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SUMMARY 

The a t t a i n m e n t and maintenance o f a i r q u a l i t y 

s tandards i s a c o m p l i c a t e d p r o c e s s * A c r u c i a l e lement i n 

t h i s p r o c e s s i s t h e measurement of ambient a i r q u a l i t y . 

The c o n f i g u r a t i o n of an a i r m o n i t o r i n g network and the 

sampling f r e q u e n c i e s employed must s a t i s f y t h e o b j e c t i v e s 

o f the network, meet t h e l o c a t i o n c r i t e r i a , and c o n s i d e r 

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

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

and because t h e r e i s no standard p r o c e d u r e , t h e network 

d e s i g n p r o c e s s i s normal ly v e r y s u b j e c t i v e . 

T h i s paper d e v e l o p s a mathemat ica l procedure f o r 

s e l e c t i n g optimum m o n i t o r i n g l o c a t i o n s and sampling f r e 

q u e n c i e s . The procedure c o n s i s t s of t h r e e p h a s e s : 

( 1 ) a tmospher ic s i m u l a t i o n m o d e l i n g , (2) s t a t i s t i c a l 

m o d e l i n g , and (3) mathemat i ca l m o d e l i n g . I t employs d a t a 

a n a l y s i s and d i f f u s i o n model ing c u r r e n t l y r e q u i r e d by EPA 

and r e s o l v e s t h e c o n f l i c t i n g o b j e c t i v e s o f v i o l a t i o n d e 

t e c t i o n and p o p u l a t i o n p r o t e c t i o n by a s e q u e n t i a l r e d u c t i o n 

of the f e a s i b l e s e t . Methods are i n c l u d e d f o r t h e f o l l o w i n g : 

(1) I d e n t i f y i n g and e v a l u a t i n g i n t e g e r s o l u t i o n s , 

( 2 ) I d e n t i f y i n g a l t e r n a t e o p t i m a l or subopt imal 

network c o n f i g u r a t i o n s , 

(3) E v a l u a t i n g the t r a d e - o f f s between d e t e c t i o n 
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and p r o t e c t i o n c a p a b i l i t i e s , 

( I4 . ) I n v e s t i g a t i n g t h e e f f e c t o f a l l o c a t i n g 

a d d i t i o n a l m o n i t o r i n g r e s o u r c e s , 

( 5 ) Determining new network c o n f i g u r a t i o n s w i t h 

i n c r e a s e d r e s o u r c e s * 

The procedure i s s u c c e s s f u l l y a p p l i e d t o the 

p a r t i c u l a t e m o n i t o r i n g network of P u l t o n County, Georg ia 

w i t h s i g n i f i c a n t improvements over t h e p r e s e n t system i n 

both v i o l a t i o n d e t e c t i o n and p o p u l a t i o n p r o t e c t i o n 

c a p a b i l i t i e s . 
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CHAPTER I 

INTRODUCTION 

Background 

During the y e a r s s i n c e the p a s s a g e of the Clean Air 

Act of 1970, much p r o g r e s s has been made toward a n a t i o n a l 

commitment t o c l e a n a i r . This p r o g r e s s i s p r i m a r i l y the 

r e s u l t of the d i l i g e n t e f f o r t s of government a g e n c i e s at 

t h r e e l e v e l s , f e d e r a l , s t a t e , and l o c a l , f o r the a t ta inment 

and maintenance of n a t i o n a l ambient a i r q u a l i t y s t a n d a r d s . 

At the f e d e r a l l e v e l t h e Environmental P r o t e c t i o n Agency 

(EPA) has t h e o v e r a l l r e s p o n s i b i l i t y of p r o v i d i n g the 

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

t h e s t a n d a r d s , of a s s u r i n g r e a s o n a b l e p r o g r e s s toward the 

a t ta inment of the s t a n d a r d s , and of i n s u r i n g the maintenance 

of the s tandards a f t e r a t t a i n m e n t . Each s t a t e has t h e 

r e s p o n s i b i l i t y of e s t a b l i s h i n g implementat ion p l a n s f o r the 

a t t a i n m e n t and maintenance of a i r q u a l i t y s tandards w i t h i n 

i t s b o u n d a r i e s . Some of t h e r e s p o n s i b i l i t y of implementa

t i o n has been d e l e g a t e d t o l o c a l a g e n c i e s . 

