t i m a t e s  o f  

r e l a t i v e  c o n c e n t r a t i o n s  o f  p o l l u t a n t s  a t  t h e  u s u a l  t i m e s  

o f  maximum and minimum a t m o s p h e r i c  d i l u t i o n ;  t h e s e  t i m e s  

a r e ,  r e s p e c t i v e l y ,  m i d - a f t e r n o o n  and  e a r l y  m orn ing  

(H o lzw o r th ,  1966) .

In  A p r i l  1971 , H o lz w o r th  p r e s e n t e d  A Review o f  A ir  

P o l l u t i o n  C l im a to lo g y  and  F o r e c a s t s  t o  t h e  c o n f e r e n c e  on 

Air  P o l l u t i o n  M e te o ro lo g y  o f  t h e  American M e t e o r o l o g i c a l  

S o c i e t y  a t  R a l i e g h ,  N. C. I n  t h i s  r e v i e w  he p r e s e n t e d  a  

s e r i e s  o f  a i r  p o l l u t i o n  r e t e n t i o n  f a c t o r s  f o r  a r e a s  o f  t h e  

U n i t e d  S t a t e s  b a s e d  upon m e t e o r o l o g i c a l  t r a n s p o r t  mechan­

isms and  c i t y  s i z e s  ( H o l z w o r t h ,  19? 1 ) .  T h e se  r e t e n t i o n  

f a c t o r s  a r e  u s e d  in  t h e  model p r e s e n t e d  in  t h i s  p a p e r  a s  

p a r t  o f  t h e  t e c h n i q u e  o f  d e t e r m i n i n g  t h e  p r e d i c t e d  c o n c e n ­

t r a t i o n s  o f  a i r  p o l l u t a n t s .

Ambient Air  Q u a l i ty

When one b e g i n s  t o  c o n t e m p l a t e  t h e  g o a l s  o f  t h e  s o -  

c a l l e d  "C lean  Air  A c ts "  i t  becomes im m e d ia te ly  a p p a r e n t  

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

T e c h n i c a l  d e f i n i t i o n s  o f  a i r  have  been p u b l i s h e d  a s  a
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r e s u l t  o f  a c c u r a t e  c h e m ic a l  a n a l y s e s  which d e s c r i b e  t h e  

c o m p o s i t i o n  o f  Normal Ambient d ry  a i r .  T a b le  1 ( L e d b e t t e r ,  

1 9 7 2 ) .  Numerous physical stu d ies have provided d e f in it io n s  so 

that t h e  p h y s i c a l  p r o p e r t i e s  o f  a i r  have  a l s o  been  d e s c r i b ­

ed .  T a b l e  2 ( L e d b e t t e r ,  19? 2 ) .

A l th o u g h  a c c u r a t e  d e s c r i p t i o n s  o f  a i r  e x i s t ,  i t  i s  

n o t  j u s t  a i r ,  a s  s u c h ,  t h a t  must be d e f i n e d  b u t  r a t h e r  a i r  

a s  t h e  a t m o s p h e r e  a r o u n d  t h e  e a r t h .  W e b s t e r ' s  u n a b r i d g e d  

d i c t i o n a r y  d e f i n e s  a tm o s p h e r e  a s ;  "The whole m ass  o f  

a e r o f o r m  f l u i d  s u r r o u n d i n g  t h e  e a r t h "  (W e b s te r ,  195&). 

A cco rd in g  t o  L e d b e t t e r  ( 1972 ) ,  t h e  c o m p o s i t i o n  o f  a i r  

v a r i e s  somewhat w i t h  l o c a l  c o n d i t i o n s ;  how ever ,  t h e  a v e r a g e  

c o n c e n t r a t i o n s  o f  t h e  v a r i o u s  com ponen ts  can  be r a t h e r  

n a r r o w l y  d e f i n e d .  T h i s  i n c o n s i s t e n c y  in  t h e  l o c a l  compo­

s i t i o n  o f  a i r  h a s  been r e a l i z e d  by man f o r  many d e c a d e s .  

W i l l i a m  F e r r e l  w r o t e  i n  1889,  "The c o n s t i t u e n t s  o f  t h e  

a t m o s p h e r e  a r e  n o t  c h e m i c a l l y  co m b in ed ,  but e x i s t  t o g e t h e r  

a s  a  m e c h a n i c a l  m i x t u r e .  I f  t h e  a tm o s p h e r e  w ere  p e r f e c t l y  

a t  r e s t  e a c h  c o n s t i t u e n t  would  assum e t h e  same s t a t u s  and  

d i s t r i b u t i o n  a s  i t  w ou ld  i f  t h e  o t h e r s  were  n o t  p r e s e n t .

Each o n e ,  t h e r e f o r e ,  would  form  an  a tm o s p h e r e  o f  i t s e l f ,  

i n d e p e n d e n t  o f ,  an d  u n a f f e c t e d  by ,  t h e  o t h e r s .  T h i s  

a r r a n g e m e n t  o f  c o n s t i t u e n t s  i s  c a l l e d  D a l t o n ' s  Law"

( F e r r e l ,  1 8 8 9 ) .  Our a t m o s p h e r e ,  h o w ev e r ,  i s  n o t  a t  r e s t  

b u t  i s  i n  c o n s t a n t  a n d  c o n t i n u o u s  m o t i o n .
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TAJLt; 1

COMPOSITION OF NORMAL AMBIENT AIR ( IJR̂  J

Component By volume By wei ^Jc\t T o t a l  Mass
x: lO '^ U j

NV, 7 3 .054  ±  0 .0 0 0 4  % 7 5 . 5 1
-y
/u 3 3 .6 4 6

O2 2 0 .946  ±  0 .0 0 0 2  io 2 3 .1 5 7® 1 1.641

A 0 .9 3 4  t  0.ÜÜ1Ü i 1 .2 8 ',y 0 .6 5 5 5

CO2 0 .0 3 3  ±. 0 .0 0 1 0  % 0.046/0 0 .0 2 3 3

Ne 16.150  + 0 .0 4 0  ppm 1 2 .50 ppm 6 . 3 6  V 10-4

lie 5 . 2 4 0  + 0 . 0 0 4  ppm 0 .7 2 ppm 3 . 7 0  X 10-5

Kr 1 .1 4 0  ±  0 .0 1 0  ppm 2 .9 0 ppm 1.46  X 10"4

Ka 0 .0 6 7  i  0 . 0 0 1  ppm 0 .3 6 ppm 1 .Ù0 X 10"'^

N2O U.500 + 0 .1 1 0  ppm 1 .5 0 ppm 7 . 7 0  X 10-5

GO4 2 ppm 1 .2 0 ppm 6 .2 0  X 10-5

Ü2 0 . 5  ppm 0 .0 3 ppm 2 .00  X 10- ^

^3 0 . 0 1  ppm —-

11Ù . . -1 1  J.U ppm - - - -
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TAüLE 2 

PROPERTIES OF AIR

P ro p e r ty Value U n i t s

Thermal c o n d u c t i v i t y 5 .6 8  V lo"® c a l / c m ^ - s e c - ° c / c m

S p e c i f i c  h e a t 0 . 2 4 c a l /°C -gm

Mole volume STP 22 ,4146 l i t e r s

M olecu lar  w e igh t 2 9 .095

Densi ty  (d ry ) 1 .293 g m / l i t e r

Dynamic v i s c o s i t y 170 .8 m ic ro p o is e

Kinematic  v i s c o s i t y 1 3 .2 c e n t i s t o k e s

V e lo c i ty  o f  sound 1087 f e e t / s e c

R e f r a c t i v e  index 1 .00029 Sodium l i g h t  (524 nm)
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As t h e  c h e m ic a l  c o m p o s i t i o n  o f  a i r  i s  n o t  p r e c i s e l y  

c o n s i s t e n t  t h r o u g h o u t  t h e  e n t i r e  a tm o sp h e re  n e i t h e r  i s  

t h e  b e d l o a d  o f  a i r b o r n e  m a t e r i a l s  c o n s i s t e n t .  C o n c e n t r a ­

t i o n s  o f  a i r b o r n e  m a t e r i a l s  t e n d  t o  be g r e a t e s t  n e a r  t h e  

p o i n t s  o f  e n t r y  i n t o  t h e  a tm o sp h e re  and  p r o g r e s s i v e l y  l e s s  

a s  a  f u n c t i o n  o f  d i s t a n c e  f rom t h e  p o i n t s  o f  e n t r y .  T h i s  

d i s t a n c e  r e l a t i o n s h i p  was e a r l y  r e c o g n i z e d  by man a s  e v i ­

d e n ce d  by t h e  w r i t i n g s  o f  P o u c h e t  i n  1873 when he w r o t e ,

"But so soon a s  we abandon  t h e  s o l i t u d e s  o f  t h e  s e a  o r  t h e  

m o u n t a i n s ,  t h e  n e a r e r  we a p p r o a c h  p o p u lo u s  c i t i e s ,  t h e  

more d o e s  t h e  a i r  become l o a d e d  w i t h  i n v i s i b l e  p a r t i c l e s .

The c a t a l o g u e  o f  t h e s e  i s  i n  r e a l i t y  o n ly  t h e  summary o f  

a l l  t h a t  man makes  u s e  o f  f o r  h i s  w an ts  o r  p l e a s u r e s .  We 

f i n d  a tom s o f  f o o d ,  o f  ou r  c l o t h e s ,  o f  o u r  f u r n i t u r e ,  and 

o f  o u r  d w e l l i n g s ,  e v e r y t h i n g  i n  s h o r t  i s  r e p r e s e n t e d  t h e r e , "  

( P o u c h e t ,  1 8 7 3 ) .  Even th o u g h  r e c o g n i z e d  a  h u n d re d  y e a r s  

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

h a s  o n ly  become o f  c o n c e r n  t o  man w i t h i n  t h e  p a s t  two o r  

t h r e e  d e c a d e s .  McCormick w r i t e s ,  "On any map o f  a i r  

p o l l u t i o n  d i s t r i b u t i o n  o v e r  a  c o u n t r y  which  one  m igh t  be 

a b l e  t o  c o n s t r u c t ,  t h e  d a t a  f o r  u rb a n  a r e a s  would s t a n d  o u t  

a s  s h a r p  p e a k s  a t  l e v e l s  up t o  one o r  even  two o r d e r s  o f  

m a g n i tu d e  h i g h e r  t h a n  s u r r o u n d i n g  b a c k g ro u n d ,  o r  r u r a l ,  

l e v e l s , "  ( S t e r n ,  i y 6 8 ) .
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Along w i t h  a  d e f i n i t i o n  eind d e s c r i p t i o n  o f  a i r  i t  i s  

n e c e s s a r y  t h a t  one i n c l u d e  a  d e f i n i t i o n  o f  a i r  p o l l u t i o n .

The E n g i n e e r s  J o i n t  C o u n c i l  h a s  a r r i v e d  a t  t h e  f o l l o w ­

in g  d e f i n i t i o n :  "A ir  p o l l u t i o n  means t h e  p r e s e n c e  in  t h e

o u t d o o r  a tm o s p h e r e  o f  one o r  more c o n t a m i n a n t s ,  su ch  a s  

d u s t ,  fum es ,  g a s ,  m i s t ,  o d o r ,  smoke, o r  v a p o r ,  i n  q u a n t i t i e s ,

o f  c h a r a c t e r i s t i c s ,  a n d / o r  d u r a t i o n  such  a s  t o  be i n j u r i o u s  

to  human, p l a n t  o r  an im a l  l i f e  o r  t o  p r o p e r t y ,  o r  w hich  

u n r e a s o n a b l y  i n t e r f e r e  w i t h  t h e  c o m f o r t a b l e  en joym ent  o f  

l i f e  an d  p r o p e r t y , "  ( L e d b e t t e r ,  1972 ) .

A ir  p o l l u t a n t s  have a l s o  been c l a s s i f i e d .  The American 

S o c i e t y  f o r  T e s t i n g  M a t e r i a l s  (ASTM) d e f i n e d  common fo rm s  o f  

a i r  c o n t a m i n a n t s  in  193&. T h e se  c o n t a m i n a n t s  a r e :

D u s t s : S o l i d  p a r t i c l e s  g e n e r a t e d  by h a n d l i n g ,  c r u s h ­

i n g ,  g r i n d i n g ,  r a p i d  I m p a c t ,  d e t o n a t i o n  Euid d e c r e p i ­

t a t i o n  o f  o r g a n i c  o r  i n o r g a n i c  m a t e r i a l s  such  a s  r o c k ,  

o r e ,  m e t a l ,  c o a l ,  wood, g r a i n ,  e t c .  D u s t s  do n o t  t e n d  

t o  f l o c c u l a t e  e x c e p t  u n d e r  e l e c t r o s t a t i c  f o r c e s r ' t h e y  

do n o t  d i f f u s e  i n  a i r  b u t  s e t t l e  u n d e r  t h e  i n f l u e n c e  

o f  g r a v i t y .

Fumes; S o l i d  p a r t i c l e s  g e n e r a t e d  by c o n d e n s a t i o n  

f rom t h e  g a s e o u s  s t a t e ,  g e n e r a l l y  a f t e r  v o l a t i l i z a t i o n  

f rom m o l t e n  m e t a l s ,  e t c . ,  and  o f t e n  accom pan ied  by a  

c h e m ic a l  r e a c t i o n  su ch  a s  o x i d a t i o n .  Fumes f l o c c u l a t e  

and som et im es  c o a l e s c e .
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M i s t s ; Suspended l i q u i d  d r o p l e t s  g e n e r a t e d  by conden­

s a t i o n  from t h e  g aseous  to  t h e  l i q u i d  s t a t e  or  by 

b re a k in g  up a  l i q u i d  in to  a d i s p e r s e d  s t a t e ,  such  a s  

by s p l a s h i n g ,  foam ing ,  and a to m i z i n g .

G a se s : Normally  f o r m le s s  f l u i d s  which occupy th e

space  o f  e n c l o s u r e  and which can be changed to  t h e  

l i q u i d  o r  s o l i d  s t a t e  o n ly  by t h e  combined e f f e c t  o f  

i n c r e a s e d  p r e s s u r e  and d e c r e a s e d  t e m p e r a t u r e .  Gases 

d i f f u s e .

V a p o r s : The g a s e o u s  fo rm  o f  s u b s t a n c e s  which  a r e

n o r m a l l y  i n  t h e  s o l i d  o r  l i q u i d  s t a t e  a n d  which  can  

be ch a n g ed  t o  t h e s e  s t a t e s  e i t h e r  by i n c r e a s i n g  t h e  

p r e s s u r e  o r  d e c r e a s i n g  t h e  t e m p e r a t u r e  a l o n e .  V ap o rs  

d i f f u s e  ( L e d b e t t e r ,  1972 ).

S e v e ra l  t e r m s  o t h e r  t h a n  th o s e  d e f i n e d  above a r e  

needed  to  c h a r a c t e r i z e  a i r  p o l l u t a n t s .  Some o f  t h e s e  in  

common u se  a r e :

Fly  a s h : P a r t i c l e s  o f  a s h  wh ich  become e n t r a i n e d  in

c o m b u s t io n  g a s e s  and  a r e  c a r r i e d  i n t o  t h e  a i r .

A e r o s o l s ; An a i r  o r  gas  s u s p e n s io n  o f  p a r t i c l e s  

( u s u a l l y  l e s s  t h a n  gm in  d i a m e t e r ) .

Fog: An a e r o s o l  o f  l i q u i d  d r o p l e t s  n e a r  t h e  ground

a s  d i s t i n c t  from c l o u d s .

Smoke: Carbon o r  soo t  p a r t i c l e s ,  o f t e n  l e s s  t h a n  U . l g

in  d i a m e t e r ,  t h a t  r e s u l t  from t h e  in c o m p le te  combust ion
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o f  c a r b o n a c e o u s  m a t e r i a l s  su ch  a s  c o a l ,  o i l ,  t a r ,  

and  t o b a c c o .

H a z e ; S u s p e n s io n  o f  s m a l l  ( f r a c t i o n a l  m i c r o m e t e r )  

p a r t i c l e s  i n  t h e  a i r  w hich  makes  d i s t a n t ,  l a r g e  o b j e c t s  

i n d i s t i n c t .

Smaze: M ix tu re  o f  smoke and h a z e .  Sugges ted  f o r

p h o to -c h e m ic a l  smog but  n o t  w id e ly  u se d .

R a d i o a c t i v i t y  : The n u c l e a r  d i s i n t e g r a t i o n s  atoms

undergo in  g i v in g  o f f  i o n i z i n g  r a d i a t i o n s .

R a d i a t i o n : E l e c t r o m a g n e t i c  r a d i a t i o n s  p l u s  t h o s e

c o r p u s c u l a r  e m i s s i o n s  c l a s s e d  a s  " r a y s " .

N o i s e : Unwanted so u n d .  Sound i s  t h e  e f f e c t  t h a t

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

h a v e  on t h e  e a r  ( L e d b e t t e r ,  1972 ) .

For  u s e  i n  t h e  d e s i g n  o f  t h e  model d e s c r i b e d  in  t h i s  

p ap e r  o n l y  t h e  f o l l o w i n g  a i r  p o l l u t a n t s  w i l l  be c o n s i d e r e d ;  

P a r t i c u l a t e s  

S u l f u r  O x id e s  (S0%)

Carbon monoxide (CO)

N i t r o g e n  O x id e s  (N0%)

H y d ro ca rb o n s

The n a t i o n w i d e  e m i s s i o n s  o f  t h e s e  p o l l u t a n t s  i n  t o n s /  

y e a r  f o r  1968 a r e  l i s t e d  i n  T a b l e  3 (AP-42» 1972 ) .

I t  i s  e v i d e n t  t h a t  i f  man i s  t o  p u r s u e  h i s  

d e s t i n y  on e a r t h  he w i l l  c o n t i n u e  t o  g e n e r a t e  a i r  p o l l u t i o n .  

The q u e s t i o n  becomes,  How much a i r  p o l l u t i o n  can  man pump



TABLE 3 

NATIONWIDE EMISSIONS FOR

S o u r c e
P a r t i c u l a t e s  
10^ t o n s / y r .

S u l f u r  O x i d e s  
10° t o n s / y r .

C a rb o n  
M onoxide  

10°  t o n s / y r .

Hydro 
C a r b o n s  

10 t o n s / y r .

N i t r o g e n  
O x id e s  

10° t o n s / y r .

S t a t i o n a r y
c o m b u s t i o n 2 4 . 4 1 .9 U.7 1 0 . 0

S o l i d  w a s t e  
d i s p o s a l 1 . 1 0 . 1 7 . 8 1 .6 0 . 6

M o b i l e  
c o m b u s t  i o n 1 . 2 0 . 8 6 3 . 8 1 6 .6 8 . 1

I n d u s t r i a l
p r o c e s s e s 7 . 5 7 . 3 9 . 7 4 . 6 0 . 2

M i s e . 9 . 6 0 . 6 1 6 .9 8 . 5 1 .7

rOf AL 2 8 . 3 3 3 . 2 1 0 0 .1 3 2 . 0 2 0 . 6
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i n t o  t h e  a tm o s p h e r e  and  s t i l l  m a i n t a i n  an a c c e p t a b l y  h e a l t h y  

e n v i r o n m e n t?  The answ er  t o  t h i s  q u e s t i o n  d i c t a t e s  t h a t  

some form o f  s t a n d a r d s  must  be e s t a b l i s h e d  w h ich  d e s c r i b e  

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

The Air  Q u a l i t y  Act o f  19&7 h a s  a s  one o f  i t s  o b j e c ­

t i v e s  t h e  s t a t e  c o n t r o l  of  a i r  p o l l u t i o n  p r o b l e m s ,  w h ich  

i s  a  r e f l e c t i o n  o f  a  b e l i e f  t h a t  f e d e r a l  c o n t r o l  would  n o t  

be d e s i r a b l e  and  t h a t  d i f f e r e n c e s  i n  c o n t r o l s  i n  d i f f e r e n t  

r e g i o n s  t a k i n g  i n t o  a c c o u n t  v a r y i n g  a t m o s p h e r i c ,  t o p o g r a p h ­

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

n e c e s s a r y .  P o l l u t i o n  a b a te m e n t  a c t i v i t i e s  a r e  t o  be 

c o o r d i n a t e d  i n  a i r  q u a l i t y  r e g i o n s  d e s i g n a t e d  by ÎIÊ V and  

w i l l  be g u i d e d  by a i r  q u a l i t y  c r i t e r i a  and  recommended 

c o n t r o l  t e c h n i q u e s  d e v e l o p e d  by HEW f o r  s p e c i f i c  p o l l u t i o n  

a g e n t s ,  and  a r e  t o  be i n  a c c o r d  w i t h  a i r  q u a l i t y  s t a n d a r d s  

and e n f o rc e m e n t  p l a n s  d e v e lo p e d  by t h e  s t a t e s  ( I l a g e v ik ,

1 9 7 0 ).
A l th o u g h  t h e  A i r  P o l l u t i o n  C o n t r o l  R e g io n s  i n  t h e  

s t a t e s  w i l l  s e t  t h e i r  own am bien t  a i r  q u a l i t y  s t a n d a r d s ,  

t h e  E n v i r o n m e n ta l  P r o t e c t i o n  Agency (EPA) o f  t h e  f e d e r a l  

governm ent  h a s  p u b l i s h e d  N a t i o n a l  P r im ary  and S eco n d a ry  

Ambient A ir  Q u a l i t y  S t a n d a r d s  in  t h e  F e d e r a l  R e g i s t e r  o f  

A p r i l  30 ,  1971.

The model d e s c r i b e d  in  t h i s  p a p e r  i s  d e s i g n e d  t o  u s e  

t h e  EPA a p p ro v ed  a m b ie n t  a i r  q u a l i t y  s t a n d a r d s  o f  t h e  

i n d i v i d u a l  a i r  q u a l i t y  c o n t r o l  r e g i o n s .
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Cost  o f  Abatement 

P ro b a b ly  t h e  f i r s t  s p e c i f i c  a t t e m p t  t o  d e v e l o p  a  p l a n  

f o r  p r e d i c t i n g  t h e  c o s t  o f  a i r  p o l l u t i o n  c o n t r o l  was made 

in  1967 by E r n s t  and E r n s t  o f  W a s h in g to n ,  D. C . in  t h e i r  

"Model C i t y  I" s tu d y  where t h e y  d e m o n s t r a t e d  t h e  v a l u e  o f  

s y s te m s  a n a l y s i s  and s i m u l a t i o n  i n  c o s t  e f f e c t i v e n e s s  o f  

a i r  p o l l u t i o n  and  ab a te m e n t  s t r a t e g i e s  ( N a t i o n a l  I n d u s t ­

r ia l  P o l l u t i o n  C o n t r o l  C o u n c i l ,  1971)*

In  1969 t h e  TTIW-Systems D i v i s i o n  d e v e l o p e d  t h e  Im ple­

m e n t a t i o n  P l a n s  Program ( I F P ) .  IPP i s  an  e x t e n s i o n  o f  a  

p r e v i o u s l y  d e v e l o p e d  Air  Q u a l i t y  D i s p l a y  Model (AQDM) which 

r e q u i r e d  m e t e o r o l o g i c a l  and  e m i s s i o n s  i n v e n t o r y  i n p u t s .

IPP added a  d a t a  b a se  o f  c o n t r o l  c o s t s .

J a c k s o n ,  W o h le rs ,  and  DeCoursey d e v e lo p e d  a  method 

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

a  m e t r o p o l i t a n  r e g i o n  w h ich  t h e y  p u b l i s h e d  i n  1969. T h e i r  

s y s t e m a t i c  m ethod  o f  e v a l u a t i n g  e m i s s i o n  c o n t r o l  c o s t s  i s  

o u t l i n e d  in  a  s e r i e s  o f  s i x  s t e p s .  Any m e t r o p o l i t a n  

r e g i o n  c o u ld  be c o n s i d e r e d  f o r  a p p l i c a t i o n  o f  t h e  p r o c e d u r e ,  

which i s  b r i e f l y  d e s c r i b e d  a s  f o l l o w s :

1 . Examine p r e s e n t  e m i s s i o n  r a t e s  by s o u r c e  

c a t e g o r y  and e v a l u a t e  t h e  e x i s t i n g  d e g r e e  o f  a i r  

p o l l u t i o n  c o n t r o l s .

2 . E v a l u a t e  r e g i o n a l  t r e n d s  and make f u t u r e  p r o ­

j e c t i o n s  o f  c o n t r o l l e d  a n d  u n c o n t r o l l e d  e m i s s i o n s .
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3 . E v a l u a t e  e m i s s i o n  c o n t r o l  t r e n d s  t h a t  have 

been e s t a b l i s h e d  i n  t h e  r e g i o n  o r  t h r o u g h o u t  t h e  

n a t i o n .

4 .  Examine a l t e r n a t e  c o n t r o l  schemes t h a t  may

be f e a s i b l e  f o r  a p p l i c a t i o n  t o  eac h  s o u r c e  c a t e ­

g o r y .

5 .  D e te rm in e  e m i s s i o n  c o n t r o l  c o s t s  b a s e d  on 

t h e  b e s t  a v a i l a b l e  d a t a .

6 . E v a l u a t e  optimum c o n t r o l  e f f e c t i v e n e s s .

The J a c k s o n  t e c h n i q u e  i s  v e r y  f l e x i b l e  and ca n  be

t a i l o r e d  t o  f i t  t h e  c o s t  r e q u i r e m e n t s  f o r  most  any g e o ­

p o l i t i c a l  r e g i o n ,  h o w e v e r ,  i t  i s  n o t  m a t h e m a t i c a l l y  s t a b l e  

enough t o  e a s i l y  l e n d  i t s e l f  t o  a  s im p le  m o d e l l i n g  scheme

f o r  b ro ad  a p p l i c a t i o n  ( J a c k s o n ,  a l . . 1 9 69) .

In  1970 LeSourd  an d  a s s o c i a t e s  (L eS o u rd ,  a t .  a4 . ,  197b) 

p u b l i s h e d  a  C o m p reh en s iv e  S tudy  o f  S p e c i f i e d  Air  P o l l u t i o n  

S o u r c e s  t o  A s s e s s  t h e  Economic E f f e c t s  o f  A ir  Q u a l i t y  

S t a n d a r d s . T h i s  s tu d y  was p r e p a r e d  f o r  t h e  E n v i r o n m e n ta l  

P r o t e c t i o n  Agency.  The p u r p o s e  o f  t h i s  r e s e a r c h  was to  

make e s t i m a t e s  o f  t h e  a i r  p o l l u t i o n  c o n t r o l  c o s t s  and  

economic im pact  t h a t  w i l l  r e s u l t  f rom  i m p l e m e n t a t i o n  o f  

t h e  C lean  Air  A c ts  and from the Air Quality Act o f I967.

A ir  p o l l u t i o n  c o n t r o l  c o s t s  were  e s t i m a t e d  f o r  eac h  s t a ­

t i o n a r y  s o u r c e  e x c e p t  r e s i d e n t i a l  h e a t i n g  p l a n t s  t h a t  were 

o p e r a t e d  d u r i n g  19&7 i n  2^8 d e s i g n a t e d  m e t r o p o l i t a n  a r e a s
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o f  t h e  n a t i o n .  In  19^ 7 » t h e s e  a r e a s  c o n t a i n e d  85 p e r c e n t  

o f  t h e  n a t i o n ' s  p o p u l a t i o n .  A d d i t i o n a l l y ,  a i r  p o l l u t i o n  

c o n t r o l  c o s t s  t h a t  would  be i n c u r r e d  by f a c i l i t i e s  b u i l t  

d u r i n g  t h e  p e r i o d  1968 t h r o u g h  19?6 w e re  e s t i m a t e d .  These  

e s t i m a t e s  a r e  l i m i t e d  t o  s t a t i o n a r y  s o u r c e s  an d  to  298 

s e l e c t e d  m e t r o p o l i t a n  a r e a s .  E s t i m a t e d  c o s t s  f o r  e a ch  

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

g i v e n  i n  t e r m s  o f  t o t a l  i n v e s t m e n t  r e q u i r e d  a s  w e l l  a s  t h e  

t o t a l  a n n u a l  c o s t  w h ich  can  be  e x p e c t e d  by 19? 8 . The 

e m i s s i o n s  f rom  s o l i d  w a s t e  d i s p o s a l  and  s t a t i o n a r y  f u e l  

c o m b u s t i o n ,  a s  e s t i m a t e d  w i t h  and  w i t h o u t  i m p l e m e n t a t i o n  

o f  t h e  C le a n  Air  A c t ,  a r e  shown in  T a b l e  4 *

The e s t i m a t e d  197& i n d u s t r i a l  p r o c e s s e s  e m i s s i o n s  

l e v e l s  a n d  c o n t r o l  c o s t s  f o r  e a c h  p o l l u t a n t  by s o u r c e  a r e  

shown i n  T a b l e  5 *

The c o s t  d a t a  d e v e l o p e d  by L e S o u rd ,  e t .  a d .  a r e  u s e d  

i n  t h e  model d e s c r i b e d  i n  t h i s  p a p e r  t o  p r e d i c t  an a v e r a g e  

c o s t - p e r - t o n  t o  a b a t e  e m i s s i o n s  which  c r e a t e  c o n c e n t r a t i o n s  

i n  e x c e s s  o f  t h e  am b ien t  a i r  s t a n d a r d s .



TABLE 4

SOLID WASTE DISPOSAL AND STATIONARY FUEL COMBUSTION 
ESTIMATES OF POTENTIAL AND REDUCED EMISSION LEVELS AND ASSOCIATED COSTS

Q u a n t i t y  o f  
( T h o u s a n d s  o f .

E m i s s i o n s  
Tons  Per Y e a r )

C o n t r o l  
(Do 1 l a r

C o s t s ,  
s X 1 0 ° )

S o u r c e Year P a r t SOx CO HC I n i t i a l Annual

S o l i d  W aste  
D i s p o s a l

FY76
FY7&

W/ 0
W

1 , 5 0 0 . 0
1 8 5 . 0

3 , 4 5 0 . 0
4 1 4 . 0

2 , 0 2 0 . 0
2 9 3 . 0 2 0 1 . 0 1 1 3 . 0

Com m erc ia l
H e a t i n g

FY76
FY76

w / o
w

1 5 2 . 0
1 3 5 . 0

1 . 4 4 0 . 0
1 . 4 4 0 . 0 4 1 . 7 2 5 . 1

I n d u s t r i a l
B o i l e r s

FY76
FY76

w / o
w

1 , 4 1 0 . 0
1 4 2 . 0

2 . 3 1 0 . 0
1 . 1 0 0 . 0 1 , 0 5 0 . 0 5 5 5 . 0

R e s i d e n t i a l
H e a t i n g

f y ? 6
FY76

w / o
w

1 2 0 . 0
1 2 0 . 0

5 9 7 . 0
5 9 7 . 0 0 0

E l e c t r i c
Power
P l a n t s

FY?6
FY?6

w / o
w

2 , 1 8 5 . 0
5 3 3 . 0

1 0 , 1 0 0 . 0  
1 , 6 0 0 . 0 1 , 3 4 0 . 0 4 2 6 .  0

On

W/O -  W ithou t  im p l e m e n ta t io n  o f  t h e  C le a n  A ir  A c t .  
W -  With im p l e m e n ta t i o n  o f  t h e  G lean  Air A c t .

(LeSourd, a t .  a l , . , 1970)



TABLE 5

INDUSTRIAL PROCESS SOURCES -  ESTIMATES OF POTENTIAL 
AND REDUCED EMISSIONS LEVELS AND ASSOCIATED COSTS

r "  -----------

!
Q u a n t i t y  o f  E m i s s i o n s  

(T h o u s a n d s  o f  Tons  P e r  y e a r )

r
C o n t r o l
( D o l l a r s

C o s t s
x: 1 0 6 )

S o u r c e y e a r P a r t SOx CO l ie
)
1 I n i t i a l Annual

A s p B a l t
B a t c h i n g

FYTü w / o  
FY76 W

5 7 1 . 0  
3 7 . G 1 5 . 4 1 2 . 3

Goal
C l e a n i n g

f y ? 6  w / o  
F y y 6 w

9 2 . 3
1 4 . 1 1 3 . 1 5 . 3

Cement
P l a n t s

p y y ô  w / o  
F y ?6  w

2WU. 0
1 6 . 1 1 1 0 . 0 2 9 . 6

G r a i n
H a n d l i n g

FV76  w / o  
F y ?6  w

1 , 7 3 0 . 0  
2 6 . 1 4 3 6 . 0 1 5 3 . 0

G r a i n  
M i l l i n g

FV76  w / o  
p y y o  w

3 4 7 . 0
5 . 4 : 2 7 . 4 1 1 . 0

G ray  I r o n  
F o u n d r i e s

FY76 w / o  
p y y b  w

2 5 5 . 0
2 9 . 1

3 , 4 2 0 . 0  I
2 0 9 . 0  i 3 1 7 . 3 1 0 0 . 2

I r o n  & 
S t e e  1

F y y 6 w / o  
F y y 6 w

1 , 4 6 0 . 0
9 3 . 0

!
I

. . . . ______________  1
9 6 1 . 0 5 0 7 . 0

(LeSouidt et^. al^., 1970)



TABLE 5 — C o n t in u e d

Q u a n t i t y  o f  
( T h o u s a n d s  o f

E m i s s i o n s  
T o n s  P e r  Y e a r )

C o n t r o l  C o s t s ,  
( D o l l a r s  X 10° )

S o u r c e y e a r P a r t SOx CO HC I n i t i a l Annual

K r a f t
P u l p

FY76 w/o 
FY76 w

6 4 7 . 0
1 20 .0 7 3 . 0 3 0 . 0

Lime FY76 w/o 2 5 3 . 0
2 0 . 3 10 .6 1 4 . 5

P e t r o l e u m
S t o r a g e

FY76 w/o 
FT76 w

7 3 8 . 0
3 2 0 . 0 1 , 0 8 0 . 0 0

P e t r o l e u m
R e f i n i n g

FY76 w/o 
FY76  W

9 6 . 4
3 0 .7

2 , 1 5 0 . 0
1 , 2 7 0 . 0

6 , 6 2 0 . 0  9 9 6 . 0  
3 3 0 . 0  5 2 9 . 0 1 6 2 .0 7 . 1

P r i m a r y  M e t a l l u r g y  
C opper  FY7“ w/O 

FT76 w
2 , 3 8 0 . 0  

2 2 7 . 0 8 7 . 0 4 2 . 0

Lead FY76 w/o 
FY76 w

2 6 9 . 5
1 7 . 2 1 6 . 2 7 . 1

Z inc FY76 w/o 
FY76 w

5 0 8 . 0
7 6 . 7 4 . 7 2 . 2

S e c o n d a r y  
M e t a l l u r g y

FY76 w/o 
FY76 w

1 4 .8
2 . 9 6 1 . 9 2 1 . 8

S u l f u r i c  
A c id

FY76 w/o 
FY7& W

9 0 . 1
3 5 . 1

9 2 1 . 0
1 2 9 . 0 1 7 6 .0 4 .0 8



CHAPTER I I I  

PARAMETERS AND METHODS 

I n t r o d u c t i o n

As any c i t y  g row s,  t h e r e  s h o u l d  be t r e n d s  i n  i t s  

d e m o g ra p h ic  c h a r a c t e r i s t i c s  t h a t  a r e  t y p i c a l  o f  o t h e r  

c i t i e s  i n  t h e  same s t a g e  o f  g r o w th .  At t h e  same t i m e ,  t h e  

g ro w th  o f  a  c i t y  i s  g e n e r a l l y  a cc o m p a n ied  by an  i n c r e a s e  

i n  t h e  amount o f  a i r  p o l l u t a n t s  e m i t t e d  t o  t h e  a t m o s p h e r e .  

Whether  t h e s e  e m i s s i o n s  become an  a i r  p o l l u t i o n  p ro b le m  o r  

n o t  i s  d e p e n d e n t  upon t h e  am ounts  a n d  t y p e s  o f  e m i s s i o n s  

and t h e i r  r e t e n t i o n  t i m e  i n  s u f f i c i e n t  c o n c e n t r a t i o n s  i n  

t h e  human a c t i v i t i e s  zo n e .  I f  t h e s e  g e n e r a l i z a t i o n s  be 

t r u e ,  t h e n  t h e r e  s h o u ld  e x i s t  a  c o r r e l a t i o n  be tw een  demo­

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

s h o u l d  show a  p o s i t i v e  p r o g r e s s i o n  a s  a  c i t y  grows i n  

s i z e  an d  i n d u s t r i a l  a c t i v i t i e s .

M odels  a r e  i n  e x i s t e n c e  w h ich  a r e  c a p a b l e  o f  p r e d i c t ­

in g  t h e  dem ograph ic  g ro w th  c h a r a c t e r i s t i c s  o f  c i t i e s  b a se d  

upon  e x t r a p o l a t i o n  o f  s t a n d a r d  c e n s u s  d a t a  (R e id  and  

Do 1 l i n g e r ,  1969)* T h e re  a r e  a l s o  m o d e l s  w h ich  p r e d i c t  t h e  

a i r  p o l l u t a n t  e m i s s i o n s  i n c r e a s e s  t h a t  s h o u ld  accompany

39
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u r b a n  g ro w th  (Cohen and  N orco ,  1971 ) .  The i n c r e a s e s  a r e  

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

g ro w th  and  d e v e l o p m e n t ,  m o d i f i e d  by im p ro v ed  a b a t e m e n t  

an d  c o n t r o l  t e c h n i q u e s .

T h is  r e s e a r c h  u s e s  t h e  c o r r e l a t i o n s  be tween  t h e  

p r o g r e s s i o n  o f  demographic  d a t a  and e m i s s i o n s  d a t a  in  

o r d e r  to  c o n s t r u c t  a  model t h a t  w i l l  p r e d i c t  t h e  a i r  

p o l l u t i o n  c o n c e n t r a t i o n s  and c o s t s - t o - c o n t r o l  b a sed  upon 

demographic  d a t a  i n p u t s  a lo n e  from a  p o p u l a t i o n  m odel .

C o r r e l a t i o n s  were  run f o r  t w e n t y - t h r e e  c i t i e s  r a n g in g  

in  s i z e  from l e s s  t h a n  100,000 to  a p p r o x i m a t e ly  2 ,0 0 0 ,0 0 0  

p o p u l a t i o n .  These  c o r r e l a t i o n s  a r e  be tween  t o t a l  p o l l u t a n t  

e m is s io n s  and demographic  f a c t o r s  such  a s  p o p u l a t i o n ,  number 

of  p a s s e n g e r  v e h i c l e s  r e g i s t e r e d  i n  t h e  c o u n ty ,  and t h e  p e r ­

c e n t  o f  t h e  work f o r c e  employed in  m a n u f a c t u r i n g .  Land 

a r e a  i s  u s e d  t o  u n i t i z e  t h e  e m is s io n s  on a  t o n  pe r  sq u a re  

m i l e  pe r  y e a r  b a s i s .  Using  t h e s e  c o r r e l a t i o n s  t o  d e s c r i b e  

c i t i e s  o f  i n c r e a s i n g  s i z e  and age ,  a  l i n e a r  m ode l ing  t e c h ­

n iq u e  i s  u se d  t o  d e s c r i b e  th e  f u t u r e  a i r  p o l l u t i o n  e m is s io n s  

in  a  growing c i t y  e i t h e r  on a  g e o g r a p h i c a l  g rowth  p a t t e r n  

or  a  p o p u l a t i o n - i n d u s t r i a l  growth p a t t e r n .

The p o s s ib i l i ty  t h a t  t h e  e m is s io n s  a s  a  f u n c t i o n  o f  

demographic  p a r a m e t e r s  f o r  a  growing c i t y  w i l l  f a l l  

p r e c i s e l y  on t h e  r e g r e s s i o n  l i n e  i s  very rare* This model 

p r o v i d e s  t h a t  t h e  m easured  e m is s io n  v a l u e s  f o r  a  c i t y  may
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be s u b s t i t u t e d  i n  t h e  p r e d i c t e d  e m i s s i o n s  f o r m u la e  t o  

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

R e d u c t i o n s  i n  a i r  p o l l u t i o n  e m i s s i o n s  from m o b i l e  

s o u r c e s  a s  a  r e s u l t  o f  t h e  C le a n  A ir  A c t ' s  r e q u i r e m e n t s  

f o r  t h e  m a n u f a c t u r e  o f  r e d u c e d - p o l l u t i o n  e n g i n e s  by 1975 -  

1976 a r e  p r e d i c t e d  by a  s t e p - f u n c t i o n .  I t  i s  e s t i m a t e d  

t h a t  a  t e n  y e a r  p e r i o d  w i l l  be r e q u i r e d  f o r  t h e  e v e n t u a l  

r e p l a c e m e n t  o f  h i g h  p o l l u t i o n - p o t e n t i a l  e n g i n e s .

F u t u r e  c o n c e n t r a t i o n s  o f  a i r  p o l l u t i o n  in  a  growing  

c i t y  a r e  p r e d i c t e d  t h r o u g h  t h e  u s e  o f  m e t e o r o l o g i c a l  

r e t e n t i o n  f a c t o r s  d e v e l o p e d  by G eorge  C. H o lzw o r th  ( 1 9 7 I ) .  

H o l z w o r t h ' s  r e t e n t i o n  f a c t o r s ,  p r e s e n t e d  a s  i s o p l e t h  v a l u e s  

a r e  i n t e g r a t e d  i n  t h i s  model  i n t o  z o n es  w i t h  a v e r a g e  r e t e n ­

t i o n  f a c t o r  v a l u e s .  T h i s  a v e r a g i n g  i s  c o n s i d e r e d  t o  be 

v a l i d  s i n c e  H o lz w o r th  f o u n d  t h a t  t h e  p r o g r e s s i o n  o f  t h e  

v a l u e s  b e tw een  i s o p l e t h s  was p r a c t i c a l l y  l i n e a r .

In order to compare the pred icted  a ir  p o llu tio n  concen­

tra tio n s  and the lim its  of the e x is t in g  lega l standards, the 

d ifferen ce  between the pred icted  concentration and the stan­

dards i s  ca lcu la ted . I f  the concentrations exceed the stan­

dards the amount o f the excess i s  considered to be the 

amount that must be abated in  the fu ture.

The to ta l co s ts -to -a b a te  are predicted  by the model 

by m ultip lying an averaige co st-p er-to n  to abate, developed
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by D. A.. L e S o u rd ,  e t .  a l_ . , by t b e  number o f  t o n s  in  e x c e s s  

o f  t h e  s t a n d a r d s .

P r e v i o u s l y  d e v e l o p e d  a n d  d e s c r i b e d  a i r  p o l l u t i o n  

m o d e ls  have  d ep e n d e d  h e a v i l y  upon e m i s s i o n  i n v e n t o r i e s  

and m e t e o r o l o g i c a l  d a t a  t o  i d e n t i f y  o r  p r e d i c t  zones  o f  

a i r  p o l l u t i o n  c o n c e n t r a t i o n s .  The model  d e s c r i b e d  in  t h i s  

s t u d y  u s e s  a  more d e v i o u s ,  y e t  p o s s i b l y  a  more m e a n i n g f u l ,  

a p p ro a c h  s i n c e  i t  r e l a t e s  a i r  p o l l u t i o n  to  p e o p l e  and u s e s  

p e o p l e  p a r a m e t e r s  a s  a  d r i v i n g  f o r c e .  T h i s  a p p ro a c h  was 

n e c e s s a r y  s i n c e  t h i s  model i s  a  p a r t  o f  a  b a t t e r y  o f  s i x  

i n t e g r a t e d  m o d e l s  t h a t  c o m p r i s e s  an  U rban  System s  Model 

(See F i g u r e  1 ) .

The D a ta  Base

A d a t a - g a t h e r i n g  p h a s e  was begun w i t h  a  s e a r c h  o f  p ub ­

l i s h e d  l i t e r a t u r e  i n  an  a t t e m p t  t o  c o m p i l e  c u r r e n t  v a l u e s  

o f  a i r  p o l l u t i o n  e m i s s i o n s  a n d  d e m o g rap h ic  c h a r a c t e r i s t i c s  

o f  r e p r e s e n t a t i v e  c i t i e s  i n  t h e  c o n t i g u o u s  U n i t e d  S t a t e s .  