The a t ta inment of a i r q u a l i t y s tandards i s a 

compl ica ted p r o c e s s and i n v o l v e s many v a r i e d and o f t e n 

c o n f l i c t i n g c o n s i d e r a t i o n s . The q u e s t f o r a t ta inment 

i n v o l v e s a s s u r i n g compl iance of each e x i s t i n g or p o t e n t i a l 

source of a i r p o l l u t i o n through the c a t a l o g i n g of t h e s e 
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s o u r c e s and t h e i r e m i s s i o n s (Emiss ions I n v e n t o r y ) , the 

i s s u a n c e of o p e r a t i n g p e r m i t s to e x i s t i n g and new s o u r c e s 

(Permit S y s t e m ) , the d e t e r m i n a t i o n of v i o l a t o r s ( F i e l d 

I n s p e c t i o n ) , and the u s e of l e g a l a c t i o n a g a i n s t v i o l a t o r s 

( F i e l d Enforcement) , which sometimes i n v o l v e s extended 

t ime t a b l e s of compl iance (Compliance S c h e d u l i n g ) . A l l of 

t h e s e a c t i o n s are aimed at the s o u r c e s of p o l l u t i o n w i t h 

the purpose of producing ambient a i r of t h e r e q u i r e d 

q u a l i t y , and, i n d e e d , t h i s i s the o n l y p r a c t i c a l method. 

But the n e t r e s u l t of t h e s e e f f o r t s upon the ambient a i r 

must be measured t o ensure t h a t the d e s i r e d q u a l i t y does 

i n f a c t e x i s t . This i s the f u n c t i o n of Air Monitor ing and 

i s conducted by a l l 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 . 

Air moni tor ing data i s the most a c c u r a t e and o n l y 

t a n g i b l e i n d i c a t o r t o the c o n t r o l a g e n c i e s of t h e i r 

advancement toward t h e i r g o a l s , i . e . the a t ta inment and 

maintenance of a i r q u a l i t y s t a n d a r d s . I f a i r m o n i t o r i n g 

data i s t h i s impor tant , then i t i s apparent t h a t t h e 

c o n f i g u r a t i o n of the a i r m o n i t o r i n g network i s a l l 

important t o the p r o d u c t i o n of u s e f u l a i r q u a l i t y d a t a . 

Yet the Environmental P r o t e c t i o n Agency, i n f u l f i l l i n g i t s 

r e s p o n s i b i l i t y under the Clean Air Act , has e s t a b l i s h e d 

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

d e s i g n of an optimum a i r m o n i t o r i n g network. S t a t e and 

l o c a l a g e n c i e s must weigh s u b j e c t i v e l y such l o c a t i o n 

c r i t e r i a as p o l l u t a n t c o n c e n t r a t i o n , source l o c a t i o n , 
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m e t e r o l o g i c a l c o n d i t i o n s , p o p u l a t i o n d e n s i t y , growth 

p r o j e c t i o n s , and g e o g r a p h i c a l coverage and e s t a b l i s h t h e i r 

i n d i v i d u a l n e t w o r k s . In a d d i t i o n , they must r e s o l v e the 

q u e s t i o n of sampling f r e q u e n c y . This q u e s t i o n a r i s e s from 

the d e c i s i o n of c h o o s i n g c o n t i n u o u s or i n t e r m i t t e n t sam

p l e s which must be t a k e n . The r e s u l t of t h i s s u b j e c t i v e 

network d e s i g n procedure i s a wide v a r i a t i o n i n t h e t y p e s 

of networks c o n s t r u c t e d and extreme d i f f i c u l t y i n a s s e s s 

i n g from area t o area t h e q u a l i t y of t h e networks and 

p r o g r e s s toward c l e a n a i r g o a l s . 

Problem Statement 

Given the c o n d i t i o n s j u s t d e s c r i b e d , the e x i s t e n c e 

o f a s i g n i f i c a n t problem i n t h e f i e l d of a i r m o n i t o r i n g i s 

apparent . Although a i r m o n i t o r i n g data i s the o n l y 

t a n g i b l e e v i d e n c e of the a t t a i n m e n t and maintenance of a i r 

q u a l i t y s t a n d a r d s , t h e r e e x i s t o n l y s u b j e c t i v e and o f t e n 

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

network which p r o v i d e s t h i s d a t a . A standard methodology 

i s needed f o r l o c a t i n g a i r m o n i t o r i n g i n s t r u m e n t a t i o n , y e t 

none e x i s t s . 

Purpose of the Research 

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

of a i r p o l l u t i o n i n g e n e r a l and t o a i r m o n i t o r i n g i n 

p a r t i c u l a r would be t h e development of a mathemat ica l 

procedure f o r de termin ing the optimum network c o n f i g u r a t i o n 
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f o r a i r m o n i t o r i n g i n s t r u m e n t a t i o n over a p l a n n i n g h o r i z o n . 

The purpose of t h i s r e s e a r c h i s t o deve lop such a p r o c e d u r e . 

I f t h i s procedure i s t o be u s e f u l and a t t r a c t i v e , 

i t must address a l l or most of the l o c a t i o n g u i d e l i n e s , 

and i t should be based upon or i n c o r p o r a t e r e l a t e d methods 

c u r r e n t l y used by a i r p o l l u t i o n a g e n c i e s . Two of t h e s e 

methods are i n t h e f i e l d of a i r p o l l u t i o n m o d e l i n g . 

Atmospheric s i m u l a t i o n model ing i n v o l v e s the p r e d i c t i o n of 

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

S t a t i s t i c a l model ing i n v o l v e s the p r e d i c t i o n of a i r 

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

The procedure deve loped w i l l i n c o r p o r a t e both 

atmospher ic s i m u l a t i o n model ing and s t a t i s t i c a l model ing 

w i t h t h e i n t e n t of p r o v i d i n g s u f f i c i e n t data f o r a 

mathemat ica l programming f o r m u l a t i o n and thus a system of 

s e l e c t i n g optimum a i r m o n i t o r i n g i n s t r u m e n t a t i o n l o c a t i o n s 

and optimum sampling f r e q u e n c i e s . 

So t h a t the procedure w i l l be r e a l i s t i c , i t w i l l be 

deve loped f o r a s p e c i f i c a r e a , P u l t o n County, Georg ia , f o r 

which the v a s t amount of needed data i s a v a i l a b l e . 
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CHAPTER I I 

LITERATURE SURVEY 

Three a s p e c t s of t h e proposed procedure r e q u i r e a 

s e a r c h of the l i t e r a t u r e t o determine the s t a t e of the a r t . 

These a s p e c t s are a i r m o n i t o r i n g network d e s i g n , atmos

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

a n a l y s i s of a i r p o l l u t a n t s . This chapter w i l l c i t e and 

a n a l y z e r e s e a r c h i n t h e s e areas and w i l l i n d i c a t e any 

u s e f u l n e s s f o r t h e proposed p r o c e d u r e . 

Air Moni tor ing Network Des ign 

Most of the r e s e a r c h i n a i r m o n i t o r i n g network 

d e s i g n has been done by f e d e r a l , s t a t e , and l o c a l p o l l u t i o n 

c o n t r o l a g e n c i e s . I t i s one of t h e i r primary concerns but 

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

t h e r e s u l t s of t h a t r e s e a r c h are p u b l i s h e d i n the form of 

g u i d e l i n e documents by t h e Environmental P r o t e c t i o n Agency 

( 2 ) , ( 1 2 ) , ( 1 3 ) , ( 1 6 ) , ( 1 7 ) , ( 2 1 ) . 

The f i r s t c o n s i d e r a t i o n i n the e s t a b l i s h m e n t of an 

a i r m o n i t o r i n g network i s a d e t e r m i n a t i o n of i t s o b j e c t i v e s . 

The b a s i c , fundamental g o a l of ambient a i r q u a l i t y moni

t o r i n g i s t h e p r o t e c t i o n of h e a l t h and w e l f a r e under the 

Clean Air Act ( 1 6 ) . Because t h i s i s t oo g e n e r a l t o be of 

s p e c i f i c h e l p , more d e f i n i t i v e o b j e c t i v e s have been s t a t e d 
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as EPA r e g u l a t i o n s and i n EPA g u i d e l i n e documents . These 

o b j e c t i v e s a r e , however, s t i l l r o o t e d i n the b a s i c purpose 

of the law (16). General m o n i t o r i n g o b j e c t i v e s t h a t are 

s p e c i f i e d i n s e v e r a l EPA g u i d e l i n e documents (13), (16), 

(17)i (21), {2k) are t h e f o l l o w i n g : 

(1) A s c e r t a i n a t t a i n m e n t and maintenance of 

N a t i o n a l Ambient Air Q u a l i t y S tandards , 

(2) Provide d a t a f o r emergency e p i s o d e 

p r e v e n t i o n . 

(3) Prov ide data f o r a i r q u a l i t y p l a n n i n g 

e f f o r t s i n c l u d i n g e m i s s i o n c o n t r o l 

r e g u l a t i o n s . 

(1+) Monitor t ime t r e n d s and p a t t e r n s . 

( 5 ) Prov ide data f o r r e s e a r c h . 

( 6 ) Prov ide da ta t o support enforcement 

a c t i o n s . 

( 7 ) Monitor source compl iance w i t h 

r e g u l a t i o n s . 

( 8 ) Determine impact of s p e c i f i c proposed 

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

c o n c e n t r a t i o n s . 

The f i r s t f i v e of t h e s e o b j e c t i v e s are normal ly i n t e n d e d 

t o be met by b a s i c , f i x e d n e t w o r k s ; t h e o t h e r s are r e l e 

vant t o s o u r c e - o r i e n t e d networks (16). B a s i c , f i x e d 

networks are dep loyed o v e r a s i g n i f i c a n t g e o g r a p h i c a l area 

and are i n t e n d e d t o p r o v i d e c o n s i s t e n t , ongoing d a t a over 
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a p e r i o d of many y e a r s . (Here f i x e d does not p r e c l u d e 

p e r i o d i c e v a l u a t i o n and r e a l l o c a t i o n but i s t o be d i s 

t i n g u i s h e d from mobi l e or p o r t a b l e . ) S o u r c e - o r i e n t e d 

networks are deve loped f o r s p e c i f i c s h o r t - t e r m purposes 

and are more i n t e n s i v e i n both t ime and s p a c e . They are 

not in tended t o measure o v e r a l l a i r q u a l i t y . Because of 

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

network i s u s u a l l y a c l e a r - c u t p r o c e d u r e . D e s i g n i n g a 

b a s i c , f i x e d , ongoing network, however, i s much more 

d i f f i c u l t . 