T h i s  l i t e r a t u r e  s e a r c h  f a i l e d  to  p r o d u c e  e i t h e r  c u r r e n t  

d a t a  o r  c o m p le t e  d a t a .  As a  r e s u l t ,  i t  was d e t e r m in e d  

t h a t  i f  t h i s  i n f o r m a t i o n  was i n  e x i s t e n c e  i t  must be i n  

t h e  r e c o r d s  o f  t h e  l o c a l  e n v i r o n m e n t a l  a g e n c i e s  o f  t h e  

i n d i v i d u a l  c i t i e s  o r  A i r  Q u a l i t y  C o n t r o l  R e g io n s .  R e p o r t s  

f o r  C o n s u l t a t i o n  on t h e  M e t r o p o l i t a n  i n t e r s t a t e / i n t r a s t a t e  

Air  Q u a l i t y  C o n t r o l  R e g io n s  were  r e q u e s t e d  by m a i l  f rom 4 Ü 

of  t h e s e  r e g i o n s  (See  F i g u r e  2 ) ,  Tw enty- tw o o f  t h e s e



P red icted  em ission*  
for  a m etropolitan  
area

P rojected  
demographic 
data  obtained  
from a Popula­
t io n  P red iction  
Model

P red icted  con cen tration s  
for  a  m etropolitan  area

OUTPUT H I

C osts to  abate p o llu ta n ts  
in  ex cess  o f  the standards

F ig . 1 . —Logic diagram o f  the model o b je c t iv e s
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Dear S i r ;

■fVe a r e  p r e s e n t l y  engaged  in  t b e  d e s i g n i n g  o f  an a i r  p o l l u t i o n  model 
t o  be u sed  i n  c o n j u n c t i o n  with, o t h e r  e n v i r o n m e n t a l  m ode ls  to  form 
an  u rb a n  s y s t e m s  m o d e l in g  scheme.  E m is s io n  i n v e n t o r i e s  f o r  r e p r e ­
s e n t a t i v e  c i t i e s  w i t h i n  t h e  c o n t i n e n t a l  U n i t e d  S t a t e s  w i l l  p r o v i d e  
th e  c o n t r o l  d a t a  f o r  t h i s  m ode l .

.Ve have an u r g e n t  need  f o r  R e p o r t s  f o r  C o n s u l t a t i o n  on th e  .Metro­
p o l i t a n  C i t i e s  I n t r a s t a t e  Air  Q u a l i t y  C o n t r o l  R e g i o n s , w i t h i n  your  
j u r i s d i c t i o n .  T h e se  r e p o r t s  c o n t a i n  t h e  p r e c i s e  i n f o r m a t i o n  t h a t  
i s  needed  f o r  our  m o d e l in g  p ro g ram .

Any a s s i s t a n c e  t h a t  you m igh t  be a b l e  t o  g iv e  us in  o b t a i n i n g  a 
copy o f  t h e s e  r e p o r t s  w i l l  be g r e a t l y  a p p r e c i a t e d .

S i n c e r e l y  y o u r s ,

Fig .  2 . — L etter  to Air Quality  Control  Regions
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a g e n c i e s  r e s p o n d e d ,  h o w ev e r ,  t h e  i n c o n s i s t e n c y  o f  d a t a  

r e p o r t i n g  t e c h n i q u e s  em ployed by t h e s e  a g e n c i e s  r e n d e r e d  

t h e  d a t a  i u c e s p l e t e  a n d  i n c o n c l u s i v e .  T h e r e f o r e ,  an 

i n f o r m a t i o n  s u r v e y  fo rm  was p r e p a r e d  and m a i l e d  t o  lUU 

i n d i v i d u a l  c i t y  e n v i r o n m e n t a l  a g e n c i e s .  T h i s  fo rm  ( F i g u r e  3 ; 

r e q u e s t e d  t h e  f o l l o w i n g  i n f o r m a t i o n :

E m i s s i o n s  D a ta  ( i n  t o n s / u n i t  t i m e )

P a r t i c u l a t e s  

S u l f u r  O x id e s  

N i t r o g e n  O x id e s  

C arbon  monoxide  

H y d r o c a rb o n s  

D emographic  D a ta

Land A rea  ( t o t a l )

Zoned:  I n d u s t r i a l

Commercia l  

R e s i d e n t i a l  

P o p u l a t i o n

A v erag e  Annual  income p e r  c a p i t a  

P e r c e n t  o f  p e r  c a p i t a  income from 

m a n u f a c t u r  in g

P e r c e n t  o f  p o p u l a t i o n  employed i n  

m a n u f a c t u r i n g

S p ac e s  were p r o v i d e d  on t h e  form f o r  t h e  d a t a  t o  be e n t e r e d  

a n d  r e t u r n e d  by m a i l .  Of t h e  f o r t y - f i v e  c i t i e s  r e s p o n d i n g  

t o  t h e  s u rv e y  o n l y  t w e n t y - t h r e e  c i t i e s  p r o v i d e d  c o m p l e t e
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Dear S i r :

iVe a r e  p r e s e n t l y  engaged  i n  t h e  d e s i g n i n g  o f  an a i r  p o l l u t i o n  
model to  be u sed  in  c o n j u n c t i o n  w i t h  o t h e r  e n v i r o n m e n t a l  m odels  
t o  form an u r b a n  s y s t e m s  m o d e l in g  scheme.

T h e re  i s  an u r g e n t  need f o r  b o th  e m i s s i o n s  d a t a  and dem o g rap h ic  
d a t a  from s e l e c t e d  c i t i e s  which  w i l l  p r o v i d e  t h e  c o n t r o l  d a t a  
f o r  t h i s  m ode l .

Any a s s i s t a n c e  t h a t  you  m ig h t  be a b l e  t o  g i v e  us  in  o b t a i n i n g  
t h e  f o l l o w i n g  d a t a  c o n c e r n i n g  your  c i t y  w i l l  be g r e a t l y  
a p p r e c i a t e d .

e m i s s i o n s  Data  ( i n  t o n s / u n i t  t im e )

P a r t i c u l a t e s  _________

^ t>2 _______________________

_

CO

h y d r o c a r b o n s  

Demographic D a ta

i^aaa a r e a  v t o c a i ;  __ 
Zoned: I n d u s t r i a l

Commercia l  
R e s i d e n t  i a l

P op u l a t i o n  ____________ ________
Average a n n u a l  i n c o m e / c a p i t a  
P e r c e n t  o f / c a p i t a  income from
P e r c e n t  o f  P o p u l a t i o n  employed i n  MFC

Fig ,  3 . - - L e t t e r  to Environmental Agencies  of  c i t i e s
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data in a l l  ca teg o r ie s .

In an attempt to  v e r ify  and farther complete the demo­

graphic data from those 4$ c i t i e s  responding to the f i r s t  

survey, a survey form was mailed to the Chambers o f Commerce 

of those c i t i e s  (See Figure 4 ) o f the same format as the 

previous survey except for the omission o f em issions data.

Scatter diagrams were prepared to p lo t p a rticu la te  

em issions as a function  o f land area, annual per cap ita  

income, population, and percent of the work force employed 

in manufacturing (Figures 37» 38, 39» and 40 o f the Appen­

d ix ) . These p lo ts  show that there i s  no observable lin ear  

corre la tion  between em issions emd emnual per ca p ita  income.

An e r r a t ic , y e t  obvious, correla tion  i s  indicated  between 

em issions and land area, population, and percent o f the work 

force employed in manufacturing.

V alid census data was ava ilab le  for population and per­

cent o f the work force employed in manufacturing but i t  was 

determined that the number of reg istered  v e h ic le s  in the 

s ta te  should be replaced w ith the number o f passenger v eh ic les  

reg istered  in the county. Requests were m ailed to highway 

departments o f 22 s ta te s  for which em issions and demographic 

data was a v a ila b le . A ll 22 s ta te s  responded (Table 6 ) .

Emissions were p lo tted  as a function o f the number of 

reg istered  v e h ic le s  in the county (Figure 41 o f the Appendix) 

which a lso  in d ica tes an e r r a t ic , y e t  d iscern ab le , linear  

trend.
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Gent lem en:

'.Ve a r e  p r e s e n t l y  en g ag ed  i n  t h e  d e s i g n i n g  o f  an  a i r  p o l l u t i o n  
model t o  be u s e d  in  c o n j u n c t i o n  w i t h  o t h e r  e n v i r o n m e n ta l  m odels  
to  form an u r b a n  s y s t e m s  m o d e l in g  scheme.

T h e re  i s  an  u r g e n t  n ee d  f o r  d em ograph ic  d a t a  from s e l e c t e d  c i t i e s  
which  w i l l  p r o v i d e  t h e  c o n t r o l  d a t a  f o r  t h i s  m ode l .

iny  a s s i s t a n c e  t h a t  you  m igh t  be a b l e  t o  g i v e  us  in  o b t a i n i n g  t h e  
f o l l o w i n g  d a t a  c o n c e r n i n g  y o u r  c i t y  w i l l  be g r e a t l y  a p p r e c i a t e d :

Land Area ( T o t a l )  ________________________
Zoned: I n d u s t r i a l  _______________________

Commercial
R e s i d e n t i a l

P o p u l a t i o n  ________________________
Annual Average Income p e r  C a p i t a  _____
P e r c e n t  o f  Wage Income from MFG.______
P e r c e n t  o f  P o p u l a t i o n  Employed i n  MFC,

Fig,  4 . — L etter  to Chambers o f  Commerce
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TAriLE 6

üEMÜuUAlniIC DATA FOU C I T I E S  USED IN S T A T I S T I C A L  ANALYSIS

Nr. C IT Y
WF IN MEG 
X i  l#X1 02 )

V E H ICL E S
X p ( X I O O )

POPULATION
x g c K i u b )

LAND AREA 
I M i 2 )

1 DALLAS .238 .7 0 4 .8 4 4 295

2 SAN ANTONIO .133 .367 .654 19b

3 MEMPHIS .219 .278 .624 755

4 ST L O U IS .305 .435 .622 497

5 SEATTLE .249 .5 1 4 .331 213

6 JACKSONVILL E .130 .252 .329 777

7 DENVER .17b .273 .515 104

8 KANSAS C I T Y .248 .288 .507 316

V AIL ANT A .19b . 2 8 7 .497 525

10 NASHVILLE .277 .204 .44b 200

11 PORTLAND .225 .331 .581 102

12 L O U I S V I L L E •34b .336 .689 3 7 5

13 TAMPA . 1 7 6 .251 .278 1 ,0 4 0

14 SACRAMENTC . 0 8 4 .328 .254 9 4

13 NEW HAVEN .269 .263 .138 48

l 6 l iALTIMORE .242 .324 .906 272

17 OKLA. C IT Y . 148 .251 . 3 6 9 3 0 8

l b P H IL A D E L PH IA .303 • b45 1 . 93U 128

19 PITTSHURCH .31b .696 1 .6 1 0 728

20 DETROIT .370 1 . 1 7 9 1 .513 623

21 HOUSTON . 192 .885 1 .233 447

22 TOLEDO .333 .241 .384 184

23 CHATTANOOCA .411 . 1 1 0 . 1 1 9 1 5 5
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In  a t t e m p t i n g  to  p l o t  e m i s s i o n s  i n v e n t o r i e s  o f  t h e  

t w e n t y - t h r e e  b a s e  c i t i e s  a s  a  f u n c t i o n  o f  t h e  d e m o g ra p h ic  

p a r a m e t e r s ,  i t  was f o u n d  t h a t  t o t a l  e m i s s i o n s  f o r  some 

c i t i e s  were a c t u a l l y  r e p r e s e n t a t i v e  o f  t h e  c o u n t y  o r  a i r  

p o l l u t i o n  c o n t r o l  r e g i o n .  I t  became a p p a r e n t  t h a t  e m i s s i o n s  

must  be e x p r e s s e d  a s  an amount p e r  u n i t  a r e a  p e r  u n i t  t i m e  

i n  o r d e r  t o  s t a n d a r d i z e  t h e  e m i s s i o n s  u n i t s  be tw een  v a r i o u s  

c i t i e s .  S in c e  e m i s s i o n s  w ere  r e p o r t e d  i n  t h e  t o t a l  t o n s  

p e r  y e a r ,  t h e y  n ee d  o n l y  t o  be d i v i d e d  by t h e  t o t a l  l a n d  

a r e a  t o  u n i t i z e  them i n t o  t o n s  p e r  s q u a r e  m i l e  p e r  y e a r  

( T a b l e  7 ) .

E m is s io n s  ( t o n s / ï r )
-----------------------------    = E m is s io n s  ( t o n s / M i  / y r j
Land A rea  (Mi )

A l th o u g h  c i t i e s  seem t o  be a l i k e  i n  many w ay s ,  t h e y  

a r e  d i f f e r e n t  i n  more ways t h a n  t h e y  a r e  a l i k e .  The t o t a l  

p o p u l a t i o n  f i g u r e s  f o r  a  c i t y  o f  p a u p e r s  i s  t h e  same a s  

t h o s e  f o r  a  c i t y  o f  t h e  same s i z e  b o a s t i n g  a  h i g h  p e r c e n t ­

ag e  o f  m id d le  income f a m i l i e s .  A sm a l l  l a n d - a r e a  e a s t e r n  

c i t y  may n o t  have  t h e  t o t a l  m i l e s  o f  v e h i c l e  t r a v e l  p e r  

y e a r  a s  a  s p r a w l i n g  w e s t e r n  c i t y  even  th o u g h  t h e y  h ave  t h e  

same number o f  r e g i s t e r e d  v e h i c l e s .  T h e se  d i f f e r e n c e s  i n  

e m i s s i o n s  f o r  c i t i e s  o f  e q u a l  dem ograph ic  p a r a m e t e r s  make 

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

However,  when s e v e r a l  p a r a m e t e r s  a r e  added  t o g e t h e r ,  t h e y  

t e n d  to  b a l a n c e  e a c h  o t h e r  and  a  more l i n e a r  p l o t  i s  

o b t a i n e d .
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TABLE 7

EMISSIONS ÛAf.A FOR CITIES USED IN STATISTICAL \NALYSIS

Nr. CITY (Yi )PAHT
EMISSIONS 
(Ya )S0

(t ons / m
IY3 )N0

/Vr )K103 
IY4 )C0 IY5 )HC

1 DALLAS .149 .050 .2 8 4 3 .4 1 6 .586

2 SAN ANTONIO .116 .015 .338 3 .1 3 1 .601

3 MEMPUIS .035 .123 .045 .321 .070

4 ST. LOUIS .064 .072 .080 .759 .201

5 SEATTLE .085 .070 .413 3 .4 8 8 .2 5 4

6 JACKSONVILLE .171 .060 .059 .416 .110

7 DENVER .057 .057 .173 3 .2 4 0 .413

8 KANSAS CITY .060 .158 .1 6 4 .6 7 4 .167

9 ATLANTA .038 .017 .103 .942 .183

lu NASHVILLE .130 .110 .220 1 .3 8 0 .345

11 PORTLAND .088 .088 .245 2 .2 4 5 .343

12 LOUISVILLE .099 .643 .155 1 .165 .261

13 TAMPA .041 .291 .089 .306 .135

14 SACRAMENTO .117 .353 .394 3 .2 9 8 .777

15 NEW HAVEN .063 .458 .167 .542 .083

16 BALTIMORE .139 «444 .216 1 .100 .422

17 OKLA. CITY .019 .003 .074 .863 .149

18 PHILADELPHIA .312 1 .0 9 4 .703 4 .6 8 8 .781

19 PITTSBURGH .157 .350 .385 2 .0 0 5 .243

2Ü DETROIT .168 .780 .309 1 .754 .483

21 HOUSTON .053 .062 .279 1.767 .525

22 TOLEDO .120 .707 .207 1 .446 .489

23 CHATTANOOGA .110 .077 .226 1 .168 .200
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The 3 parameters of percent o f work force employed in 

uatnuf actur ing (X i), passenger v eh ic le s  reg istered  in the 

county (X2)» and population (Xg) were added together a fter  

th e ir  means had been normalized to O.680 which was the mean 

of the population (Table 8 ) . This was accomplished by adding 

.437 to each value of percent of work force in manufacturing, 

and adding .261 to each value of the passenger v e h ic le s  reg­

is te r e d  in the county.

The a ir  p o llu tio n  em issions (T^) o f p a r ticu la te s  (T^), 

SO2 (Ygi), CO (Y3)* KOj (Y^), and hydrocarbons (Y^) were 

p lo tted  on sca tter  diagrams as a function o f the sum of the 

3 demographic parameters (XXj )̂. S ta t is t ic a l  sample regres­

sion s were ca lcu la ted  for these p lo ts  and although d e f in ite  

lin ear  progression trends were Indicated the data was so 

w idely sca ttered  around the regression  lin e  that any p red ict­

ion made from the data would have such a large margin o f er­

ror as to render i t  highly inaccurate (Figures 5 , 6 , 7 , 8 , 

and 9 ). For ca lcu la tio n s  see Tables 9 , 10, and 11.

In order to make the data d isp lay more lin ear and, 

th erefo re , more p red ictive  o f c ity  growth It was determined 

that a d a ta -sh lft  technique might be employed. A method o f 

moving the data poin ts v e r t ic a lly  towards the regression  

l in e  was f i r s t  In vestiga ted . T his, of course, was based 

upon the assumption that the sum of the demographic para­

m eters was p rec ise ly  ty p ica l of the growth c h a r a c te r is tic s  

o f the c i t i e s  represented. Upon r e f le c t io n , It becomes
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TAULE 6

DEMOGRAPHIC PARAMETERS NORMALIZATION TO MEAN 0. 6Ü0

CITY 
N r .

BEFORE NORMALIZATION 
X. X2 X3

AFTER NORMALIZATION 
Xi+ .437  X2+ .261 I x i

1 .236 . 7 0 4 .644 .625 .965 2 .4 8 4

2 .133 .367 .6 5 4 .570 .628 1 .8 5 2

3 .219 .278 .6 2 4 .656 .539 1 .6 1 9

4 .565 .435 .6 2 2 .7 4 2 .696 2 .0 6 0

5 .249 .5 1 4 .531 .686 .775 1 .9 9 2

L .130 . 252 .529 .567 .513 1 . 6 u 9

7 .176 .273 .515 .615 . 534 1 .6 6 4

Ù .246 .286 .507 .685 .549 1 .7 4 1

!/ .196 .287 .497 .635 .546 1.680

lu .277 .2 0 4 .446 .714 .465 1.627

11 .225 .331 .3 8 1 .6 6 2 .5 9 2 1 .6 3 5

12 .546 .336 .689 .785 .597 2 .0 7 1

15 .176 .251 .278 .613 .5 1 2 1 .4 0 3

14 .064 .326 . 2 5 4 .521 .589 1 .3 6 4

15 .269 .263 .138 .706 .5 2 4 1 .5 6 8

16 .242 .524 .906 .679 .565 2 .1 7 0

17 .148 .251 .3 6 9 .585 .512 1 .466

16 .305 .645 1 .9 5 0 .7 4 2 1 .106 3 .7 9 6

IV .316 .696 1 .6 1 0 .755 .957 3 . 3 2 2

2U .370 1 .179 1 .5 1 3 .807 1 .440 3 .7 6 0

21 .192 .085 1 .2 3 3 .629 1 .146 3.UO8

22 .333 .241 .3 8 4 .770 .520 1 .656

25 .411 .110 _ _ a i 9 _ .948 .371 1.338
Xi = .243 .419 .6 8 0 .680 .680  2 Xi = 2 .0



oT-#

CM

flOcog-

mo>+»(0
3o

a
CL,

Sum o f  t h e  d e m o g r a p h i c  p a r a m e t e r s

F ig .  5 . — R e g r e s s io n  o f  P a r t i c u l a t e  e m i s s i o n s
on th e  sum o f  th e  demographic pa ra m eters .
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Sum o f  t h e  d e m o g r a p h ic  p a r a m e t e r s

F ig .  6 . — R e g r e s s io n  o f  Su l fur  D iox ide  e m is s io n s
on the  sum o f  th e  demographic p a ram eters .
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F ig .  7»— R e g r e s s io n  o f  Carbon Monoxide e m is s io n s
on the  sum o f  th e  demographic param eters .
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59

TABLE 9

UECxKESSION 
OF THE

CALCULATIONS FOU TUE SUM 
DEMOGHAiHlIC PAUAMETERS

CITY Nr. 2 Xi . 2 % i-2%i = Xi X i 2
1 2 . 4 8 4 .445 .1980

2 1 .8 5 2 .187 .0350

5 1 .819 .220 . 0484

1 2 .U60 .021 .UO04

5 1 .9 9 2 .047 .0027

6 1.609 .4 3 0 . 1849

7 1 .6 6 4 .375 . 1406

b 1 .741 .298 .0888

9 1 .6 8 0 . 3 5 9 . 1289

lu 1 .627 .412 .1697

11 1 .635 .404 .1 6 3 2

12 2 .0 7 1 .032 .0010

13 1 . 4 0 3 .636 .4045

14 1 . 3 6 4 .675 . 4 5 5 6

13 1 .368 .671 . 4502

16 2 .1 7 0 . 131 , ÜI7 2

17 1 .466 . 5 7 3 . 3 2 8 3

lb 3 .7 9 8 1 .759 3 .0 9 4 1

19 3 . 3 2 2 1.283 1 .6401

2U 3 .7 6 0 1 .721 2 .9 0 0 8

21 3 .0 0 8 .969 .9390

22 1 .656 .383 . 1 46 7

23 1.338 ...........  .701 .4 9 1 4
2 2 % i = 4 6 .8 8 7 2x^ 2  _ 12 .0950

2 %i 2 .0 3 9



TABLE 10

REGRESSION CALCULATIONS FOR EMISSIONS DATA

CITY
^1 S Y i Y i '^2. SYiY2 ^3 2 x i Y 3 U XXiY4 ^5 IX1Y5

1 .156 . 3 7 2 6 .0 5 0 .1 2 4 2 3 .4 1 6 8 . 4 8 5 .2 8 4 6 .7 6 5 . 5 8 6 1 .4 5 6
2 .115 . 2 1 3 0 .0 1 5 .0 2 7 8 3 .1 3 1 5 . 7 9 9 .3 3 8 . .6 2 6 .6 0 1 1 .1 1 3
3 .635 .0637 .125 .2 2 7 4 .3 2 1 . 5 8 4 .645 . 0 8 2 . 6 7 0 .127
4 .0 6 5 .1339 .076 . L # 2 1 . 5 6 4 .0 8 0 .1 6 5 .2 0 1 . 4 1 4
0 . 6 8 5 .1 6 9 3 .0 7 6 .1 3 9 4 6 . 9 4 8 .4 1 3 .8 2 3 . 2 5 4 .566
6 . 0 7 0 .1 1 2 6 . 060 .0 9 6 5 .4 1 6 .4 69 . 0 5 9 .695 . 1 1 0 .177
7 . 0 5 5 .6915 . 0 5 5 .6 9 1 5 3 .2 4 6 5 . 3 9 1 .173 . 2 8 8 .4 1 3 .687
b . 0 6 0 .1645 . 160 .2786 . 6 7 4 1 . 1 7 3 . 164 .2 8 6 .1 6 7 .2 9 1
9 . 0 4 0 .6 6 7 2 .0 1 5 .0 2 5 2 . 9 4 2 1 . 5 8 3 . 1 6 3 .173 . 1 8 3 .367