The development of a permanent a i r q u a l i t y 

m o n i t o r i n g network i n c l u d e s de termin ing t h e number and 

l o c a t i o n of sampling s i t e s , s e l e c t i n g a p p r o p r i a t e 

i n s t r u m e n t a t i o n , d e t e r m i n i n g the f requency of sampl ing , 

and f o l l o w i n g e s t a b l i s h e d ins trument s i t i n g c r i t e r i a ( 1 6 ) , 

( 2 1 ) . H i s t o r i c a l l y , most a t t e n t i o n has been g i v e n t o 

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

in s t rument s i t i n g c r i t e r i a . The Environmental P r o t e c t i o n 

Agency has e s t a b l i s h e d r e f e r e n c e methods f o r the d e t e r 

m i n a t i o n of each c r i t e r i a p o l l u t a n t and t e s t s a l l 

i n s t r u m e n t a t i o n submit ted t o determine e q u i v a l e n c y . The 

s p e c i f i c a t i o n s t h a t must be met by each type of i n s t r u 

m e n t a t i o n are e x t e n s i v e . This and t h e f a c t t h a t the EPA 

must approve a l l in s trument purchases by a g e n c i e s 

r e c e i v i n g g r a n t money ( v i r t u a l l y a l l m o n i t o r i n g a g e n c i e s ) 

makes t h e in s t rument s e l e c t i o n p r o c e s s e a s i e r . S p e c i f i c 
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ins trument s i t i n g c r i t e r i a have a l s o been e s t a b l i s h e d by 

t h e EPA, Here ins trument s i t i n g i n v o l v e s the p h y s i c a l 

p lacement of a moni tor a f t e r a l o c a t i o n has been c h o s e n . 

This c r i t e r i a i n c l u d e s h e i g h t from the ground, d i s t a n c e 

from the s t r e e t , d i s t a n c e from the edge of b u i l d i n g s , 

h e i g h t s from the t o p s of b u i l d i n g s , e t c . I t a l l o w s enough 

l a t i t u d e f o r the r e a l i s t i c p lacement of moni tors and, 

whether good or bad, i s a s tandard p r o c e d u r e . S e v e r a l EPA 

g u i d e l i n e documents address ins trument s e l e c t i o n and 

p h y s i c a l ins trument s i t i n g (12), (13), (16), (17), (21). 

Determining t h e number and l o c a t i o n of sampling s i t e s and 

s e l e c t i n g t h e sampling f r e q u e n c i e s are the e l ement s of the 

network d e s i g n p r o c e s s t h a t have n o t been t r e a t e d adequate 

l y , a l t h o u g h at f i r s t t h i s would n o t appear t o be t r u e . 

The c o n f i g u r a t i o n o f an a i r q u a l i t y m o n i t o r i n g 

network i n v o l v e s two d i s t i n c t e l e m e n t s : the number of 

sampling s i t e s of v a r i o u s t y p e s and t h e i r g e o g r a p h i c a l 

l o c a t i o n . H i s t o r i c a l l y , networks were s i z e d d i r e c t l y or 

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

s i t e s were d i s t r i b u t e d w i t h as much c o n s i d e r a t i o n as 

p o s s i b l e of s o u r c e s , m e t e o r o l o g y , topography, e t c . (16), 

(21). The Environmental P r o t e c t i o n Agency R e g u l a t i o n s 

(1+0 CFR 51.17), i n d e t a i l i n g t h e r e q u i r e m e n t s of S t a t e 

Implementat ion P l a n s , s p e c i f y a minimum number of moni

t o r i n g s i t e s and a minimum sampling f requency i n each Air 

Q u a l i t y Contro l Region as a f u n c t i o n of p o p u l a t i o n and t h e 
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p r i o r i t y c l a s s i f i c a t i o n a s s i g n e d t o i t f o r each c r i t e r i a 

p o l l u t a n t . Here, p r i o r i t y c l a s s e s are based on p o l l u t a n t 

c o n c e n t r a t i o n e s t i m a t e s . Table 1 l i s t s t h e c r i t e r i a 

p o l l u t a n t s and t h e c o n c e n t r a t i o n ranges f o r each p r i o r i t y 

c l a s s . Table 2 c o n t a i n s the r e q u i r e d minimum number of 

s i t e s and sampling frequency as w e l l as t h e measurement 

method. This method of de termin ing minimum sampling 

requ irements has s e r i o u s s h o r t c o m i n g s . F i r s t , the a i r 

q u a l i t y d a t a t h a t was used f o r de termin ing p r i o r i t y c l a s s 

i f i c a t i o n i n many i n s t a n c e s was very l i m i t e d and very 

i n a c c u r a t e . In some c a s e s i t was based on s u r v e y s o n l y 

t h r e e months i n d u r a t i o n . Yet , t h a t o r i g i n a l p r i o r i t y 