10 . 136 .2 1 1 5 .116 .1796 1 . 3 8 0 2 . 2 4 5 .2 2 0 .3 5 8 .3 4 5 .5 6 1
11 .0 9 0 . 1 4 7 2 .0 9 6 . 1 4 7 2 2 . 2 4 5 3 . 6 7 1 .2 4 5 .4 6 0 .3 4 3 .5 6 1
12 . 100 .2 0 7 1 .6 4 5 1 .3358 1 .1 6 5 2 . 4 1 3 .1 5 5 .3 2 1 . 2 6 1 .5 4 1
13 . 0 4 0 .0 5 6 1 .2 9 0 .4 0 6 9 .3 6 6 .4 2 9 .0 8 9 .1 2 5 .1 3 5 . 189
14 . 1 1 5 .1 5 6 9 .3 3 5 .4 5 6 9

.6293
3 . 2 9 8 4 . 4 9 8 . 3 9 4 '537 • 11.1 1 . 0 6 0

15 . 0 6 5 .0 8 S9 . 4 6 0 .5 4 2 .7 4 1
2 . 5 6 1

.167 .2 2 8 . 0 8 3 .114
16 . 146 .3 6 3 8 .4 4 5 .9657 1 . 1 8 0 .2 1 6 .4 6 9 . 4 2 2 .916
17 . 0 2 0 .6293 . 0 0 5 .0673 .8 6 3 1 . 2 6 5 .6 7 4 . 1 0 8 .1 4 9 .2 1 8
lb .3 1 6 1 . 1 7 7 4 1 .0 9 5 4 . 1 5 8 8 4 . 6 8 8 1 7 .8 0 5 .763 2 . 6 7 0 .781 2 .9 6 6
19 . 1 5 5 .5 1 4 9 .356 1 .1 6 2 7 2 . 0 0 5 6 . 6 6 1 .3 8 5 1 .2 7 9 . 2 4 3 .807
20 . 1 7 6 . 6 3 9 2 . 7 8 0 2 . 9 3 2 8 1 . 7 5 4 6 . 5 9 5 .369 1 . 1 6 2 . 4 8 3 1 .8 1 6
21 .655 . 1 6 5 4 .0 6 0 .1 8 0 5 1 .7 6 7 5 . 3 1 5 .2 7 9 .8 3 9 .5 2 5 1 .5 7 9
22 . 1 2 0 .1 9 8 7 .7 0 5 1 .1 6 7 5

ï : i û
2 . 3 9 5 .207 .3 4 3 . 4 8 9 .8 1 0

23 . 1 1 0 .1 4 7 2 .075 . 1004 1 .5 6 3 .226 . 3 6 2 .2 0 0 .2 6 0
SYi =

ŸT =

2(ZYiY

2 . 4 0 0  

.1 6 4  

i ) - 5 . 2 7 4 6

6 . 0 6 5

. 2 6 4

1 4 .9 8 5 6

4 6 .1 9 4

1 .7 4 8

9 6 .3 5 3

5 . 2 2 8

.227

1 2 . 3 8 4

7 . 7 2 1

.3 3 6

1 7 . 4 8 4

0\
o



6l

TAULE 11

il£';iîESSION ANALYSIS OF EMISSIONS AS A FUNCTION 
OF THE SUM OF THE DEMOGRAPHIC PARAMETERS

TYPE OF EMISSION
I x y

0 : x v - i S x ) ( 2 Y)
n

SLOPE O J  
Sxy 
Sx

PARTICULATES .3821 .0310

SULFUR UlOilUE 2 .6217 .216%

CARÜON MONOXIDE 8 .4 1 5 . 61/37

OXIDES OF NITROGEN 1.726 .1427

HYDROCARBONS 1 .7 4 4 .1446
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obvious  t h a t  t h e r e  a r e  i nnumerabl e  c h a r a c t e r i s t i c s  of  c i t y  

growth so t h a t  t h e  3 pa r a m e t e r s  r e p r e s e n t e d  in t h i s  a n a l y s i s  

could  s c a r c e l y  be expec t ed  to  be e x a c t l y  s t a t i s t i c a l l y  l i n ­

e a r .  T h i s  r e v e l a t i o n  l ed  t o  a  s c r u t i n y  o f  t h e  r e p r e s e n t a t i o n  

of  t he  a i r  p o l l u t i o n  e m i s s io ns  a s  a  f u n c t i o n  of  c i t y  growth.  

S ince  i t  was not  n e c e s s a r i l y  t h e  demographic  pa r a m e t e r s  t h a t  

must  show a l i n e a r  p r o g r e s s i o n  but  r a t h e r  t h e  emi s s io ns  d a t a ,  

t h e  f e a s i b i l i t y  of  a  h o r i z o n t a l  d a t a - s h i f t  o f  t h e  demographic 

p a r a m e t e r s  was s t u d i e d .  I f  a  c o n s t a n t  f u n c t i o n  could  be 

found t o  t r e a t  a l l  o f  t h e  d a t a  p o i n t s  e q u a l l y  and ,  l i k e w i s e ,  

to  t r e a t  a l l  o f  t h e  i n f o r m a t i o n  to be p l o t t e d  a g a i n s t  t h i s  

r e g r e s s i o n  in  t he  a p p l i c a t i o n  o f  t h e  model a  more l i n e a r  r e ­

g r e s s i o n  might  be a c h i e v e d .  Such a f u n c t i o n  was deve loped  (K) 

so t h a t  a  d i f f e r e n t  numer i ca l  c o n s t a n t  f o r  each  of  t h e  5 t y p e s  

o f  p o l l u t a n t s  would move t he  d a t a  p o i n t s  t o  nea r  t h e  r e g r e s s ­

ion l i n e .  T h i s  was accompl i shed  by moving t h e  d a t a  p o i n t s  

v a r i o u s  d i s t a n c e s  u n t i l  t h e  most  l i n e a r  c o n f i g u r a t i o n  was 

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

not  changed a p p r e c i a b l y  by t h i s  t r e a t m e n t  but  t h e  o p t i c a l  

l i n e a r i t y  i s  g r e a t l y  improved s i nc e  i t  d r a s t i c a l l y  na rrows  

the  d i s t r i b u t i o n  o f  t h e  d a t a  p o i n t s  around t h e  r e g r e s s i o n  

l i n e .  Al l  o f  t h e  d a t a  p o i n t s  above Ÿ(mean o f  t h e  Y d a t a )  a r e  

moved to  t h e  r i g h t  and t h o s e  below Ÿ a r e  moved to  t he  l e f t  by 

t he  fo r mu la

SX [  = SXj + K(Y-7 )

where;  SXj  ̂ = sum o f  t h e  no r ma l i zed  demographic 
p a r a m e t e r s .
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2 Xj[ = corrected sum of the normalised 

demographic parameters

For c a l c u l a t i o n s  s e e  T a b l e s  1 2 , I3» 14» 15» I6 and t h e  

c o r r e c t e d  s t a t i s t i c a l  p l o t s  a r e  d i s p l a y e d  i n  F i g u r e s  10 ,

11, 12, 13,  and  I 4 .

Due t o  t h e  g e n e r a l  p r e d i c t i o n  c a p a b i l i t y  o f  t h e  m ode l ,  

a  p r e d i c t i o n  t h a t  f a l l s  w i t h i n  one s t a n d a r d  d e v i a t i o n  o f  

t h e  r e g r e s s i o n  l i n e  m ig h t  be c o n s i d e r e d  a s  u s e a b l e  t o  a n y ­

one  a p p l y i n g  t h e  m o d e l .  The s t a t i s t i c a l  t e c h n i q u e  f o r  c a l ­

c u l a t i n g  s t a n d a r d  d e v i a t i o n s  {o )  u t i l i z e s  t h e  f o l l o w i n g  

f o r m u l a :

a  = (Y -  Ÿ ) ®

n -  1

Where: o = s t a n d a r d  d e v i a t i o n

Y = mean o f  t h e  Y v a l u e s

Y = sam ple  v a l u e

n = number o f  sam p les  

To c a l c u l a t e  t h e  v a r i a n c e  a r o u n d  a  r e g r e s s i o n  l i n e  

wh ich  h as  a  c o n s t a n t  v a l u e  change  r a t h e r  t h a n  a  msan v a l u e  

t h e  Y v a l u e  o f  t h e  r e g r e s s i o n  l i n e  p o i n t  r e p r e s e n t i n g  ea ch  

d a t a  p o i n t  i s  s u b s t i t u t e d  f o r  Y and i s  d e s i g n a t e d  a s  Y' .

T h i s  r e s u l t s  in  t h e  s t a n d a r d  d e v i a t i o n  a r o u n d  t h e  r e g r e s s i o n  

l i n e  b e in g  c a l c u l a t e d  by

a  =
\

(Y -  Y' )

n -  1

For t h e  c a l c u l a t i o n s  o f  t h e  s t a t i s t i c a l  v a r i a n c e s ,  s e e  Tab­

l e s  17, l b ,  19, 2 0 ,  and  21.
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TABLE 13

ÜEGKESSION CALCULATIONS OF SULFUR DIOXIDE EMISSIONS WITH DATA-SbilFT

CITY 
N r . S X i ? 2

-"2 -  ,
(Yp-Yg) 8 / 2 2 X ’ 2 x 1  Y2

1 2 . 4 8 4 .0 5 0 - . 2 1 4 - 1 . 7 1 2 . 7 7 2 1 . 3 9 4
2 .0 2 6

1 .9 4 3 .0 3 8 6
2 1 . 8 5 2 .0 1 5 - . 2 4 9 - 1 . 9 9 2 - . 1 4 0 4 . 1 0 5 .0 0 2 1
3 1 .8 1 9 .1 2 5 - . 1 3 9 - 1 . 1 1 2 .7 0 7

\ M
2 . 1 2 9 .0 8 8 4

4 2 . 0 6 0 .0 7 0 - . 1 9 4 - 1 . 5 5 2 .5 0 6 2 . 7 4 9 .0 3 5 6
5 1 . 9 9 2 . 0 7 0 - . 1 9 4 - 1 . 5 5 2 .440 1 .7 2 6 2 . 9 7 9 .0 3 0 8
6 1 . 6 0 9 .0 6 0 - . 2 0 4 - 1 . 6 3 2 - . 0 2 3 2 . 1 4 3 4 . 5 9 2 .0 0 1 4
7 1 . 6 6 4 .055 - . 2 0 9 - 1 . 6 7 2 - . 0 0 8 2 . 1 5 8 4 . 6 5 7 . 0 0 0 4
8 1 .7 4 1 . 1 6 0 - . 1 0 4 - . 8 3 2 . 9 0 9 1 .2 5 7 1 .580 . 1 4 5 4
9 1 . 6 8 0 .015 - . 2 4 9 - 1 . 9 9 2 - . 3 1 2 1 . 8 5 4 3 . 4 3 7 .0 0 4 7

10 1 .6 2 7 . 110 - . 1 5 4 - 1 . 2 3 2 .3 9 5 1 .7 7 1 .0 4 3 5
11 1 .6 3 5 . 0 9 0 - . 1 7 4 - 1 . 3 9 2 .2 4 3 1 . 9 2 3 3 . 6 9 b .0 2 1 9
12 2 . 0 7 1 .6 4 5 .3 8 1 3 . 0 4 8 5 . 1 1 9 2 . 9 5 3 8 . 7 2 0 3 .3 0 1 7
13 1 . 4 0 3 . 2 9 0 .0 2 6 .2 0 8 1 . 6 1 1 .5 5 5 .3 8 0 .4 6 7 2
14 1 . 3 6 4 .3 3 5 .0 7 1 .5 6 8 1 . 9 3 2 . 2 3 4 . 0 5 4 .6 4 7 2
13 1 .3 6 8 . 4 6 0 . 196 1 .5 6 8 2 . 9 3 6 . 7 7 0 .5 9 3 1 .3 5 0 6
16 2 .1 7 0 . 4 4 5 . 181 1 . 4 4 8 3 . 6 1 8 1 . 4 5 2 2 . 1 0 8 1 .610Ü
17 1 .4 6 6 .0 0 5 - . 2 5 9 - 2 . 0 7 2 - . 6 0 6 1 . 5 6 0 2 . 4 3 4 .0 0 3 0
18 3 . 7 9 b 1 .0 9 5 .8 3 1 6 . 6 4 8 1 0 .4 4 6 8 . 2 8 0 6 8 . 5 5 8 1 1 . 4 3 8 4
19 3 . 3 2 2 .3 5 0 .086 , 6b 8 4 . 0 1 0 1 .83 4 3 . 3 6 6 1 .4 0 3 5
20 3 . 7 6 0 .7 8 0 .5 1 6 4 . 1 2 8 7 . 8 8 8 5 . 7 2 2 3 2 .7 4 1 6 . 1 5 2 6
21 3 . 0 0 8 .060 - . 2 0 4 - 1 . 6 3 2 1 .3 7 6 . 7 9 0 . 6 2 4 .0826
22 1 .6 5 6 .7 0 5 . 4 4 1 3 . 5 2 b 5 . 1 8 4 3 . 0 1 8 9 . 1 0 8 3 .6 5 4 7
23 1 .3 3 8 . '"75 - . 1 8 9 - . 7 1 2 . 6 2 6 1 . 5 4 0 _.._ 2 . 3 7 2 . 04-6 V

SUMS = 
MEANS=

S x 1 / 2  =

4 6 . 8 8 7
2 . 0 3 9

= SXÎV2 -

6 . 0 0 5
. 2 6 4

(2 x | ) a Y p )
n

=: 1 7 .0 1 3 9

4 9 . 8 1 8
2 . 1 6 6

SLOPE 1/3 ) = Sx^Y g =

1 6 5 .9 9 1

.1 0 2 5

3 0 .1 5 0 7

On
V I



TABLE 14

REGRESSION CALCULATIONS OF CARBON MONOXIDE EMISSIONS WITH DATA-SHIFT

CITY
....

s x l a x i - S x i  J
2 l X i Ï 3

2.4W4
1 . 8 5 2
1 .8 1 9
2 . 0 6 0
1 . 9 9 2
1 .6 0 9
1 . 6 6 4
1 .7 4 1
1 .6 8 0
1 .6 2 7
1 .6 3 5
2 . 0 7 1
1 .4 0 3
1 . 3 6 4
1 .3 6 8
2 . 1 7 0
1 .4 6 6
3 . 7 9 8
3 . 3 2 2
3 . 7 6 0
3 . 0 0 8

i : 3l s

3 . 4 1 6
3 . 1 3 1

.3 2 1

3:11
. 4 1 6

3 . 2 4 0
. 6 7 4
.9 4 2

1 . 3 8 0
2 . 2 4 5
1 .1 6 5

.3 0 6
3 . 2 9 8

. 5 4 2
1 . 1 8 0

.8 6 3
4 . 6 8 8
2 . 0 0 5
1 . 7 5 4
1 .7 6 7

\\%

2 . 7 8 2
1 .7 2 3
1.882
1 .6 2 8
2 . 3 9 8
1 .8 1 5
1 .6 9 8
2 .0 7 4
1 .7 3 3
1 .1 2 9

.177
1 .0 0 8
1 . 4 4 4
1 .4 8 5
1 .7 6 3

.886
2 .  066 
6 . 0 0 4
1 .5 0 4
1 . 5 6 5

.8 3 3
1.001
1 , 736 .,

7 . 7 4 0
2 . 9 6 9
3 . 5 4 2
2 . 6 5 0
5 . 7 5 0
3 . 2 9 4
2.883
4 . 3 0 1
3 . 0 0 3
1 .2 7 5

.0 3 1
1 .0 1 6
2 . 0 8 5
2 . 2 0 5
3 . 1 0 8

.7 8 5
4 . 2 6 8  

3 6 . 0 4 8  
2 . 2 6 2  
2 . 4 4 9  

.6 9 4  
1.002  
; . o i 4

" 17: 0 3 2 -
1 2 .2 9 5

.103

.437
1 6 . 0 5 2  

. 162 
1 2 . 6 4 2  

.088 

. 4 4 4  
1 . 4 8 4  
5 . 3 4 5
1 .5 9 3

1 2 . l 6 o
. 2 3 9

1 .5 5 5
.1 1 9

3 8 . 4 7 9
7 . 4 3 5
0 .611
5 . 3 6 6
1 . 7 4 0

_____
1 4 1 .9 6 7

1
2
3
4

I
I
9

10
I I  
12
13
14

II
18
19
20 
21 
22 
23

1 .668
1 . 3 8 3

- 1 . 4 2 7
- . 9 8 9
1 . 7 4 0

• 1 .3 3 2
1 . 4 9 2

- . 3 6 8
.497  

- . 5 0 3  
- 1 . 4 4 2  

1 .5 5 9  
- 1 . 2 0 6  

- . 5 6 8  
-  , 8 8 5  
2 . 9 4 0  

.2 5 7

.0 0 6

.0 1 9
- . 3 0 2
- . 5 8 0

2 . 5 0 2
2 . 0 7 5

- 2 .1 4 1
- 1 . 4 8 4

2.610
- 1 . 9 9 8

2 . 2 3 8
- 1 . 6 1 1
- 1 . 2 0 9

- . 5 5 2
.7 4 6

- . 8 7 5
- 2 . 1 6 3

2 . 3 2 5
- 1 . 8 0 9

- . 8 5 2
- 1 . 3 2 8

^1386
.0 0 9
.0 2 9

- . 4 5 3
- . 8 7 0

4 . 9 8 6
3 . 9 1 7
- . 3 2 2

.5 7 6
4 . 6 0 2
- . 3 8 9
3 . 9 0 2

.1 3 0

.4 7 1
1 .0 7 5  
2 . 3 8 1  
1 .1 9 6  
- . 7 6 0  
3 . 6 8 9  
r . 4 4 1  
1 .3 1 8  

. 138 
8 . 2 0 8  
3 . 7 0 8
3 . 7 6 9
3 . 0 3 7
1 .2 0 3  

.4 6 8
5 0 . 6 9 6

2 . 2 0 4

O nON

SUMS = 
MEANS:

X x iV .

: 4 6".887 4 0 . 1 9 ^
2 . 0 3 9  1 .7 4 8

= 2 x | Y ^ - ( % x | ) Œ Y ^ )  = 5 3 . 3 7 2
n

9 6 . 5 7 4

SLOPE { ^ )  = S x = .5 5 4
S x  7



T4BLE 15

HE-inESSIOX CALCULATIONS OF NITROGEN OKIDE EMISSIONS -VITtl DATA-3RIFT

CITY
Nr.

2 %i ’̂ 4
^4

7^4 S x  I
,... -

a X i - ^ i  ; x f S x l f 4

1 2 . 4b 4 . 2b 4 .257 1 . 7 9 9 4 .2 8 3 2 .  i b i 4 . 7 5 7 1 .2 1 6
2 i . b 5 2 .3 3 b .111 .777 2 . 6 2 9 .527 .2 7 b . 8 8 9
3 1 .619 .045

.ObO
- . 1 6 2 - 1 . 2 7 4 .5 4 5 1 .5 5 7 2 . 4 2 4 .0 2 5

4 2 . 0 6 0
- A t l

- 1 . 0 2 9 1 .0 3 1 1 .0 7 1 1 .1 4 7 . 0 8 2
5 1 .9 9 2 . 4 1 3 1 . 3 0 2 3 . 2 9 4 1 . 1 9 2 1 .4 2 1 1 .3 6 0
6 1 .6 0 9 .059 - . 1 6 8 - 1 . 1 7 6 . 4 3 3 1 . 6 6 9 2 . 7 8 6 .0 2 6
7 1 . 6 6 4 . 1 7 3 - . 0 5 4 - . 3 7 8 1 .2 6 6 .8 1 6 .0 6 6 . 2 2 2
b 1 .7 4 1 . 164 - . 0 6 3 : : # 8 1 .3 0 0 . 6 0 2 .6 x 3 .2 1 3y l .O b u . 103 - . 1 2 4 . 8 1 2 1 . 2 9 0 1 . 6 6 4 .0 8 4

10 1 .6 2 7 . 2 2 0 - . 0 0 7 - . 0 4 9 1 .5 7 6 . 5 2 4 . 2 7 5 .347
11 1 .6 3 5 .2 4 5 .0 1 8 . 126 1 .7 6 1 .3 4 1 . 116 .4 3 1
12 2 . 0 7 1 .1 5 5 - . 0 7 2 -Âtè 1 .5 6 7 .5 3 5 .2 8 6 . 2 4 3
13 1 .4 0 3 . 0 6 9 - . 1 3 8 .437 1 .6 6 5 2 . 7 7 2 .0 3 9
14 1 . 3 6 4 . 3 9 4 .167 1 . 1 6 9 2 . 5 3 3 . 4 3 1 . 186 .9 9 8
15 1 .3 6 6 .167 - . 0 6 0 - . 4 2 0 .9 4 8 1 .1 5 4 1 . 3 3 2 . 064
16 2 . 1 7 0 .2 1 6 - . 0 1 1 - . 0 7 7 2 . 0 9 3 .0 0 9 .000 . 4 5 2
17 1 .4 0 6 .0 7 4 - . 1 5 3 - 1 . 0 7 1 .3 7 5 1 .7 0 7 2 . 9 1 4 .0 2 9
l b 3 . 7 9 b .7 0 3 .4 7 6 3 . 3 3 2 7 . 1 3 0 5 . 0 2 8 2 5 . 2 6 1 5 . 0 1 2
19 3 . 3 2 2 . 3 8 5 .1 5 8 .4 0 6 3 . 7 2 8 1 .6 2 6 2 . 6 4 4 1 .4 3 5
20 3 . 7 6 0 .3 0 9 . 0 8 2 .574 4 . 3 3 4 2 . 2 3 2 4 . 9 8 2 1 .3 3 9
21 3 . 0 0 8 .2 7 9 . 0 5 2 . 3 6 4 3 . 3 7 2 1 .2 7 0 1 . 6 1 3 . 9 4 1
22 1 .6 5 6 .207 - . 0 2 0 - . 1 4 0 1 .5 1 6 .5 8 6 . 5 4 4 . 3 1 4
23 1 .3 3 8 .226 - . 0 0 1 - . 0 0 7 1 .331 . 7 7 1 . 5 9 4 . . 3 0 1

SUMS = 4 6 . 8 8 7 5 . 22b 4 8 . 3 3 6 5 9 . 1 2 5 1 7 .4 9 7
ME AN3= 2 . 0 3 9 .227 2 . 102

5 '

) q Y 4 ) = 6 .5 1 0 SLOPE I/3 > = S x . y  , = .1101

n



TAULE 16

REGRESSION CALCULATIONS OF HYDROCARBON EMISSIONS WITH DATA-SHIFT

CITY
Nr.

XX i *5
■75H T
.6 0 1
.0 7 0
.2 0 1
.2 5 4
. 1 1 0
. 4 1 3

.3 4 5

XX,
7 =1 1 ,

ÇXX^-XXj^)

3 . 9 8 4
3 . 4 4 2

.2 2 3
1 .2 5 0
1 .5 0 0

.2 5 3
2 .1 2 6

.727

.7 6 2
1 .6 8 1
1 .6 7 7
1 .6 2 1

.1 9 7
4 . 0 1 0

.1 5 0
2 . 6 8 6

6 : 4 ^
2 . 7 6 4
4 . 6 4 2
4 . 1 4 2
2 . 5 7 4

522

1 . 9 0 8 3 . 6 4 0
1 .3 6 6 1 .866
1 . 8 5 3 3 . 4 3 4

.8 2 6 . 6 8 2

.5 7 6 . 3 3 2
1 . 8 2 3 3 . 3 2 3

. 0 5 0 . 0 0 3
1 . 3 4 9 1 . 8 2 0
1 . 3 1 4 1 .7 2 7

.3 9 5 . 156

.3 9 9 . 1 5 9

.455 .2 0 7
1 . 8 7 9 3 . 5 3 1
1 . 9 3 4 3 . 7 4 0
1 .9 2 6 3 . 7 0 9

.6 1 0 . 3 7 2
1 .7 3 2 3 .  000
4 . 3 9 2 1 9 . 2 9 0

.688 . 4 7 3
2 .5 6 6 6 . 5 8 4
2 . 0 6 6 4 . 2 6 8

.498 . 2 4 8
1 . 554^ 2 . 4 1 5

6 4 . 9 7 9

1
2
3
4

I
I
9

10
I I
12
13
14
15
16
17
1 8
19
20 
21 
22 
2 1

l i

2 . 0 6 0
1 . 9 9 2
1 .6 0 9
1 . 6 6 4
1 . 74A
1 . 6 8 0
1 .6 2 7
1 . 6 3 5
2 . 0 7 1
1 .4 0 3

2 . 1 7 0
1 .4 6 6
3 . 7 9 8
3 . 3 2 2
3 . 7 6 0
3 . 0 0 8
1 . 6 5 6
1 .3 3 8

4 6 . 8 8 7
2 . 0 3 9

.261

. 1 3 5

. 4 2 2

. 2 4 3

. 4 8 3

.5 2 5

. 4 8 9

.2 0 0

.2 5 0

.2 6 5
- . 2 6 6
- . 1 3 5
- . 0 8 2
- . 2 2 6

.077
- . 1 6 9
- . 1 5 3

.009

. 0 0 7
- . 0 7 5
- . 2 0 1

.4 4 1

- M
- . 1 8 7

.4 4 5
- . 0 9 3

.147

. 1 8 9

.153
- . 1 3 6

1 . 5 0 0
1 . 5 9 0

- 1 . 5 9 6
- . 8 1 0
- . 4 9 2

- 1 . 3 5 6
.4 6 2

- 1 . 0 1 4
- . 9 1 8

. 0 5 4

. 0 4 2
- . 4 5 0

- 1 .2 0 6
2 . 6 4 6

- 1 .5 1 8
.5 1 6

- 1.122
2 . 6 7 0

- m
1 . 1 3 4

. 9 1 8
- . 8 1 6

2 . 3 3 5
2 . 0 6 9  

. 0 1 6  

.2 5 1  

. 3 8 1  

. 0 2 8  

. 8 7 8  

. 121 

. 1 3 9  

.5 8 0  

. 5 7 5  

. 4 2 3  

.0 2 7  
3 . 1 1 6  

.012  

.257

. 0 5 1
5 . 0 5 2

. 6 7 2
2 . 2 4 2
2 . 1 7 5
1 . 2 5 9

. 1 0 4
22.763

00

SUMS : 
MEANS:

7 . 7 2 1
.3 3 6

)(SY 3)  =. 6 . 7 3 5
n

4 7 . 7 4 5
2 .0 7 6

SLOPE O )  = I X i Y p  = 104



Sum o f  t h e  d e m o g r a p h i c  p a r a m e t e r s  ( s h i f t e d )

o\VO

F i g .  1 0 . — R e g r e s s io n  o f  P a r t i c u l a t e  e m i s s i o n s
on the  sum o f  th e  demographic param eters  w i th  Data S h i f t .
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F ig .  1 1 . - - R e g r e s s i o n  o f  Su l fur  D iox ide  e m is s io n s
on the  sum o f  th e  demographic parameters  w ith  Data S h i f t
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Sum o f  t h e  d e m o g r a p h i c  p a r a m e t e r s  ( s h i f t e d )

F ig .  1 2 . — R e g r e s s io n  o f  Carbon Monoxide e m is s io n s
on the  sum o f  the  demographic parameters  w ith  Data S h i f t
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F ig .  1 3 . — R e g r e s s io n  o f  N i tro g e n  Oxide e m i s s i o n s
on the  sum o f  the  demographic param eters  w ith  Data S h i f t .
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Sum o f  t h e  d e m o g r a p h i c  p a r a m e t e r s  ( s h i f t e d )

F ig .  1 4 . — R e g r e s s io n  o f  Hydrocarbon e m i s s i o n s
on the  sura o f  the  demographic param eters  w i th  Data S h i f t



rAHLÜ 17

V.VKIANCE DKTEUMINATION OF DAT A-SFÎI FTEü P.VHTICÜLATE EMISSIONS

CITV 
N r . X'

1
2
3
4

i

9
10
11
12
13
14
15
16

II
19
20 
21  
22 
21 .
a
/3

. 0 3 6  

. 6342

3 .3 1 2
2 . 0 5 0

.577
1 . 35Ü
1 .6 5 0

.997

.7 8 2

.9 4 9

.5 2 6
2 . 0 9 5  
1 . 3 0 3  
1 .9 9 9  

.2 5 1  
1 . 5 6 2  

.666 
2 . 8 1 8  
- .  046 
7 . 5 0 6  
4 . 2 4 0

1 .9 4 4
1 .446

n - 1
/ '  = a + 8 ( X '  ) 

a  = . O2B4

. 0 1 4 2 Î X ' } y ' Y* -Y
. 1 1 3 2  
.0 7 0 1  
.0197  
. 0 4 6 4  
. 0 5 6 4  
. 0 3 4 0  
.0267  
. 0 3 2 4  
. 0 1 8 0  
.0 7 1 6

.0 0 8 5

. 0 5 3 4

.0 2 2 7

.0 9 6 3
- . 0 0 1 5

.2 5 6 7  

. 1450 

. 1 6 9 2  

.0 3 0 1  
' . 0 6 6 4
.0 4 9 4

0 0 0 8 0 9

. 1 5 1 2

.1 0 8 1

.0577

. 0 8 4 4

. 094-1 

. 0 7 2 0  

.0647

.0 7 0 4

.0 5 6 0

.1 0 9 6

.0 8 5 2

.1 0 6 3

.0 4 6 5

.0 9 1 4

.0607

.1 3 4 3

.0 3 6 5

.2947

. 1 8 3 0

.20 7 2

. 0 6 8 1

. 1044

.020ü_

i ï l z l ï .
. 150 . 0 0 1 2 .0 0 0 0 0 1 4
. 1 1 5 .0 0 6 9 .0 0 0 0 4 7 6
.0 3 5 .0 2 2 7 .0 0 0 5 1 5 2
. 0 6 5 . 0 1 9 4 .0 0 0 3 7 6 3
.0 8 5 . ÛO94 .0 0 0 0 8 8 3
. 0 7 0 . 0 0 2 0 .00Û0040
. 0 5 5 .0 0 9 7 .0 0 0 0 9 4 0
.0 6 0 . 0 1 0 4 . 0 0 0 1 0 8 1
. 0 4 0 . 0 1 6 0 .0 0 0 2 5 6 0
. 1 3 0 . 0 2 0 4 . 0 0 0 4 1 6 1
. 0 9 0 . 0 0 4 8 .0 0 0 0 2 3 0
.1 0 0 . 0 0 6 3 .0 0 0 0 3 9 6
. 0 4 0 . 0 0 6 5

. 0 8 6 4
. 0 0 0 0 4 2 2

. 1 1 5 .0 0 7 4 6 4 9

.0 6 5 .0043 . 0 0 0 0 1 8 4

. 1 4 0 .0057 . 0 0 0 0 3 2 4

.0 2 0 .0 1 6 5 .Ü 002722

.3 10 . 0 1 5 3 . 0 0 0 2 3 4 0

. 1 5 5 .0 2 8 0 .0 0 0 7 8 4 0

. 170 . 0 3 7 2 .0 0 1 3 8 3 8

. 0 5 5 . 0 1 3 1 . 0 0 0 1 7 1 6

. 120 .0 1 5 6 .0 0 0 2 4 3 3

. 110 .07 2 0 .0051840

H Y ' - Y ) ^  = . 0 1 7 6 0 0 4

-vl
.p».



TABLE 18

VARIANCE DETERMINATION OF UATA-SHIFTED SULFUR DIOXIDE EMISSIONS

CITY 
N r . X'

1 . 7 7 2
2 - . 1 4 0
3 .707
4 . 5 0 8
5 . 4 4 0
6 - . 0 2 3
7 - . 0 0 8
8 .9 0 9
9 - . 3 1 2

10 .3 9 5
11 .2 4 3
12 5 . 1 1 9
13 1 .6 1 1
14 1 .9 3 2
15 2 . 9 3 6
16 3 . 6 1 8
17 - . 6 0 6
18 1 0 .4 4 6
19 4 . 0 1 0
20 7 . 8 8 8
21 1 .3 7 6
22 5 . 1 8 4
23 .626
0 - . 0 5 8
/3 = .1025

2 ( Y ' - i ^ ) ^  =
n - 11 _ a + / 3( x '  )

a = .6733

. 102ô ( X ' )
. 0 7 9 1 2  

- .0 1 4 3 5  
.0 7 2 4 6  
.0 5 2 0 6  
.0 4 5 0 9  

- . 0 0 2 5 6  
- .0 0 0 8 2  

. 0 9 3 1 6
- . 0 3 1 9 8  

.0 4 0 4 8  

.02491

. 5 2 4 6 5  

.1 6 5 1 1  

. 19801 

.3 0 0 9 1  

.3 7 0 8 1  
- .0 6 2 1 1  
1 .0 7 0 6 1  

.4 1 0 9 8  

. 8 0 8 4 4

.1 4 1 0 3

.5 3 1 3 1

.0 6 4 1 6

.1 3 7

.0 4 4

.1 3 0

.110

.1 0 3

.056

.057

.1 5 1

.0 2 6

. 0 9 8

.0 8 3

.5 8 3

. 2 2 3

.2 5 6

.3 5 8

.4 2 8

. 0 2 4
1 . 1 2 9

.4 6 8

.866

.199

. 5 8 9

.122

. 0 5 0

.015

.1 2 5

.0 7 0

.0 7 0

.0 6 0

.055

.1 6 0

.0 1 5

.1 1 0

.0 9 0

.6 4 5

.2 9 0

.3 3 5

.4 6 0

.4 4 5  

.0 0 5  
1 .0 9 5  

. 3 5 0  

. 7 8 0  

. 060

.7 0 5

.075

Y' -Y
T ôS t *
. 0 2 9
.0 1 5
.0 4 0
.0 3 3
. 0 2 4
. 0 1 8
.0 2 9
.011
. 0 3 2
.0 2 7
.0 8 2
.0 8 7
.0 9 9
.122
.0 3 7
.0 1 9

. 086 

. 13V 

.1 3 6  

. 0 4 7

00757. Ü0084 
.0 0 0 2 3  
.0Ü160 
.0 0 1 0 9  
.0 0 0 5 8  
. 0 0 0 3 2  
.00084  
.00012  
.00102  
. 0 0 0 7 3  
. 0 0 6 7 2
. 0 0 7 5 7
. 0 0 9 8 0
. 0 1 4 8 9
.0 0 1 3 7
.0 0 0 3 6
.0 0 1 1 6
. 0 1 3 9 2
. 0 0 7 4 0
.01932
. 0 1 8 5 0
.00221

-Ni
NJl

= .1 1 8 1 6 0

005370



TABLE 19

VARI.LVCE ûETEflNfINATION OF DATA-SüIFTEÛ CARBON MONOXIDE EMISSIONS

C I T T
N r . X ’

x w
3 . 9 2 7
- . 3 2 2

.5 7 6
4 . 6 0 2
- . 3 0 9
3 . 9 0 2

.1 3 0

. 4 7 1
1 .0 7 5
2 . 3 8 1
1 .1 9 6
- . 7 6 0
3 . 6 8 9

i ! ^ s
.1 3 8

8 . 2 0 8
3 . 7 0 8
3 . 7 6 9
3 .3 0 7
1 . 2 0 3

. 4 6 8

2 . 7 6 2 2

- ' ; Î 7Î 3
. 3 1 9 1

2 . 5 4 9 5
- . 2 1 5 5
2 .1 6 1 7

.0 7 2 0

.2 6 0 9

.5 9 5 5
1 .3190  

. 6 6 2 5  
- . 4 2 1 0
2 .0 4 3 7
- . 2 4 4 3

.7301  

. 0 7 6 4  
4 . 5 4 7 2  
2 . 0 5 4 2  
2 . 0 8 8 0  
1 . 6 8 2 4  

. 6 6 6 4  

. 2 5 9 2

( y ' - y
1
2
3
4

i
I
9

10
I I
12
13
14

l i
17
18
19
20 
21 
22 

Z i .

3 . 2 5 5 2
2 . 6 6 8 5

. 3 1 4 7

. 8 1 2 1
3 . 0 4 2 5

.2 7 7 5
2 .6 5 4 7

.5 6 5 0

. 7 5 3 9
1 .0 8 8 5
1 .8 1 2 0
1 .1 5 5 5

. 0 7 2 0
2 . 5 3 6 7

.2487
1 .2 2 3 1

. 5 6 9 4
5 . 0 4 0 2
2 . 5 4 7 2
2 .5 8 I Ü
2 . 1 7 5 4
1 .1 5 9 4

■ ...1 5 2 2 ,

3 . 4 1 6 .1 6 1
3 . 1 3 1 .4 6 2

.3 2 1 ,o o 6

.7 5 9 .053
3 .  4W8 .4 4 5

.4 1 6
3 . 2 4 0 .5 8 5

.6 7 4 .109

. 9 4 2 .1 8 8
1 . 3 8 0 .2 9 1
2 .2 4 5 .4 3 3
1 .1 6 5 .0 0 9

.306 .2 3 4
3 . 2 9 8 .7 6 1

. 5 4 2 . 2 9 4
1 .1 8 0 .0 4 3

.8 6 3 . 2 9 4
4 . 6 8 8 .3 5 2
2 . 0 0 5 . 5 4 2
1 . 7 5 4 .827
1 .7 6 7 .4 0 8
1 .4 4 6 .287
1 .1 6 8 .416

. 0 2 5 9 2

. 2 1 3 4 4

. ÜOÛO3

. 0 0 2 8 0

. 1 9 8 0 2

. 0 1 9 0 4

. 3 4 2 2 2

.0 1 1 8 8

. 0 3 5 3 4

.0 8 4 6 8

. 18748 

.0 0 0 0 8  

.0 5 4 6 1

■Mil
. 0 0 1 8 4  
. 0 8 6 4 3  
. 1 2 3 9 0  
.2 9 3 7 6  
. 6 8 3 9 2  
.1 6 6 4 0  
.0 8 2 3 6  
♦ 1730.2..

a  —
/3 =
a*=

y ’ =
a  =

. 4 9 3  

. 5 5 4

s u ' - y ) ^  = . 157
n - 1

0 +/3U '  )
.3 9 6

s u ‘ - y ) "  = 3 . 4 5 0 0 1



C I T Y  
N r .

1
2
3
4
è

I
9

10
I I  
12
13
14

l î

î é
19
20 
21  
22

TABLE 20

VAHI.ANCE OtrrEHNflNATIGN OF DATA-SIIIFTED NITROGEN OXIDE EMISSIONS

0 . 000 
. 1101

X'
4 . 2^3
2 .6 29

.545
1 .0 3 1
3.294
1 . 2 8 0
1 .3 0 0

. 8 1 2
1 .5 7 8
1 .7 6 1
1 .5 6 7

.437
2 . 5 3 3

.948
2 .0 9 3

.3 9 5
7 . 1 3 6
3 .7 2 8
4 .3 3 4
3 . 3 7 2
1 .5 1 6
1.331

S I Y ' - Y j "  =  
n -1

Y ' = a+/3( x '  )
a = .0 7 4

l l O K X *  )
. 4 7 1 5
.2 8 9 4
.0 6 0 0
.1 1 3 5  
. 3 6 2 6  
. 6476
.1 4 1 5
.1 4 3 1
.0 8 9 4
.1737
.1938
.1 7 2 5
.0 4 8 1
.2 7 8 8
.1 0 4 3  
.2 3 0 4  
. 0434
. 7 8 5 0
.4164
. 4 7 7 1
. 3 7 1 2
. 1 6 6 9  
.1465

0 0 5 4 7

. 4 7 1 5

. 2894 

.060Ü

.1 1 3 5

.3 6 2 6

.0 4 7 6

.1 4 1 5

.1 7 3 7

.1 9 3 8

.1 7 2 5

.0 4 8 1

.2 7 8 8

.1 0 4 3  

.2 3 0 4  

. 0434

.7 8 5 0

.4 1 0 4

.4 7 7 1

.3 7 1 2

. 1 6 6 9

. 1 465

y ' - y
.2 8 4 . Ï 5E
.3 3 8 .0 4 9
.0 4 5 .015
.0 8 0 .033
.4 1 3 .0 5 0
.0 5 9 .0 1 1
.173 .0 3 1
.1 6 4 .0 2 1
.1 0 3 .0 1 4
.220 . 046
.2 4 5 .0 5 1
.1 5 5 .0 1 8
.0 8 9 .0 4 1
.3 9 4 .1 1 5
.1 6 7 .0 6 3
.2 1 6 .0 1 4
.0 7 4 .0 3 1
.7 0 3 .082
.3 8 5 .0 2 5
.3 0 9 . 168
.2 7 9 .0 9 2
.2 0 7 .040
.226 .679

.03534

.0 0 2 4 0

.00022

.0 0 1 0 8

.0 0 2 5 0

.00012

.0 0 0 9 6

. 0 0 0 4 4  

.0 0 0 1 9  

.00211  

.00260  

. 0 0 0 3 2  

.0 0 1 6 8  

.0 1 3 2 2  

.0 0 3 9 6  

.0 0 0 1 9  

.0 0 0 9 6  

.0 0 6 7 2  

.0 0 0 6 2  

.0 2 8 2 2  

.0 0 8 4 6  

. 0 0 1 6 0  

.0 0 0 2 4

E \ Y ' - Y ) = .1 2 0 1 5



r.4iJLE 21

VARIANCE DETERMINATION OF DATA-gRIFFED HVDROCARBONS EMISSIONS

ü iT v 0
N r . X' . 1041X ' ) V' V V'-Y U ' - Y ^

1 3 .9Ü 4 .4 1 4 .5 3 1 .5 8 6 .0 5 5 . 0 0 3 0 2
2 3 . 4 4 2 .358 .4 7 5 .6 0 1 . 126 .0 1 5 8 7
3 .2 2 3 .023 . 140 .0 7 0 .0 7 0 . 0 0 4 9 0
4 1 . 2 5 0 . 1 3 0 .247 .2 0 1 .0 4 6 .0 0 2 1 1
5 1 . 5 0 0 .1 5 6 .2 7 3 . 2 5 4 .0 1 9 .0 0 0 3 6
6 .2 5 3 .0 2 6 .1 4 3 . 1 1 0 .0 3 3 .OOlOS
7 2 . 1 2 6 .2 2 1 . 33Ü .4 1 3 .0 7 5 .0 0 5 6 2
8 .727

.7 6 2
.076 .1 9 3 .167 .0 2 6 .0 0 0 6 7

9 . 0 7 9 .1 9 6 .1 8 3 .0 1 3 .0 0 0 1 6
10 1 . 6 8 1 .1 7 5 . 2 9 2 .3 4 5 .053 .002% ) 

. 00271)11 1 .6 7 7 .1 7 4 .291 . 3 4 3 .0 5 2
12 1 .6 2 1 .1 6 9 .2 8 6 .2 6 1 .0 2 5 .0 0 0 6 3
13 .197 .0 2 0 .137 .1 3 5 .0 0 2 .0 0 0 0 0
14 4 . 0 1 0 .417 .5 3 4 .777 . 2 4 3 . 0 5 9 0 4
15 - . 1 5 0 - . 0 1 6 . 101 .0 8 3 .0 1 8 . 0 0 0 3 2
16 2 . 6 8 6 . 2 7 9 .3 9 6 . 4 2 2 .0 2 6 .0 0 0 6 7
17 . 3 4 4 .0 3 6 .1 5 3 .1 4 9 .00 4 .0 0 0 0 1
18 6 . 4 6 8 . 6 7 3 . 7 9 0 .7 8 1 .0 0 9 .ÜÜÜ08
19 2 . 7 6 4 .2 6 7

. 4 8 3
.4 0 4 .2 4 3 . 161 .0 2 5 9 2

20 4 . 6 4 2 .6 0 0 .4 8 3 .117 .0 1 3 6 8
21 4 . 1 4 2 .4 3 1 .5 4 8 .5 2 5 .0 2 3 . 0 0 0 5 2
22 2 . 5 7 4 . 2 6 8 .3 8 5 .4 8 9 . 104 .0 1 0 8 1
23 .5 2 2 .0 3 4 .171 . 2 0 0 .029 . 0 0 0 8 4
a = . 1 1 7 n

. 1 5 1 8 1/3 = . 104 s u  -Y )

n - 1
V' = a+/S(X'  )

a =  .0 8 5

uo6y

OD



79

E m i s s i o n s  P r e d i c t i o n
2

E m i s s i o n s  a r e  p r e d i c t e d  i n  to n s /M i  / y r  by com par ing  

t h e  sum o f  t h e  d em ograph ic  p a r a m e t e r s  o f  t h e  s u b j e c t  c i t y  

w i t h  t h e  e m i s s i o n s  f rom a  c i t y  o f  l i k e  c h a r a c t e r i s t i c s  in  

t h e  s t a t i s t i c a l  d a t a  b a s e .  However ,  t h e  d a t a  b ase  h a s  been 

s u b j e c t e d  t o  a  d a t a - s h i f t  w h ich  r e q u i r e s  ' ;hat t h e  s u b j e c t  

c i t y  p a r a m e t e r s  must  a l s o  be s u b j e c t e d  to  t h i s  same d a t a -  

s h i f t  .