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

thorough and more a c c u r a t e d a t a . Second, a l t h o u g h popu

l a t i o n may be a meaningfu l index f o r d e t e r m i n i n g sampling 

r e q u i r e m e n t s , i t i s very u n l i k e l y t h a t the c o r r e l a t i o n 

between p o p u l a t i o n and f a c t o r s a f f e c t i n g a i r q u a l i t y i s 

c o n s i s t e n t from r e g i o n t o r e g i o n . However, i n t h e y e a r s 

s i n c e minimum networks were e s t a b l i s h e d , t h e y have been 

expanded and m o d i f i e d i n t h e l i g h t of i n c r e a s i n g knowledge, 

e x p e r i e n c e and funding (16), (21). 

R e c e n t l y , the emphasis i n a i r m o n i t o r i n g has 

s h i f t e d from t h e d e t e r m i n a t i o n of a i r q u a l i t y t o the 

a t ta inment and maintenance of a i r q u a l i t y s tandards (16), 

(17), (21). In c o n c e r t w i t h t h i s s h i f t i n emphasis has 

been a change i n the manner of d e s i g n i n g m o n i t o r i n g n e t w o r k s . 
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Table 1 . C r i t e r i a f o r C l a s s i f i c a t i o n o f 
Air Q u a l i t y Contro l Regions 

Concentrations in micrograms per cubic meter (ppm in parentheses) 

Pollutant Priority Pollutant 
I I I I I I 

Sulfur Oxides 
annual arithmetic mean 

24-hour maximum 

3-hour maximum 

Particulate matter 

>100 
(.04) 
>455 
(.17) 

60-100 
(.02-.04) 
260-455 

(.10-17) 
>1300 
(.50) 

< 60 
(.02) 

< 260 
(.10) 

<1300 
(.50) 

annual geometric mean > 95 60-95 < 60 

24-hour maximum >325 150-325 < 150 

Carbon monoxide 
8-hour maximum 

1-hour maximum 

Nitrogen dioxide 

> 14 a 

-(12) 
> 55 a 

(48) 

< 14a 

(12) 
< 55« 

(48) 

annual arithmetic mean 

Photochemical oxidants 

>110 
(.06) 

<<110 
(.06) 

1-hour maximum >195 
(.10) < 195 

(.10) 
a Concentration in milligrams per cubic meter. 



Table 2 . Recommended Number of Air Q u a l i t y Monitor ing S i t e s 

C l a s s i f i 
c a t i o n o f 

r e g i o n P o l l u t a n t 
Measurement 

method 1 

Minimum f requency 
o f sampl ing Region p o p u l a t i o n 

Minimum number o f a i r 
q u a l i t y m o n i t o r i n g s i t e s " 

I Suspended p a r t i c u l a t e s H igh volume sampler 

Tape sampler 

One 24-hour sample 
every 6 days* 

One sample every 
2 hours 

Les s than 100,000 
100,000-1 ,000,000 
1 ,000,001-5 ,000,000 
Above 5,000,000 

4 
4+0 .6 per 100,000 p o p u l a t l o n c 
7 .5+0 .25 per 100.000 p o p u l a t i o n s 
12*0.16 per 100,000 p o p u l a t i o n 0 

One per 250,000 p o p u l a t l o n c up t o 
e i g h t s i t e s . 

S u l f u r d i o x i d e P a r a r o s a n l l i n e o r 
e q u i v a l e n t ^ 

One 24-hour sample 
every 6 days (gas 
b u b b l e r ) * 

Con t inuous 

Les s than 100,000 
100 ,000-1 ,000 ,000 
1 ,000,001-5 ,000,000 
Above 5 ,000,000 
Les s than 100,000 
100,000-5 ,000,000 
Above 5.000,000 

3 
2 .5*0 .5 pe r 100,000 po>- ' U i o n C 
6+0.15 per 100,000 p o p u l a t l o n c 
11+0.05 per 100,000 p o p u l a t i o n ^ 
1 
1+0.15 per 100,000 p o p u l a t l o n c 
6+0.05 per 700,000 p o p u l a t l o n c 

Carbon monoxide N o n d i s p e r s i v e 
I n f r a r e d o r 
e q u i v a l e n t 6 

Cont inuous Less than 100,000 
100.000-5 ,000,000 
Above 5 ,000,000 

1 
1+0.15 per 100,000 p o p u l a t l o n c 
6+0.05 per 100,000 p o p u l a t l o n c 

Pho tochemica l o x i d a n t s Gas phase c h e m l l u m l -
nesence o r 
e q u i v a l e n t ' 

Con t inuous Les s than 100,000 
100,000-5 .000.000 
Above 5,000,000 

1 
1+0.15 per 100,000 p o p u l a t l o n c 
6+0.05 per 100,000 p o p u l a t i o n 0 

N i t r o g e n d i o x i d e 24-hour sampl ing 
method ( J a c o b s -
Hoc hhe i s e r method) 

One 24-hour sample 
eve ry 14 days 
(gas bubbler)t> 

Les s than 100,000 
100 .000-1 ,000 ,000 
Above 1,000,000 

3 
4+0.6 per 100,000 p o p u l a t l o n c 
10 

I I Suspended p a r t i c u l a t e s High volume sampler 

Tape sampler 

One 24-hour sample 
every 6 days* 

One sample every 
2 hours 

3 

1 

S u l f u r d i o x i d e P a r a r o s a n l l ine o r 
e q u i v a l e n t ^ 

One 24-hour sample 
eve ry 6 days 
( g a s b u b b l e r } * 

Con t inuous 

3 

1 

i r is Suspended p a r t i c u l a t e s High volume sampler One 24-hour sample 
eve ry 6 days* 

1 

S u l f u r d i o x i d e P a r a r o s a n l l i ne o r 
e q u i v a l e n t ^ 

One 24-hour sample 
every 6 days 
(gas b u b b l e r ) 9 

1 

E q u i v a l e n t t o 61 random samples per y e a r . 

' E q u i v a l e n t t o 26 random samples per year . 

T o t a l p o p u l a t i o n o f a r e g i o n . When requ i red number o f sample r s i n c l u d e s a f r a c t i o n , r o u n d - o f f t o n e a r e s t whole number. 

' E q u i v a l e n t methods a r e (1) Gas Chromatographic S e p a r a t i o n - F l a m e Pho tomet r i c D e t e c t i o n (p rov ided T e f l o n 1s used th roughout t h e I n s t r u 
ment sys tem In p a r t s exposed t o the a i r s t r e a m ) , (2 ) Flame Pho tomet r i c D e t e c t i o n (p rov ided I n t e r f e r i n g s u l f u r compounds p r e s e n t 1n 
s i g n i f i c a n t q u a n t i t i e s a r e removed) , (3) C o u l o m e t r i c D e t e c t i o n (p rov ided o x i d i z i n g and reduc ing i n t e r f e r e n c e s s u c h a s O 3 , NO2 . and 
H2S a r e r emoved) , and (4 ) the automated P a r a r o s a n l l I n e P r o c e d u r e . 
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Whereas, i n i t i a l l y , the s i z e of m o n i t o r i n g networks was 

determined by r e s o u r c e l i m i t a t i o n s , now the a g g r e g a t e s i z e 

of t h e m o n i t o r i n g e f f o r t w i l l be determined as a r e s u l t of 

mee t ing v a r i o u s s p e c i f i c n e e d s , and r e s o u r c e concerns w i l l 

a f f e c t p r i m a r i l y the l e n g t h of t ime r e q u i r e d f o r the n e t 

work t o e v o l v e i n t o i t s u l t i m a t e c o n f i g u r a t i o n (16), (21). 

However, one g u i d e l i n e document (16) s t a t e s : 

. • • r e c o g n i z i n g t h a t , f o r a t l e a s t t h e n e x t 
s e v e r a l y e a r s , r e s o u r c e a v a i l a b i l i t y w i l l c o n 
t i n u e t o o p e r a t e as a c o n s t r a i n t , a r e a l l o c a t i o n 
of network f a c i l i t i e s may be more f e a s i b l e than 
an i n c r e a s e i n network s i z e . 

The s p e c i f i c needs of a m o n i t o r i n g network are based 

upon the o b j e c t i v e s of a i r m o n i t o r i n g networks p r e v i o u s l y 

c i t e d and are d i s c u s s e d i n s e v e r a l EPA G u i d e l i n e Documents 

(2), (13), (16), (17), (21) as c r i t e r i a f o r l o c a t i n g the 

sampling s i t e s . The g e n e r a l c r i t e r i a s t a t e d i n one 

g u i d e l i n e (17) arc the f o l l o w i n g : 

(a ) Moni tor ing s t a t i o n s must be p o l l u t i o n o r i e n t e d ; 
(b) Monitor ing s t a t i o n s must be p o p u l a t i o n o r i e n t e d ; 
( c ) Moni tor ing s t a t i o n s must be source o r i e n t e d ; 
(d) Moni tor ing s t a t i o n s must p r o v i d e areawide 

r e p r e s e n t a t i o n of a i r q u a l i t y . 

Other g u i d e l i n e s (2), (16), (21) s t a t e more s p e c i f i c a l l y 

t h a t moni tor ing must be performed i n the f o l l o w i n g a r e a s : 

(1) Areas where c o n c e n t r a t i o n s are c u r r e n t l y 

h i g h e s t ; 

(2) Areas p r o j e c t e d t o have h i g h e s t c o n c e n t r a t i o n s ; 

(3) Areas which are expec ted t o have the most 

r a p i d growth; 
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(k) Areas which have the h i g h e s t p o p u l a t i o n 
d e n s i t y and/or t o t a l p o p u l a t i o n ; 

(5) Clean areas t h a t can be used t o e s t i m a t e 

background c o n c e n t r a t i o n s . 