The t e c h n i q u e  f o r  l o c a t i n g  a  p o i n t  on a  l i n e a r  r e g r e s ­

s i o n  l i n e  ( y ‘ ) i s  t o  a d d  t o  t h e  v a l u e  o f  t h e  o r i g i n  o f  t h e  

l i n e  ( a )  t h e  p r o d u c t  o f  t h e  s l o p e  o f  t h e  l i n e  (/8) and  t h e  

number o f  u n i t s  t o  t h e  r i g h t  o f  t h e  o r i g i n  on t h e  X a x i s  

t h a t  t h e  p o i n t  i s  l o c a t e d .  T h i s  f o rm u la  i s

Y' = o + 0 (X) 1

S i n c e  X i n  t h i s  p a r t i c u l a r  c a s e  i s  a c t u a l l y  t h e  sum o f

t h r e e  n o r m a l i z e d  p a r a m e t e r s ,  XXj i s  s u b s t i t u t e d  f o r  X i n  

f o r m u l a  1 r e s u l t i n g  i n

Y’ = a + 2

a n d ,  s i n c e  t h e  b a s e  d a t a  h a s  been  s u b j e c t e d  t o  a  d a t a -  

s h i f t ,  f o r m u l a  2 becomes

Y' = a + /3 (SX[)  3

how ever ,  t h e  d a t a - s h i f t e d  sum o f  t h e  p a r a m e t e r s  (2 X [ j  i s

e q u a l  t o  t h e  sum o f  t h e  o r i g i n a l  sum o f  t h e  p a r a m e t e r s

(DX^) and  t h e  p r o d u c t  o f  a  c o n s t a n t  (K) and  t h e  d i f f e r e n c e  

be tw een  Y and t h e  mean o f  Y (Y) a s

1 X[  = SX^ + K (Y -  Ÿ) 4
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Wben t h i s  d a t a - s h i f t i n g  e q u a l i t y  i s  s u b s t i t u t e d  f o r  S x [  i n  

f o r m u l a  3 » i t  becomes

Y' = a + /SglXi + K(Y -  Y ) ]  5

The Y i n  t h e  above f o r m u l a  i s  n o t  a  c o n s t a n t  v a l u e ,  

bu t  i s  a  v a r i a b l e  t h a t  c h a n g e s  w i t h  e a c h  p o i n t  on t h e  

r e g r e s s i o n  l i n e  so t h a t  i t  becomes

Y = a + /3 ( I X i )  6

When t h i s  e q u a l i t y  i s  s u b s t i t u t e d  f o r  t h e  Y v a l u e  i n

f o r m u l a  3 , i t  becomes

Y' = a + i S g x .  + K ( d + jSIX^ -  Y ) ]  7

The mean o f  t h e  sum o f  t h e  e m i s s i o n s  v a l u e s  Û )  were 

c a l c u l a t e d  s t a t i s t i c a l l y  f o r  e a c h  o f  t h e  5 t y p e s  o f  p o l l u ­

t a n t s .  T h e se  c a l c u l a t i o n s  a r e  p r e s e n t e d  in  T a b le  10 and 

were  found  t o  be

7 = .1 0 4  f o r  p a r t i c u l a t e s

Y = . 2 6 4  f o r  s u l f u r  d i o x i d e

7 = 1 .7 4 ^  f o r  c a r b o n  monoxide

Ÿ = .227  f o r  n i t r o g e n  o x i d e s

Y = .336  f o r  h y d r o c a r b o n s

The s l o p e  o f  t h e  r e g r e s s i o n  l i n e s  (/3 ) f o r  ea ch  o f  t h e  

5 t y p e s  o f  p o l l u t a n t s  was c a l c u l a t e d  by t h e  f o r m u l a

Where: x = X-X

y = Y-Ÿ
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The c a l c u l a t i o n s  f o r  t h e  /3 v a l u e s  a r e  p r e s e n t e d  in  T a b l e s  

12 , 13,  14» 15» and 16 and were  found to  be 

/3 = .0342  f o r  p a r t i c u l a t e s

/3 = .1025 f o r  s u l f u r  d i o x i d e

/3 = .5540 f o r  c a r b o n  monoxide

/3 = . 11Ü1 f o r  n i t r o g e n  o x i d e s

/3 = . IÜ40 f o r  h y d r o c a r b o n s

The c o n s t a n t s  (K) f o r  e a c h  o f  t h e  5 t y p e s  o f  p o l l u t a n t s

a r e

K = lb  f o r  p a r t i c u l a t e s

K = b f o r  s u l f u r  d i o x i d e

K = 1 .5  f o r  c a r b o n  monoxide

K = 7 f o r  n i t r o g e n  o x i d e s

K = 6 f o r  h y d r o c a r b o n s

The v a l u e  o f  t h e  o r i g i n  o f  t h e  r e g r e s s i o n  l i n e  a t  t h e  

p o i n t  w here  t h e  2 x [  i s  e q u a l  t o  z e ro  i s  d e s i g n a t e d  a s  a .

The v a l u e s  f o r  a f o r  e a c h  o f  t h e  5 t y p e s  o f  p o l l u t a n t s  were  

c a l c u l a t e d  by t h e  f o r m u l a

a = Ÿ -  3 0 x7 )

Where: a = Y v a l u e  a t  S x [ q

Ÿ = mean o f  t h e  Y v a l u e s  

2 x [=  mean o f  t h e  sum o f  t h e  X v a l u e s  

The a v a l u e s  were f o u n d  t o  be 

a =  . 03b f o r  p a r t i c u l a t e s  

a =  .058  f o r  s u l f u r  d i o x i d e  

a =  .493  f o r  c a r b o n  monoxide 

a=  .000  f o r  n i t r o g e n  o x i d e s  

a =  .117 f o r  h y d r o c a r b o n s
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When t h e  e m p i r i c a l l y  d e r i v e d  v a l u e s  f o r  a ,  /3 , 7 , and  K 

a r e  s u b s t i t u t e d  i n  f o r m u l a  7 » t h e  e m i s s i o n s  p r e d i c t i o n  

f o r m u l a e  become

YPA =

^ s o  -  

YCO =

^NO = 

^HC =

x io 3

x i o 3 

3xio-

x l o 3

x lO ^

.038 + .0342 [ I X i + 18(.038 + .0342 -  .104)]

.058 + .1025 QSXi + 8(.058 + .1025 IXi  - .264)]

.493 + .3540 [ ix ^  + l . 5( .493 + .5540 Ix^ - 1 .748)]

. 0 0 0 +  .1101 [IX . + 7 ( . o o o +  . i i o i s x ^ -  .227)]

.117 + . 1040 [ iX j  + 6(.117 + .1040 SXj -  .336)]

The accuracy of the  p red ic t io n  formulas can be in c re a s ­

ed i f  th e  r e s u l t s  of a  cu r ren t  emissions inventory (Y^) are  

s u b s t i tu t e d  fo r  the  Y f a c to r  e q u a l i t i e s  in formula 6. In 

e f f e c t , t h i s  s u b s t i t u t i o n  e s t a b l i s h e s  a regress ion  l in e  

p a r a l l e l  to the  base-da ta  r eg re s s io n  but ty p ica l  of th e  

growth of the  subjec t  c i t y .  When t h i s  Measured Emissions 

Regression Correc t ion  i s  s u b s t i t u t e d  in the  emission p r e ­

d ic t io n  formulas they become

,038 + .0342 [ iX i  + i8(Yjipa -  .104)]YPA

^30
Y * *C0

^HC

.058  + .1025  [XX. + 8(Y___ -  . 2 6 4 ) ]

.493  + .5540  [XX^ + 1.3(Y^gQ -  1 .748 )]

.0 0 0  + .1101  [ x x ^  + 7 (Yj^,no " ' 2 ^ 0

.117 + .1040  [x x . i  + 6 (Yjjhc -  *336)]

Where:

x l o 3

x lo 3

x lo 3

x 1q3

x l o 3

.2
Ym p a  = M easured  PARTICULATE iMISSIONS IN TONS/Mi /YR

- 3XIO

Yj^so = M easured  SULFUR DIOXIDE EMISSIONS IN TONS/MI^/YR
-3XIO ^
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= M easu red  CABBON DIOXIDE EMISSIONS IN TONS/MI^/YR 

x i o " ^

^MNO = M easu red  NITROGEN OXIDE EMISSIONS IN TONS/Mî ^/YR

-3XIO

Ymhc = M easu red  HYDROCARBON EMISSIONS IN TONS/MI^/YR

XIO"^

The A i r  Q u a l i t y  Act o f  I967 ( P u b l i c  Law 90-148) e s t a b ­

l i s h e d  a  r e q u i r e m e n t  f o r  t h e  r e d u c t i o n  o f  smog p r o d u c i n g  

a i r  p o l l u t a n t  e m i s s i o n s  f rom new " l i g h t  d u t y  v e h i c l e s  and  

e n g i n e s "  t o  become e f f e c t i v e  d u r i n g  1975 -  1976 . V e h i c l e s  

m a n u f a c t u r e d  d u r i n g  o r  a f t e r  model  y e a r  1975 a r e  r e q u i r e d  

t o  r e d u c e  t h e  e m i s s i o n s  o f  c a r b o n  monoxide a n d  h y d r o c a r b o n s  

by 90 p e r c e n t  o f  t h e s e  e m i s s i o n s  a l l o w e d  f o r  l i g h t  d u t y  

v e h i c l e s  an d  e n g i n e s  f o r  model y e a r  1970 . V e h i c l e s  manu­

f a c t u r e d  d u r i n g  o r  a f t e r  model  y e a r  1976 a r e  r e q u i r e d  t o  

r e d u c e  t h e  e m i s s i o n s  o f  o x i d e s  o f  n i t r o g e n  by 90 p e r c e n t  

o f  t h e s e  e m i s s i o n s  a c t u a l l y  m e a s u re d  f rom  l i g h t  d u t y  

v e h i c l e s  o f  model  y e a r  1971 .

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

w i l l  d e v e l o p  an e n g i n e  t h a t  w i l l  meet t h e  r e q u i r e m e n t s  o f  

t h e  A ir  Q u a l i t y  Act by 1975 -  1976 and t h a t  t h e  s a l e s  o f  

new a u t o m o b i l e s  w i l l  r e m a i n  s u b s t a n t i a l l y  c o n s t a n t , a  s t e p -  

f u n c t i o n  h a s  been  d e v e l o p e d  t o  p r e d i c t  t h e s e  e m i s s i o n s  

r e d u c t i o n s .  A p e r c e n t  p e r  y e a r  o f  r e d u c t i o n  o f  c a r b o n  

m o n o x id e ,  h y d r o c a r b o n s ,  an d  n i t r o g e n  o x i d e s  i s  c a l c u l a t e d  

an d  i s  a p p l i e d  f o r  a  t o t a l  o f  t e n  y e a r s  w h ich  i s  t h e  p e r i o d
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le q a lie d  to replace e f fe c t iv e ly  a l l  of the lig h t  duty 

v e h ic le s  in u se. This percent per year redaction i s  ca lcu ­

la ted  by

Percent/year Redaction * i  ?2 i  Pg x P4

Where: P  ̂ # percent o f to ta l lig h t  duty v e h ic le s
which are new each year

Pg m percent o f  v e h ic le s  which are lig h t  
duty

P3 m percent o f to ta l em issions produced 
by mobile sources

P. m percent o f em issions reductions  
required by law

The percent o f to ta l em issions produced by mobile 

sources was calcu lated  from the nationwide em issions for  

1968 in m illio n s  o f tons per year published in the Compil­

a tio n  o f Air Pollutant Emission Factors (AP-42, 1972) which 

are presented in Table 22.

The percent o f v eh ic le s  which are l ig h t  duty was 

ca lcu la ted  from a l is t in g  o f lig h t  duty v e h ic le s  and trucks 

in use by age: 1953 to 1970 (S ta t is t ic a l  A bstract, 1971)• 

Table 23 shows that 82jt o f the to ta l v e h ic le s  in use in 1970 

were lig h t  duty. Table 23 a lso  shows that e f fe c t iv e ly  a l l  

o f the motor v eh ic le s  in  the United S ta tes in 1970 were 12 

years o ld  or younger which would in d ica te  that an average 

o f approximately 10^ o f the v eh ic le s  are new each year.

The Air quality  Act o f  1967 requires that l ig h t  duty 

v eh ic le  em issions be reduced by 90)( which completes the 

data needed to ca lcu la te  the v eh ic le  em issions reduction . 

These data are summarized in Table 24.
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TABLE 2 2 .

NATIONWIDE EMISSIONS FOR 1^68
(MILLIONS OF TONS PER VEAR)

SOURCE CO HYDROCARBONS NOx

S t a t i o n a r y  Com bust ion 1.9 U.7 1 0 .0

S o l i d  Waste D i s p o s a l 7 .8 1 .6 U.6

M obile  Combust ion 63.8 16 .6 8 . 1

I n d u s t r i a l  P r o c e s s 9 .7 4 . 6 0 . 2

M i s c e l l a n e o u s 16.9 8 . 5 1.7

TOTAL 100.1 3 2 . Ü 20.6

Percentage of 
Emissions from 
Mobile Sources 63.7 51.9 39.3



TABLE 2 3

LIGHT DUTY VEHICLES AND TRUCKS IN USE, BY AGE: 1955 TO 1970

1955
AGE XUMBER 

(L ight Duty V eh ic le s )  ( xlOOO)

i960  
NUMBER 

( XlOOO)
1965

NUMBER 
( XlOOO)

1969
NUMBER 

( XlOOO)

1970
NUMBER 

( XlOOO)

Under 3 years 14,448 14,186 21,578 23,449 24,403

3 - 5  years 15,164 18,346 18,013 25,185 24,923

6 - 8  years 10,146 12,380 13,571 16,720 18,441

9 -  11 years 7 ,365 9 ,199 9 ,862 7 ,365 7 ,735

12 y ea rs and over 2 ,825 5 ,911 5,727 4 ,925

T otal Light Oaty 
V eh ic les 47 ,123 56,935 68,935 78,445 80,427

T o ta l, a l l  
V eh ic les 56 ,234 67,706 82 ,041 94,018 98,099

( S t a t i s t i c a l A bstract, 1971)



TABLE 2 4 .

PERCENTAGE VALDES USED IN CALCULATING THE PERCENT 
PER YEAR REDUCTION OF AUTOMOBILE EMISSIONS

POLLUTANT MOBILE COMBUSTION AUTOMOBILES 
% OF TOTAL

NEW AUTOS 
EACH YR ji

REDUCTION OF 
EMISSIONS $

Carbon monoxide 6 3 . 7 8 2 . U 1 0 . 0 9 0 . 0

Hydrocarbons 5 1 . 7 8 2 . 0 1 0 . 0 9 0 . 0

N itrogen  oxides 3 9 . 3 8 2 . 0 1 0 . 0 9 0 . 0
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The percent per year redaction o f emission* from 

mobile sources were ca lcu la ted  as fo llow s:

Carbon Monoxide

10.0 X 82 .0  X 63.7  X 90.0  = 4 .7*

Hydrocarbons

10.0 X 8 2 .0  X 51 .9  X 90 .0  « 3.8*

nitrogen Oxides

10.0 X 82 .0  X 39 .3  X 90 .0  « 2.9#

The step -fu n ction s for pred icting the decrease in  

mobile source em issions provide for the percentage of 

reduction per year times the number o f years past 1975 -  

1976 for which the model i s  being run. The number o f years 

i s  only to a maximum o f 10 years at which time e f fe c t iv e ly  

a l l  lig h t  duty v e h ic le s  should provide the con tro ls required 

by law.

The formulas in the model are in the form:

10
“ 4«7^ Xn m decrease in v eh ic le  em issions 

TXml

Where: n m i - I

I -  1974

i -  1975.......... 1 9 8 4

Concentration Prediction

The concentration o f a ir  p o llu tion  over a c ity  i s  

dependent upon many factors» only one of which i s  the 

amount o f p o llu ta n ts em itted to i t s  atmosphere. Concentra-
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tio n s Immediately downwind from major soarces o f p o llu tio n  

are normally higher than the upwind or far-downwind concen­

tra tio n s . Many d isp ersion  models have been developed which 

predict th is  v a r ie ty  o f  concentrations for a c i t y  w ith  

sp e c if ic  em ission , topographical, and m eteorological 

c h a ra c terIs ltc s . These models, however, have th e ir  h ighest 

degree o f accuracy and v a lid ity  In pred icting current or 

near-future co n d itio n s. The model described In th is  paper 

i s  designed to  pred ict a ir  p o llu tio n  cond itions up to 

th ir ty  years or more In the fu tu re . Since the exact loca­

tion  o f  em ission sources th is  far In the future Is  unknown, 

In most Instances the model con fines I t s e l f  to pred icting  

average concentrations over a g e o p o lit ic a l region o f Inter­

e s t .  In order to f a c i l i t a t e  the ease o f operation o f the  

model, ether assumptions were a lso  made.

Since the time o f day when the le a st  amount o f atmo­

spheric c ir c u la tio n  takes p lace In most c i t i e s  Is  early  

morning, It was assumed that th is  i s  the time when the 

ambient a ir  q u a lity  standards are most l ik e ly  to be exceed­

ed. So th is  model p red ic ts  those concentrations which 

should e x is t  during the f i r s t  few hours a fter  su nrise .

I t  Is  a lso  assumed that the worst p o ss ib le  conditions  

for p o llu tio n  can e x is t  during any portion o f the year, so 

no seasonal v a r ia tio n s  are ca lcu la ted .

The average early  morning concentrations o f a ir  

p o llu tan ts are ca lcu la ted  hy d ispersing the predicted  omis-
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sion s over the c i ty  according to a m eteorological technique 
developed hy George C. Bolzvorth ( 1971)* Holzvorth ca lcu ­

la ted  the average early  morning d ispersion  ch a ra c te r is tic s  

for various areas o f  the United S ta tes and expressed them 

as reten tion  zones. For each reten tion  zone, retention  

fa c to rs  cere assigned  which describe the amount o f time 

that em itted p o llu ta n ts  can be expected to remain over 

c i t i e s  o f  various diam eters. These retention  fa cto rs  are 

expressed in seconds per meter so that when they are m ulti­

p lied  by the em ission in grams per square meter per second 

the resu ltan t concentration w il l  be in grams per cubic 

meter which i s  the standard u n it in current use to describe  

concentrât io n s•

Holzwerth ( 1971) expressed these reten tion  fa c to rs  as:

BF « X 

Q

Where:

RF 0 Retention Factor in  se c . m"̂

SL m  & jam a mtmma m w a a a s m s a a  w *  mem « a s a a

ever the c i ty  in gms/m^

Q m uniform area em ission rate  
2

in gms/m /s e c

Figure 1 3  shows Holzwerth*s ise p le th s  o f  average 

normalized concentration , or x /q , values for c i ty  diameters 

of 10 Bs (dashed is e p le th s )  and 100 Xsi ( s o l id  iso p le th s ) .  

Holzwerth found that the v a r ia tio n  on X/q values with c ity
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s iz e s  between 10 and 100 fin i ; p r a c tic a lly  lin e a r . Since 

th is  lin e a r ity  e x i s t s ,  i t  was mere expedient in  th is  model 

to designate reten tion  fa ctor  areas for c i t i e s  o f  10, 20, 

30, 40, 50, 6o, 70 , 8o , 90, and 100 fia in diam eter. This 

was accomplished by d iv id in g  the area between the 10 fia and 

the 100 fin Isop leth s in to  n ine equal area p lo ts  and a ssig n ­

ing a scaled  reten tion  factor  to each o f these areas.