In f o l l o w i n g t h e s e l o c a t i o n c r i t e r i a , one must a l s o 

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

l o c a t i o n s . These are m e t e o r o l o g y and c l i m a t o l o g y , source 

l o c a t i o n , source s t r e n g t h , and topography (13), ( 1 6 ) , (17), 

(21). In a d d i t i o n , the economic d e c i s i o n of whether t o 

p l a c e more than one type of m o n i t o r i n g d e v i c e ( i . e . f o r 

d i f f e r e n t p o l l u t a n t s ) a t the same l o c a t i o n must be 

c o n s i d e r e d . One g u i d e l i n e (16) i n c l a r i f i c a t i o n of t h i s 

q u e s t i o n s t a t e s t h a t i t i s important i n i t i a l l y t o d e s i g n 

a s e p a r a t e network f o r each p o l l u t a n t and o n l y then t o 

c o n s i d e r combining s i t e s . However, Hickey e t a l . (28) 

have determined t h a t the c o s t s of an a i r q u a l i t y moni

t o r i n g sys tem can be reduced by l i m i t i n g the number of 

s i t e s t o which moni tors are d i s t r i b u t e d and by a l t e r i n g 

the method of data r e d u c t i o n and h a n d l i n g . Hence, i t i s 

p o s s i b l e t o reduce o p e r a t i n g c o s t s through l o c a t i o n 

d e c i s i o n s , though t h i s i s a l e s s important c r i t e r i o n than 

o t h e r s . 

A l l of t h i s l e a d s one g u i d e l i n e document (17) t o 

s a y : 

T h e r e f o r e , t h e s e l e c t i o n of t h e number, l o c a t i o n 
and type of sampling s t a t i o n s w i t h i n a AQCR i s a 
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complex problem w i t h o u t a p u r e l y o b j e c t i v e s o l u t i o n . 
. . . The network chosen w i l l be t h e r e s u l t of 
s u b j e c t i v e judgments , based upon a v a i l a b l e e v i d e n c e 
and the e x p e r i e n c e o f t h e d e c i s i o n team. 

This seems l i k e an a c c u r a t e a s s e s s m e n t , and i t i s not 

s u r p r i s i n g t h a t m o n i t o r i n g networks such as t h o s e i n New 

York ( 1 7 ) , New J e r s e y ( 6 2 ) , and Los Ange les (12) bear 

l i t t l e resemblance t o each o t h e r . The need to q u a n t i f y 

some of t h i s s u b j e c t i v i t y and e s t a b l i s h a s tandard p r o c e 

dure f o r l o c a t i n g a i r moni tors i n a network i s apparent . 

Atmospheric S i m u l a t i o n Modeling 

In c o n t r a s t to a i r m o n i t o r i n g network d e s i g n , a i r 

p o l l u t i o n model ing has enjoyed t h e i n t e r e s t of many 

r e s e a r c h e r s o u t s i d e of the a i r p o l l u t i o n a g e n c i e s and has 

b e n e f i t e d a c c o r d i n g l y . This o u t s i d e i n t e r e s t has probably 

r e s u l t e d from t h e s i m i l a r i t y of a i r p o l l u t i o n model ing t o 

o t h e r t y p e s of m o d e l i n g . However, p r a i s e should be g i v e n 

t o the Environmental P r o t e c t i o n Agency not o n l y f o r 

c o n t r i b u t i n g s i g n i f i c a n t l y t o the r e s e a r c h i n t h i s area 

but a l s o f o r documenting the u s e f u l n e s s of o t h e r m o d e l s , 

c o n t r a c t i n g the development of m o d e l s , and i s s u i n g g u i d e 

l i n e s which recommend the u s e o f c e r t a i n models and 

exempl i fy t h a t u s a g e . 

Atmospheric s i m u l a t i o n model ing i s used most o f t e n 

i n a i r q u a l i t y p l a n n i n g e f f o r t s . An atmospher ic s i m u l a t i o n 

model i s based upon q u a n t i t a t i v e d e s c r i p t i o n s of the 

t r a n s p o r t and d i s p e r s i o n of p o l l u t a n t s i n t h e atmosphere 
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and i s used t o e s t a b l i s h the r e l a t i o n s h i p between a i r 

p o l l u t a n t e m i s s i o n s and ambient a i r c o n c e n t r a t i o n s . Once 

t h i s r e l a t i o n s h i p has been e s t a b l i s h e d , p r e d i c t i o n s of 

f u t u r e a i r q u a l i t y can be made w i t h d i f f e r e n t p l a n n i n g and 

c o n t r o l s t r a t e g i e s , and the e f f e c t i v e n e s s of t h e s e s t r a 

t e g i e s can be a s s e s s e d ( 2 ) , ( 1$ ) , ( 2 2 ) . (Burton and 

Sanjour (8) and Pechan, Burton, and Sanjour (50) add an 

i n t e r e s t i n g and u s e f u l t o o l t o t h i s a s se s sment i n the form 

of an i n t e g e r programming t e c h n i q u e f o r e v a l u a t i n g the 

c o s t of d i f f e r e n t s t r a t e g i e s . ) 