To use the reten tion  fa c to r s , i t  i s  necessary that 

the land area o f  the c i t y  being modeled be converted into a 

diameter in  k ilom eters according to the fo llow ing  tab le  o f  

equivalents:

Land Area Diameter

(Mi^) (Km)

0 - 60 10

70 - 184 20

185 - 254 30

255 - 579 40

580 - 859 50

860 - 1199 60

1200 - 1599 70

1600 - 2049 80

2050 - 2559 90

2560 - 3100 100

After the proper c i ty  diameter i s  determined, the 

geographical lo ca tio n  o f  the c i ty  i s  used to f in d  the
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reten tion  factor  for that c i ty  on the appropriate map 

shown in Pigares l6 ,  17, l8 ,  19, 20, 21, 22, 23, 24, 25, 

and 26.

The pred icted  average concentrations o f the f iv e  major 

p o llu ta n ts  over the subject c i ty  are ca lcu la ted  by the  

fo llow ing formulas*

°PÀ -  ( .o iii)m p

CgO -  Yjo

Geo -  ? 6o ( . 011 1 )BF

OnO -  (.O llD R P

GfiC *  ( « 011 1 )8?

Where: C » concentration in

T* m pred icted  em issions 

(.0111) m factor to convert em issions in  

tons/m i /y r  in to  f^g/m /s e c  

RP « Retention Factor 

These same average concentrations can a lso  be obtained  

graph ically  from fig u res 27, 28, 29, 30, and 31.

These graphs present the r e su lts  o f the pred iction  

formulas for c i t i e s  ranging in diameter from 10 Km to 50 Km 

which should include most United S ta tes c i t i e s  w ith le s s  

than two m illio n  population.

The United S ta tes  Environmental P rotection  Agency 

published the National Primary and Secondary Ambient Air 

Quality Standards in A p ril, 1971 (Federal R eg ister , April 30, 

1971). The primary and secondary standards are defined in
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that document as:

N ational primary ambient a ir  q u a lity  standards 
are those which, in the judgement o f the Administra­
t io n , based on the a ir  q u a lity  c r ite r ia  and allow ing  
an adequate margin o f  sa fe ty , are req u is ite  to  p ro tect  
the pub lic  health .

N ational secondary ambient a ir  q u a lity  standards 
are those whioh, in the judgement of the Administra­
t io n , based on the a ir  q u a lity  c r it e r ia ,  are r e q u is ite  
to p rotect the public w elfare from any known or a n t i­
c ipated  adverse e f f e c t s  a sso c ia ted  with the presence  
o f a ir  p o llu ta n ts  in the ambient a ir .

Although these minimum standards are esta b lish ed  for

the en tire  n a tio n , i t  i s  recognized that con d itions e x is t

in certa in  geographical areas where even more str in g en t

standards might be needed and that the actual maintenance

of these standards would be the r e sp o n sib ility  o f  the

individual s t a t e s .  So the ru lin g  provided that;

Nine months akfter the date o f p ub lication  o f  
t h is  n o t ic e , the S ta tes  are required to submit to  the  
Adm inistrator, in accordance w ith Section 110 o f  the  
Act (Air Quality Act e f  19^7 )» implementation p lans  
for the attainment and maintenance o f the n a tion a l 
primary and secondary standards sp ec ified  in  t h i s  
p art.

This model allow s the use o f e ith er  the n ation a l or 

the ind ividual s ta te  a ir  q u a lity  standards in  the determin­

ation  o f the amount o f em issions in  a c ity  in excess o f  

those standards. The procedure used to determine th ese  

standards excess (S) i s  to  subtract the amount o f the

standard (STB) from the p red icted  em issions (T ') . But
<x

sin ce the standard i s  expressed as Mg/M and the p red icted  

am issions are expressed as ton s/m i ̂ /yr i t  i s  n ecessary  to
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change the u n ite  o f  the standard in to the eqalT ilant to n s /  

mi^/yr o f em issions that t h ^  represent for that c i t y .

This i s  accomplished by d iv id ing the standard by the Reten­

tio n  factor  for that c i t y  and then d iv id ing  th is  dividend  

#y .0111 th n sly t

£ .  Y' -  O .b llî  BF

Where; £ ■ Standards excess

Y* m Predicted em issions in  tons/m i^/yr 

STS * Air q u a lity  Standard in Mg/m̂

BF m Retention Factor
O

•0111 « Factor to convert from Mg/m /s e c  

in to  tons/m i^/yr 

When £ has a p o s it iv e  value the concentrations are in  

excess o f  the standards. When £ has a negative value the  

concentrations are helew the standards.

The formulas for oompmting the standards excess for  

the f iv e  major p o llu ta n ts  are;

®PA -  ^PA ’  S T B p ^ /B F /.O lll 

BSO " T&O " 3TDgQ/BF/.0111

®co -  %  " sr»oo/w /*® m
% 0 -  Ho -  S T D ifo /R F /.O lll 

®H0 "  ^HO “ S f® H 0/B F /«O lll

I t  was assumed that en ly  the a ir  p o llu tio n  em issions  

that crea te  concentrations in excess o f the ambient a ir
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qpiallty etandaidm «mat, by lam, be abated. It mas farther  

assumed that i f  these standards can be maintained in the 

fu tu re , considering the rapid morld population and indus­

t r ia l  growth, th is  w il l  not only be a reasonable but a  mag­

n if ic e n t  accomplishment.

The standards excess section  o f the model described  

in the previous section  provides a pred iction  o f the amount 

o f em issions in  tons/m i^/yr that may be expected in  future  

y ears. In order to pred ict the to ta l co st-to -a b a te  in  

d o lla r s , i t  i s  only necessary to deteraiae the average 

o o st-to -a b a te  one ton o f a ir  p o llu tio n  em issions. D. 4 . 

LeSourd, ( 1970) ca lcu la ted  the to ta l expenditures

that w il l  be required to abate a ir  p o llu tio n  em issions su f­

f ic ie n t  to  comply with the Air q u a lity  Act o f 19^7 (as  

amended) by f i s c a l  yeax 197^. This was accomplished by 

p red ictin g  the amount o f p o llu ta n ts that might be expected  

in 1976 w ithout con tro ls and the amounts that might be 

expected w ith  co n tro ls .

In Table 4  o f Cheq»ter II a snmary o f LeSourd's ca lcu­

la tio n s  for s o lid  Waste Disposal and Stationary Fuel Com­

bustion i s  presented. Table 3 s f  Chapter II presented  

th is  same information for Industrial Process Sources. A 

summary o f  LeSourd's estim ates o f p o ten tia l and reduced emis­

sion  le v e ls  and assoc ia ted  co s ts  for a l l  stationary sources 

are presented in  Table 25*



TAULE 25

STATIONARY SOURCES -  ESTIMATES OF POTENTIAL AND REDUCED 
EMISSION LEVELS AND ASSOCIATED COSTS

S o u r c e  Year

QUANTITY OF EMISSIONS 
( T h o u s a n d s  o f  T o n s  P e r  Y e a r )

CONTROL COSTS 
( D o l l a r s  X 10° )

P a r t  SOx CO HC I n i t i a l  Annual

S o l i d  W as te  FY?6 w/o 
D i s p o s a l  FY?6 W

S t a t i o n a r y  F u e l  FY?6 W /o 
C o m b u s t io n  FY?6  W

I n d u s t r i a l  FY?6 w/i) 
P r o c e s s e s  FY?6  W

1,500 5 ,450  2,020  
185 414 293

3,867 14.447 
930 4,697

6 ,053  6 ,229  10,040 1,736  
453 1,720 539  849

201 113

2 ,432  1,006

3 , 8 7 7  1 ,0 9 5

T o t a l  FY76 w/o
f y ?6 W

11,420 20,676 15,490 3,756  
1,568 6,417 953 1,142 6 ,510  2 ,214

w/o -  Without implementat ion o f  th e  Clean Air Act. 
W -  With implementat ion of  th e  Clean Air Act,
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Au aveiage oeat-per-ton  to abate any o f the a ir  p o llu ­

tant* waa ca lcu la ted  by dividing the to ta l coat to abate 

a l l  pollu tan t*  by the to ta l  number o f ton* that ahould be 

abated in f ia c a l  year 1976. LeSourd expreaaed the control 

coats aa an in i t ia l  investment coat and an annual mainten­

ance co a t. Since the to ta l tons abated represent only one 

year, i t  waa necessary to prorate the in i t ia l  cost over a 

period o f 15 years according to a standard presented in  

ÂP-51 (1969). This investment coat o f $6,510,000,000 pro­

rated over a f i f t e e n  year period becomes a coat o f  

$43,400,000 per year . The annual maintenance coat i s  

$2,214,000,000 which when added to the annualised in i t ia l  

cost equals $2 , 257, 400, 000. This i s  the to ta l cost to  

abate an expected 41*34^»000 tons o f a ir  p o llu tio n  em issions 

in year 1976 aa:

I n it ia l  coat + Annual coat

15
m Coat/ton to abate

Tons abated

This coat-to -ab ate  o f  $54*59 per ton i s  m u ltip lied  by the
2

number o f tons/m i /y r  that must be abated to maintain the 

standards. This formula becomes:

A .  El ($54.59)

Where: A ■ Goat/mi^/yr to abate

■ Sum of the excess em issions to  

be abated in tons/m i^/yr 

$54.59 " Average c e s t /to n  to abate
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It w il l  be noted that no mobile so a ices  axe included  

in the above ca lcu la tio n *  and predictions* I t  ia  assumed 

that the p rov ision s o f the Air Quality Act o f  1967 as per­

ta in s  to  em issions co n tro ls  o f vehicular p o llu ta n ts  w il l  

be complied w ith  and that th is  w il l  bring mobile source 

contributions to  the p o llu tio n  load w ithin the standards.

This reduction i s  pred icted  by the step -fu n ction  described  

in the fini is ions Prediction  section  o f th is  chapter*

Figure 32  presen ts the complete mathematical model 

used to pred ict early  morning conditions* The inputs (X^) 

o f percent o f  work force employed in  manufacturing, number 

o f automobiles re g istered  in  the county, and population are 

normalized to  a mean o f , 68o and then summed (2Xi)* Using 

th is  2X1, em issions (Y* ) are predicted  through the use o f  a 

formula based on the derived values for (%, 3 , K, and Y*

The pred icted  em ission va lues are m u ltip lied  by 10  ̂ to  cor­

rect for a previous reduction by 10*  ̂ to  f a c i l i t a t e  the 

mathematical ca lcu la tion s*  A step -fu nction  p red ic ts  the  

reduction in  v e h ic le  em issions as a r e su lt  o f  the Air 

Quality Act o f 1967 requirement for cleaner engines by 

1975 -  1976* Concentrations are predicted  by converting  

em issions into concentrations through the use o f  a m eteorolo­

g ic a l reten tion  factor* The aamunt o f em issions in excess  

o f the a ir  q u a lity  standards are ca lcu la ted  by subtracting  

the amount o f  th e  em issions predicted  from the amount o f  the 

em issions represented by the standards* Abatement c o s ts  are
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OUTPUT UNITS

Y ' o  T o n s / i l l* /Y e a r

C .

E B T o n s/M l’ /Y e a r  

A m  D o l la r s /M l^ /Y e a r )

BETENTION 
FACTOn 
( s e c  U“ ' )

X4 m  L an d  A r e a  
( U t l e s * )

Concentration  
Standards 
(p«/m’ )

AD AT a ;  ENT COSTS (A) 

A B Ï E i ($ 5 4 . 5 9 /T o n )

«F In Mfg. 
(xlO-» + .437)

XaoOegls Autos 
In County 
(x 1 Q '* + .2 6 1 )

X, «Population  (xlO-4 )

INPUT (Xi >

STANDAHOS EXCESS (E ) 

Epa=Y^a -S T D p a /R F /.0 1 1 1  

Eso«=Y io-STD so/H F/. 0111 

Eco=Vco -ST Dco/H F / . O l l l  

E no^Y no-ST D no/R F /.0 1 1 1  

EHC=Yt5c -S T D h c /H F /.0 1 1 1

CONCENTRATION PREDICTION (C )

CpA «= Ŷ a ( .O llD B F

Cso «= Y^o (.0111)R F

Geo = Y ^o(-0111)R F

Cno = Y ilo i.O llD R F

Chc = YAc(.OllDBF

Yco-4.7?b n n = l - I
1=1974
WI975

Yno—2 . 9/  n n = i—I
1=19751=1976,

Yhc-3.'

VEDICLE D IS S IO N S  CORRECTION

(Max n  t o  1 0 )

n = i - I
1=1974
1=1975

HEASUBED EMISSIONS CORRECTIONfOPTION ) (Ym) 

YfA = .038+ .0 3 4 2 g X ;+  1S(Y„pa -  .104)1] 

Y io = .0 5 8 +  .1 0 2 5 [ |;X i+  8 (Y m so - . 2 6 4 )]

Yco-= • 493+ . 5 540  ÊXi + 1 .5  {Yttco- 1 . 7 4 8 ) ]

YAo= . 00(H- .1 1 0 lg X i+  7 (Ymno-  .227 0

yA c= .117+  . 1 0 4 0 g X i+  6 (Ym hc- . 3 3 6 ) ]

BAISSIONS PREDICTION ( Y ' )

TJa » • 0 3 8 + .0 3 4 2 g X i + l 8 ( .  038+ .  0342ZX1 - .  1 0 4 )]  

Y |o*  . 058+ .  1025  gX i+  8(.058+ .1025Z X i - . 2 6 4 ) ]  

Y c o ' . 4 9 3 + .5 5 4 0  iX i+ 1 .5 ( . 493+ . 5540ZX1 - 1.748 ) ]  

Y A o="00O t-.110lgX i+ 7 (.00O f.ll01% X ! - . 2 2 7 ) ]  

Y A c . . l l 7 + .1 0 4 0 g x :+  6 ( . 117+ .  10401x 1 - . 3 3 6 )]

On

F ig .  3 2 . - “Mathematical  Model
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ca loa la ted  toy a a lt ip ly in g  the to ta l toaa o f  p o lla ta a ts  to  

too atoatod toy a pet too  coot to atoate.



CHAPTER IV 

VALIDATION 

Methods

One who a t tem pts  to v a l i d a t e  a model th a t  p r e d i c t s  

fu tu re  co n d i t io n s  must assume a  w ait -and-see  a t t i t u d e  

before removing the  tongue from the  cheek. Although we 

c a n ' t ,  with g rea t  p r e c i s io n ,  know what the f u tu r e  w i l l  

b r ing ,  we can, however, ac cu ra te ly  descr ibe  the  p r e s e n t .

Since the  p resen t  i s  y e s t e r d a y ' s  f u tu re  we can t e n t a t i v e l y  

judge a p r e d ic t io n  model by how well i t  p r e d i c t s  the p resen t .  

This p resen t  cond i t ions  p r e d ic t io n  was used to v a l id a t e  the 

model desc r ibed  in t h i s  paper.

The f i r s t  s tep  in v a l id a t io n  was the procurement of

accu ra te  d a t a  which descr ibes  ihe p resen t  in the same c a t e ­

g o r ie s  and with the  same u n i t s  th a t  the model expresses  as 

ou tpu t .  In the  second s tep  the  model was opera ted  to p r e ­

d i c t  th e se  same d a ta .  The t h i r d  s tep  was to determine the

p r e d ic t io n  accuracy of the model by comparing the  measured 

p resen t  co n d i t io n s  da ta  with  the  p re d ic te d  cond i t ions  d a ta .  

These comparisons were expressed as  a percent  o f  p r e d ic t io n  

accuracy.

118
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The g a t h e r i n g  o f  b a s e  d a t a  f o r  t h i s  model h a s  b een  t h e  

most  d i f f i c u l t  a n d  t im e -c o n s u m in g  t a s k  t h a t  was r e q u i r e d .

The s e l e c t i o n  o f  c i t i e s  t o  be u s e d  i n  t h e  v a l i d a t i o n  p r o v e d  

t o  be no l e s s  a  t a s k .  Many c i t i e s  have  d e v e l o p e d  e m i s s i o n s  

i n v e n t o r i e s  w hich  p r o v i d e  a c c u r a t e  e m i s s i o n s  d a t a ,  e s p e c i a l ­

l y  e m i s s i o n s  o f  p a r t i c u l a t e s ,  s u l f u r  o x i d e s ,  an d  c a r b o n  mon­

o x i d e .  Some o f  t h e s e  same c i t i e s  do n o t  r e p o r t  t h e  m e a s u r e ­

ment  o f  n i t r o g e n  o x i d e  a n d  h y d r o c a rb o n  e m i s s i o n s .  L i k e w i s e ,  

o n l y  a  few c i t i e s  hav e  e s t a b l i s h e d  a  co m p re h e n s iv e  a i r  

s a m p l in g  s y s te m  w h ic h  p r o v i d e s  a c c u r a t e  m e as u re m e n t s  o f  a l l  

f i v e  o f  t h e  m a jo r  p o l l u t a n t s .  The most  commonly s am p led  

p o l l u t a n t s  were  p a r t i c u l a t e s  an d  s u l f u r  o x i d e s .  N in e  c i t i e s  

p r o v i d e d  c o n c e n t r a t i o n  m ea su re m e n ts  o f  p a r t i c u l a t e s  and  

s u l f u r  o x i d e s .  Of t h e s e  9 c i t i e s  3 p r o v i d e d  m ea s u re m e n t s  

o f  c a r b o n  m o n o x id e ,  2 p r o v i d e d  m easu re m en ts  o f  n i t r o g e n  

o x i d e s ,  and o n l y  1 p r o v i d e d  m ea su rem e n ts  o f  h y d r o c a r b o n s .  

T h r e e  o f  t h e s e  c i t i e s  were  n o t  u s e d  i n  d e v e l o p i n g  t h e  

b a s e  d a t a  f o r  t h e  m o d e l ;  t h e s e  were  T u l s a ,  Oklahoma;  I n d i a n -  

o p o l i s ,  I n d i a n a ;  an d  M ilw aukee ,  W isc o n s in .  The r e m a i n i n g  

6 c i t i e s  u s e d  t o  v a l i d a t e  t h e  model were t h e  p r e v i o u s l y  

u s e d  c i t i e s  o f  D e n v e r ,  C o lo r a d o ;  C h a t t a n o o g a ,  T e n n e s s e e ;  

A t l a n t a ,  G e o r g i a ;  S t .  L o u i s ,  M i s s o u r i ;  Memphis,  T e n n e s s e e ;  

and  D e t r o i t ,  M ic h ig a n .  A l th o u g h  t h e s e  c i t i e s  w ere  c h o se n  

s o l e l y  b e c a u s e  t h e y  were  t h e  o n ly  o n e s  p r o v i d i n g  m e a s u re d  

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

p o r t i o n  o f  t h e  c o n t i g u o u s  U n i t e d  S t a t e s .
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E m is s io n s  V a l i d a t i o n

The a v e r a g e  e m i s s i o n s  p r e d i c t i o n  a c c u r a c y  o f  t h e  

model i s  6 3 . 9 3 ^ ,  r a n g i n g  f rom  a  minimum o f  45*59?^ a v e r a g e  

a c c u r a c y  f o r  s u l f u r  o x i d e s  t o  97*08^ a v e r a g e  a c c u r a c y  

f o r  h y d r o c a r b o n s .  T a b le  26 p r e s e n t s  t h e  p r e d i c t e d  and  

m ea su re d  d a t a  f o r  t h e  v a l i d a t i o n  c i t i e s  and  p r o v i d e s  a  

breakdown o f  t h e  a v e r a g e  e m i s s i o n s  p r e d i c t i o n  a c c u r a c y  f o r  

e a ch  o f  t h e  5 m a jo r  p o l l u t a n t s .

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

s u l f u r  o x i d e  a n d  c a r b o n  monoxide e m i s s i o n s  i s  r e l a t i v e l y  

low f o r  c i t i e s  t h a t  have  u n d e r g o n e  r a p i d  i n d u s t r i a l  g ro w th  

d u r i n g  t h e  p a s t  two d e c a d e s  su ch  a s  A t l a n t a ,  G e o r g i a ;

T u l s a ,  Oklahoma;  a n d  D e n v e r ,  C o l o r a d o .  T h i s  p r e d i c t i o n  

a c c u r a c y  i s  a l s o  low f o r  c i t i e s  t h a t  have  r e c e n t l y  u n d e r ­

gone an  e x t e n s i v e  p rogram  o f  e m i s s i o n s  c o n t r o l .  C h a t t a ­

n o o g a ,  T e n n e s s e e  h a s  a d o p t e d  r a t h e r  r i g i d  c o n t r o l s  o f  

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

S t .  L o u i s ,  M i s s o u r i  o n l y  r e c e n t l y  c o n v e r t e d  i t s  e l e c t r i c  

power p r o d u c t i o n  t o  n a t u r a l  g a s  a n d  low s u l f u r  c o a l .  When 

t h e  e m i s s i o n s  o f  t h e  o r i g i n a l  23 c i t i e s  were  p l o t t e d  

a g a i n s t  t h e  d em o g ra p h ic  p a r a m e t e r s  i n  C h a p te r  I I I ,  a  h i g h  

v a r i a n c e  a r o u n d  t h e  r e g r e s s i o n  l i n e  r e s u l t e d  ( s e e  F i g u r e s  

6 a n d  7 )> T h i s  h i g h  v a r i a n c e  f o r  i n d i v i d u a l  c i t i e s  c a u s e s  

an  e x t t e m e l y  w ide  m a r g in  o f  e r r o r  when p r e d i c t i n g  t h e  e m is ­

s i o n s  f o r  t h o s e  c i t i e s .  S i n c e  o n l y  one example f o r  h y d r o ­

c a r b o n s  and  o n l y  two e x a m p le s  f o r  n i t r o g e n  o x i d e s  w ere



TABLE 26

PREDICTED AND MEASURED EMISSIONS 
FOR VALIDATION CITIES

EMISSIONS (TONS/Mi^/YR)

PART SOg CO NO: HC

CITY PBED ME/IS PRED MEAS PRED MEAS PRED MEAS PRED MEAS

DENVER 89 57 199 57 1138 173
TULSA 78 110 162 66 110 110
CHATTANOOGA 71 110 139 77 86 226 206 200
ATLANTA 90 38 202 17
INDIANAPOLIS 102 139 241 280 1364 1641
ST. LOUIS 111 64 273 72 1540 759
MEMPHIS 98 31> 228 123
MILWAUKEE 120 311 304 865
DETROIT 205 168 591 780

AVERAGE
PREDICTION
ACCURACY % 58.77 45. 59 49. 19 69 .02 , 9 7 .0 8

\

AVERAGE EMISSIONS PREDICTION ACCURACY FOR ALL POLLUTANTS = 6 3 . 93^
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ob ta in ab le, the average pred iction  aoonracy for these  

em issions Is probably lower than th is  v a lid a tio n  in d ic a te s .

Qoncentjation V olidation

P redicted  concentrations were ron by the model and 

compared with the measared concentrations for the 9 c i t i e s .  

This comparison i s  presented in  Table 29 of the Appendix 

which shews that the early  morning reten tion  fa cto rs  pre­

d icted  72% too high for p a r t ic a la te s , an approximate factor  

of 2 , and an average o f l80$ too high for g a ses , an approx­

imate factor  o f 3* When the average pred icted  concentrations  

for Ô hoars or longer are desired  i t  then becomes necessary  

to d iv id e  the reten tion  factor by 2 for p a r ticu la te s  and by 

3 for g a ses .

The concentration pred iction  acooracy o f the model has 

been appreciably increased over i t s  em issions pred iction  

accuracy. This was accomplished by the use o f the emperic­

a l ly  derived d iv iso r s  for the reten tion  fa c to rs  in each 

p ollu tan t concentration pred iction  formula. The Holzworth 

reten tion  fa c to rs  are baised upon the worst p o ssib le  condi­

tio n s  e x is t in g  during the f i r s t  few hours a fte r  su n r ise .

When p red ictin g  average concentrations dnring the en tire  

24 hour day, i t  wm found thnt p a r ticu la te s  required a  

d iv iso r  o f 2; su lfux oxidaa, carbon monoxide, and nitrogen  

oxides a d iv iso r  o f and, sin ce  the Hational Primary and 

Secondary Standards for hydrecaxhens i s  for the f i r s t  3 

hours a fte r  su n r ise , no d iv iso r  required . P a rticu la tes
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teqaize a d lT isor o f only 2 as oonparod to the d iv iso r  o f  

3 for g a sts  due to  the s e tt io a b le  fraction  o f p a r ticu la te s  

which does not remain in  the atmosphere for s u ff ic ie n t  

time to be included in a suspended p a rticu la te  sample. 

Those s e tt io a b le  p a r tic u la te s , however, are included in  

the em issions in ven tories o f  the c i t i e s .

The average concentrations prediction  aiccnracy o f the 

model i s  83.59^:, ranging from a minimum of average

accuracy for hydrocarbons to 87.77$ avorage accuracy for  

carbon monoxide. Table 27 presents the pred icted  and 

measured data for the v a lid a tio n  c i t i e s  and provides a 

breakdown o f  the average concentration p red iction  accuracy 

for each o f the 5 major p o llu ta n ts . The pred icted  and 

measured data i s  a lso  gra id iloa lly  presented in  Figures 33» 

34* 35* and 36.



TABLE 27

PBJÜDICTEO AND MEÂSUBED CONCENTBATIONS 
FOR VALIDATION CITIES

CITY

CONCENTRATION i f i g / U ^ )

PART SOg CO HC

PRED MEAS PRED MEAS PRED MEAS PRED MEAS PRED MEAS

DETROIT 171 140 328 300
MEMPHIS 82 90 127 130 t—̂

10
DENVER 30 4 0 44 6 0 253 320
CHATTANOOGA 55 7 2 7 2 52 45  58 320  4 0 4
ST.  LOUIS 7 4 95 121 130 683 650
ATLANTA 60 7 0 90 100
INDIANAPOLIS 68 80 107 130 606 540
MILWAUKEE,. 100 117 169 156
TULSA 39 53 54 78 37 40

AVERAGE
PREDICTION
ACCURACY % 8 ;l. 33 8 4 . 6 2 8 7 . 7 7 8 5 . 0 4 7 9 . 2 0

AVERAGE CONCENTRATION PREDICTION ACCURACY FOR ALL POLLUTANTS
8 3 .
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CHAPTfiB V 

SUMMAST AND CONCLUSIONS

SBsaaiz
The purpose of th is  model Is  to function along with  

other models to pred ict the future conditions in a devel­

oping c i ty .  It i s  important that urban planners, both 

c i v i l  aiid p o l i t i c a l ,  be able to v isu a liz e  the eventual 

growth o f th e ir  c i t y ,  the problems that w ill  most probably 

occur, and the co st to elim inate these problems. As 

concerns a ir  p o llu tio n , th is  model develops from the 

predicted  growth o f c i t i e s ,  ranging In s iz e  from 40,000 to  

2 m illio n  population, a projection  o f the expected emis­

s io n s , concentrations, and co sts-to -a b a te  of a ir  p o llu t­

an ts. It can be used to determine the approximate time 

in the future that a s p e c if ic  c ity  might exceed the a ir  

q uality  standards.

This research used the co rre la tio n s between the prog­

ression  of demographic data and em issions data to construct 

a model that w il l  predict the a ir  p o llu tion  concentrations  

and CO st s-to -co n tro 1 based upon demographic data inputs 

alone from a population model. C orrelations were run for  

twenty-three c i t i e s  ranging in s iz e  from 40,000 to 2 , 000,000

129
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population. These co rre la tio n s are between to ta l pollu tant 

em issions and demogre^hic factors such as population, number 

of passenger v e h ic le s  reg istered  in the county, and the per­

cent o f the work force employed in memufacturing. Land 

area i s  used to u n it iz e  the em issions on a ton per squaure 

m ile per year b a s is . Using these co rre la tio n s to describe  

c i t i e s  of increasing s iz e  and age, a lin ear modeling tech­

nique i s  used to describe the future a ir  p o llu tio n  emis­

sion s in a growing c ity  e ith er  on a geograih ica l growth 

pattern or a popu lation -in du stria l growth pattern .

The model a lso  provides that the measured em ission  

values for a c i ty  may be su b stitu ted  in the predicted  emis­

sion s formulae to  e s ta b lish  a more represen tative regression  

for that c i ty .

Reductions in a ir  p o llu tio n  em issions from mobile 

sources as a r e su lt  o f the Air Quality A ct's requirements 

for the manufacture of reduced-pollution engines by 1975 

1976 are predicted by a step -fu n ction . I t  i s  estim ated  

that a ten yeetr period w il l  be required for the eventual 

replacement of high p o llu tio n -p o ten tia l engines.

Future concentrations o f a ir  p o llu tio n  in a growing 

c ity  are predicted through the use o f m eteorological 

retention  fa cto rs  developed by George C. Holzworth. The 

Holzworth reten tion  fa c to r s , presented as iso p le th  v a lu es, 

are integrated in to  zones with average reten tion  factor  

v a lu es. This averaging i s  considered to be v a lid  sin ce
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Holzworth found that the progression of the values between 

iso p le th s was praiotically  lin e a r .

In order to determine i f  the predicted a ir  p o llu tio n  

concentrations w il l  be w ith in  the lim its  o f the ex is tin g  

leg a l standards the d ifferen ce  between the predicted con­

centration  auid the standards are ca lcu la ted . If the con­

centration s exceed the standards, the amount of the excess  

i s  considered to be the amount that must be abated in the 

fu ture.

The to ta l co sts-to -a b a te  are predicted  by m ultip lying  

an average cost-p er-ton  to abate, (developed by LeSourd, 

e t . a l .  ) . by the number o f tons in excess o f the standairds.

The three parameters o f  population, percent o f work 

force employed in manufacturing, and the number of passen­

ger v e h ic le s  reg istered  in the county were added together  

a fter  th e ir  means had been normalized to O.680 which was 

the meem o f the population. This was accomplished by add­

ing .437 to each value o f  percent o f work force employed 

«Ü sôütâfÔÛ «üï liîg , flûid adding .2 o i to Daoîi va lu e  o f  the  

passenger v eh ic le s  reg istered  in the county.

S ta t is t ic a l  sample regression s were ca lcu la ted  and, 

although d e f in ite  lin ear progression  trends were in d ica ted , 

the data was so widely sca ttered  around the regression  l in e  

that any pred iction  mauie from the data would have such a 

large margin o f error as to render i t  highly inaccurate.

In order to meike the data d isp lay  more lin ear and, th erefo re , 

more p red ic tiv e  o f c i ty  growth i t  was determined that a data-
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s h if t  technique might be employed.

A function  was developed so that a d iffer en t numerical 

constant for eatch o f the f iv e  types o f p o llu ta n ts  would 

move the data p o in ts  h orizon ta lly  to near the regression  

l in e , fin issions are predicted  in tons/U i^ /yr by comparing 

the sum of the demographic parameters o f  the subject c ity  

with the em issions from a c i ty  o f l ik e  ch a r a c te r is tic s  in the 

s t a t i s t i c a l  data base. However, the data base has been sub­

jected  to a d a ta -sh ift  which requires that the subject c ity  

parameters must a lso  be subjected to th is  same d a ta -sh ift .

The accuraicy o f the pred iction  formulas can be increa­

sed i f  the r e su lts  o f  a current em issions inventory (Yg) 

are su b stitu ted  for the Y factor e q u a lit ie s .  In e f f e c t ,  

th is  su b stitu tio n  e s ta b lish e s  a regression  lin e  p a ra lle l to 

the base-data regression  but typ ica l o f the growth o f the 

subject c i t y .

Under the assumption that the automobile manufacturers 

w ill develop an engine that w ill  meet the requirements of 

tuô k i i  Quality k ù i  uy 1973" l97o and that the sa le s  o f new 

automobiles w ill  remain su b sta n tia lly  con stan t, a step -  

function was developed to predict these em issions reductions. 

A percent per year o f reduction o f carbon monoxide, hydro­

carbons, and n itrogen  oxides i s  ca lcu la ted  and i s  applied  

for a to ta l o f  ton years which i s  the period required to 

replace e f f e c t iv e ly  a l l  o f  the lig h t duty v eh ic le s  in use.

The average early  morning concentrations of a ir  p o llu t­

ants are ca lcu la ted  by d ispersing the predicted  em issions
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over the c ity  according to a m eteorological technique 

developed by George C. Holzworth.

The model provides for the use o f e ith er the national 

or the individual s ta te  a ir  q u a lity  standards to be used in 

the determ ination o f the amount o f em issions in excess o f  

those standards.

Holzworth (1966) found that source strengths derived  

fo r  th e  a f te r n o o n , when th e  maximum p o l lu t in g  a c t i v i t i e s  

tend to occur, had a tendency to cause h is  model to over- 

ca lcu la te  ear ly  morning concentrations. Holzworth ( 1971) 

also  found that the f/Q  v a lu es , or retention  fa c to r s , are 

generally  much le s s  for afternoon than for early morning 

mixing height and wind speed v a lu es. Most ambient a ir  

concentration standards describe the average concentrations 

over an 8 hour period or longer, th erefore , i t  was nec­

essary to determine how much the Holzworth retention  fa cto rs  

must be reduced to make the model pred ict average, rather 

them early morning concentrations.

The n e c essa ry  çsücunt c f  rednct icn  hecase  known when 

the predicted  concentrations for 9 c i t i e s  were compared 

with the measured concentrations o f those c i t i e s  (Table 29 

of the Appendix). The model pred icted  p a rticu la te  concen­

tra tio n s  too high by an approximate factor of 2 and pre­

d icted  gaseous concentrations too high by an approximate 

faotor o f 3 . When the reten tion  fa c to rs  are divided by 2 , 

for p a r tic u la te s , and by 3 , for g ases, the model p red icts
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concentrations somewhat lower than the measared concen­

tra tio n s  but w ith an approximate 84^ accuracy. This 

tendency to pred ict low can be accounted for by the in clu ­

sion o f background p o llu tan ts and windborne p o llu tion  from 

other c i t i e s  in the measured concentrations of the 9 c i t i e s  

used in the v a lid a tio n .

The em issions pred iction  accuracy o f the model i s  

o n l y  64^9 h o w e v e r , when t h e  h i g h  v a r i a n c e  o f  t h e  d i s t r i ­

bution o f the o r ig in a l data around the regression  l in e s ,  

as shown in Figures 3* 6 , 7 , 8 , and $ ,  i s  taken into con­

sid eration  a 64% pred iction  accuracy becomes a reasonable 

achievement.

No information concerning the amounts that individual 

c i t i e s  exceeded the standards was a v a ila b le  although 

several c i t i e s  reported that the concentrations o f certa in  

p o llu tan ts were above the standards. The excess em issions 

predicted by the model were ca lcu la ted  and are presented  

in Table 28 along with the predicted co sts-to -a b a te  for 

r*  a 7 c f  t h e  9 c i t i e s  were

exceeding the standards in th eir  concentrations of sulfur  

o x id es, 3 of 9 c i t i e s  were exceeding the standards in 

p a rticu la te  concentrations, and one c i ty  had excess concen­

tra tio n s  o f hydrocarbons.

The to ta l co sts-to -a b a te  are ca lcu la ted  for the excess  

em issions that are predicted and are intended to be more 

comparative than su ggestive . As an example: The model



TABLE 28

EXCESS EMISSIONS AND COST-TO-ABATE 
FOR VALIDATION CITIES

EXCESS EMISSIONS 

(TONS/Mi^/YR)

COST-TO-ABATE

IDOLLARS/Mi^/YR)

PA SO 2 CO HC PA SO 2 CO NOx HC

DENVER »

TULSA
CHATTANOOGA 103.1 5628.23
ATLANTA 2 1 .d 1190.06
INDIANAPOLIS 6 0 .8 - - 3 3 19 .0 7 - -

ST. LOUIS 92.8 5 0 6 5 .9 5
MEMPHIS 7 .9 8 3 .9 431.26 4580.10
MILWAUKEE 2 9 .9 159.8 1632.24 8 7 2 3 .4 8
DETROIT 11 4 .9 4 4 5 .8 6 2 7 2 .3 9 2 4 3 3 6 .2 2

VJl

U.S. PRIMARY STANDARDS COST-TO-ABate/ ton

PA = 75

SO2 = do

CO = 10 mg/M^

NOx = 100 Mg/M^

HC = 160 Mg/M^

$54.59
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In d icates that Memphis, Tennessee must spend $431*26 per 

square m ile to reduce i t s  p a rticu la te  concentrations to a 

le v e l commensurate with the standards, where D etro it, Mich­

igan would be required to spend $6 ,272.39 per square m ile  

to comply w ith th ese  same standards.
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C o n c l u s i o n s

T h i s  model  w i l l  p r o v i d e  u rb a n  p l a n n e r s  w i t h  a  m ethod 

f o r  p r e d i c t i n g  f u t u r e  a i r  p o l l u t i o n  p r o b le m s .  S i n c e  i t  

p r o v i d e s  t h e  c a p a b i l i t y  o f  p r e d i c t i n g  t h e  a p p r o x i m a t e  t i m e  

i n  t h e  f u t u r e  when a  c i t y  m ig h t  be e x p e c t e d  t o  e x c e e d  t h e  

Air  Q u a l i t y  S t a n d a r d s ,  i t  a l l o w s  p l a n n e r s  t o  c a l c u l a t e  

p r o j e c t e d  m o n e ta ry  r e q u i r e m e n t s  s u f f i c i e n t l y  i n  a d v an ce  t o  

more e a s i l y  f a c i l i t a t e  b u d g e t i n g .  T h i s  a d v an ce  w a rn in g  o f  

p o t e n t i a l  a i r  p o l l u t i o n  p ro b le m s  w i l l  a l s o  a i d  p l a n n e r s  i n  

d e t e r m i n i n g  t h e  b e s t  l o c a t i o n  and magnetude  o f  i n d u s t r i a l  

d e v e lo p m e n t  p r o j e c t s .  D e c i s i o n s  c o n c e r n i n g  t h e  l o c a t i o n  

and  t y p e  o f  e l e c t r i c  power p r o d u c t i o n  w i l l  be made more 

a c c u r a t e  by t h i s  m o d e l ,  a s  w i l l  t h e  p r o p e r  l o c a t i o n  o f  

maximum u t i l i z a t i o n  t r a n s p o r t a t i o n  f a c i l i t i e s .  In  s h o r t ,  

t h e  f u t u r e  d e v e lo p m e n t  and  u t i l i z a t i o n  o f  a l l  fo rm s  o f  a i r  

p o l l u t i o n  e m i t t e r s  may become more p r e d i c t a b l e  and  more 

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

The model  w i l l  p r o v i d e  p r e d i c t i o n s  o f  f u t u r e  a i r  p o l ­

l u t i o n  e m i s s i o n s  f o r  c i t i e s  r a n g i n g  in  s i z e  f rom 4 0 , 0 0 0  t o  

2 , 000 ,000  p o p u l a t i o n  w i t h  a  6 3 . 93% p r e d i c t i o n  a c c u r a c y .  I t  

w i l l  p r o v i d e  p r e d i c t i o n s  o f  f u t u r e  a i r  p o l l u t i o n  c o n c e n t r a ­

t i o n s  w i t h  an  8 3 «59% a c c u r a c y .  F u t u r e  c o s t s - t o - a b a t e  c a n  be 

p r o j e c t e d  and  i t  can  i d e n t i f y  t h e  ty p e  o f  p o l l u t i o n  t h a t  w i l l  

most  p r o b a b l y  n e e d  t o  be a b a t e d .  However,  a s  w i t h  e v e r y  

o t h e r  t y p e  o f  model  t h e r e  a r e  l i m i t a t i o n s  t h a t  must  be r e a l ­

i z e d  i n  i t s  a p p l i c a t i o n .
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S in c e  t h i s  model u s e s  a s  i n p u t  t h e  p o p u l a t i o n ,  p e r c e n t  

o f  work f o r c e  employed i n  m a n u f a c t u r i n g ,  and  t h e  number o f  

r e g i s t e r e d  v e h i c l e s  i n  t h e  c o u n ty  t h a t  a r e  p r e d i c t e d  by 

p o p u l a t i o n  f o r e c a s t  m o d e l s ,  t h e  p r e d i c t i o n s  made by t h i s  

model can  n o t  be more a c c u r a t e  t h a n  t h e  a c c u r a c y  o f  t h e  

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

F u r t h e r ,  t h i s  i s  a  p r o b a b i l i t y  m ode l ,  t h e r e f o r e  i t  d o e s  

n o t  t a k e  i n t o  c o n s i d e r a t i o n  t h e  p o s s i b l e  w o r ld  w h ich  can  be 

one o f  l a r g e  d i s a s t e r  o r  u n f o r e s e e n  p r o s p e r i t y .  I t  i s  based  

upon p r e s e n t - d a y  t e c h n o l o g i c a l  know ledges  and t e c h n i q u e s  and 

does  n o t  p r o v i d e  f o r  s c i e n t i f i c  p r o g r e s s  nor  g r o s s  s o c i o ­

l o g i c a l  c h a n g e s .

All c o s t s  a r e  b ased  upon t h e  e x p e c t e d  c o s t s  o f  197& and 

no p r o v i s i o n  i s  made f o r  e i t h e r  f u t u r e  i n f l a t i o n  o r  d e p r e s s i o n  

o f  t h e  economy.

A t te m p ts  t o  e x t r a p o l a t e  t h e  model f o r  c i t i e s  below 

4 U,U0U o r  above  2 m i l l i o n  p o p u l a t i o n  may g r e a t l y  d e c r e a s e  

t h e  p r e d i c t i o n  a c c u r a c y .

The model may n o t  p r e d i c t  a c c u r a t e l y  f o r  c i t i e s  w i t h  

r e l a t i v e l y  l i t t l e  m a n u f a c t u r i n g  and  w i t h  e i t h e r  n u c l e a r  o r  

n a t u r a l  g a s  power p r o d u c t i o n .

I t  d o e s  n o t  p r e d i c t  t h e  c o n c e n t r a t i o n ' s  o f  v e h i c l e  

e m i s s i o n s  g a s e s  a c c u r a t e l y  f o r  r e s o r t  a r e a s  where t h e  

m a j o r i t y  o f  t h e  m otor  v e h i c l e  t r a v e l  i s  by v e h i c l e s  r e g i s ­

t e r e d  o u t s i d e  t h e  c o u n t y .
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F u t u r e  u p d a t i n g  o f  t h e  m odel ,  u s i n g  t h e  c u r r e n t  

e m i s s i o n s  d a t a  f rom  100 o r  more c i t i e s ,  w i l l  p r o b a b l y  

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

p o i n t s .  I t  i s  f e a s i b l e  t h a t  w i t h  s u f f i c i e n t  r e f e r e n c e  

d a t a  t h e  model c a n  be d r i v e n  by t h e  p r o j e c t e d  i n c r e a s e s  

o f  p o p u l a t i o n  and  l a n d  a r e a  o n ly  w i t h  a t  l e a s t  a s  g r e a t  a  

p r e d i c t i o n  a c c u r a c y  a s  i t  now p o s s e s s e s .  T h e se  im provem ents  

may be r e c o g n i z e d  o n l y  a f t e r  a d d i t i o n a l  d a t a  i s  g e n e r a t e d .
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TABLE 29

EKUÛH OF CONCENTRATIONS PREDICTED BT THE HOLZWORTH RETENTION FACTORS

CONCENTR AT ION ( )

PIRT SO 2 CO NOx

C i t y P r e d ' l e a s  E r r o r P r e d Meas
i

E r r o r P r e d  Meas E r r o r
%

P r e d  Meas E r r o r

D e t r o i t 342 140 144 984 300 228

Memphis 164 90 82 381 130 193

Denver 60 40 50 132 60 120 759 320  137

C h a t t a n o o g a 110 72 53 216 52 315 135 58 133

S t .  L o u i s 14Ü 95 56 363 130 179 2049 63 0  213

A t l a n t a 120 70 71 270 100 170

I n d i a n a p o l i s 136 50 70 321 130 147 1818 540 237

M ilw au k ee 200 117 71 507 136 225

T u l s a 7Ü 53 47 162 78 108 111 40  170

A v erag e  P e r c e n t  
o f  E r r o r

+ 72 + 157 + 196 + 136

A verage  E r r o r f o r I I I G a s e s + I0Ü

VIVI