There are many d i f f e r e n t k i n d s of atmospheric 

s i m u l a t i o n or d i s p e r s i o n mode l s , v a r y i n g i n c o m p l e x i t y and 

u t i l i t y , b u t , b a s i c a l l y , t h r e e g e n e r a l t y p e s can be 

i d e n t i f i e d (15): 

(1) Box models 

( 2 ) Gauss ian plume models 

( 3 ) Numerical s i m u l a t i o n m o d e l s . 

Each type of model i s s i g n i f i c a n t l y d i f f e r e n t from the 

o t h e r s i n approach, l e v e l of s o p h i s t i c a t i o n , and r e s u l t s . 

Consequent ly , each should be used f o r d i f f e r e n t p u r p o s e s . 

The box model i s the l e a s t s o p h i s t i c a t e d type of 

model and p r o v i d e s the l e a s t d e t a i l of a i r q u a l i t y i n f o r 

mat ion . I t c o n s i d e r s o n l y t o t a l area -wide e m i s s i o n s and 

u s e s o n l y g e n e r a l m e t e o r o l o g i c a l d a t a , i f any. C o n c e n t r a t i o n 

e s t i m a t e s are e i t h e r area wide or s i t e s p e c i f i c . Only t h e 

impact of t o t a l p o l l u t a n t e m i s s i o n s on a i r q u a l i t y can be 
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determined; n e i t h e r t h e s p a t i a l d i s t r i b u t i o n of e m i s s i o n s 

nor t h a t f o r a i r q u a l i t y l e v e l s can be de termined . Ex

amples of t h i s type of model are the Rol lback Model, the 

Appendix J Model, the M i l l e r - H o l z w o r t h Model, and the 

Hanna-Gifford Model ( 2 ) , 0 5 ) , ( 2 2 ) . These models r e q u i r e 

o n l y hand c a l c u l a t i o n s . 

Gauss ian plume models are the n e x t s t e p upward i n 

terms of l e v e l of s o p h i s t i c a t i o n and can p r o v i d e very 

d e t a i l e d a i r q u a l i t y i n f o r m a t i o n . Models of t h i s type have 

been i n u s e f o r a c o n s i d e r a b l e p e r i o d of t i m e . Turner (63) 

g i v e s a b r i e f h i s t o r y of t h e i r development and r e f e r e n c e s 

f o r f u r t h e r d e t a i l s . These models c o n s i d e r d e t a i l e d 

p o i n t / l i n e source and area source e m i s s i o n s and meteoro 

l o g i c a l d a t a . Because c o n c e n t r a t i o n e s t i m a t e s are produced 

f o r any s i t e , t h e s e models have c o n s i d e r a b l e u t i l i t y i n a i r 

q u a l i t y p l a n n i n g e f f o r t s . Examples of t h i s type of model 

are the Air Q u a l i t y D i s p l a y Model, the C l i m a t o l o g i c a l 

D i s p l a y Model, the Sampled C h r o n o l o g i c a l Imput Model, and 

t h e APRAC-1A Model ( 2 ) , 0 5 ) , ( 2 2 ) , Because t h e s e models 

r e q u i r e a g r e a t d e a l of da ta and a h i g h speed d i g i t a l 

computer, they are c o s t l y and t ime consuming. A l s o , the 

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

f o r more e r r o r s . 

Numerical s i m u l a t i o n models are the most s o p h i s t i 

c a t e d of d i s p e r s i o n models but are s t i l l i n a r e l a t i v e l y 

f o r m a t i v e s t a g e . They at tempt t o p r o v i d e p o l l u t a n t 
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c o n c e n t r a t i o n s on a smal l p h y s i c a l s c a l e i n very d e t a i l e d 

two and t h r e e d i m e n s i o n a l p a t t e r n s . For t h i s r e a s o n , 

t h e s e models are most a p p l i c a b l e to de termin ing the 

l o c a l i z e d impact of i n d i v i d u a l s o u r c e s on a i r q u a l i t y . 

Because t h e y r e q u i r e a g r e a t d e a l of computer t i m e , t h e s e 

models are e x p e n s i v e even on t h i s s m a l l e r s c a l e , b u t , 

because t h e y are o p e r a t i o n a l l y more f l e x i b l e than the 

g a u s s i a n m o d e l s , they o f f e r a p o t e n t i a l l y more a c c u r a t e 

s i m u l a t i o n method (15>). 

A l l of the models j u s t d i s c u s s e d have s i g n i f i c a n t 

weaknesses and i n a c c u r a c i e s . S e v e r a l r e s e a r c h e r s address 

t h e s e . Hameed (26) compares s e v e r a l d i f f u s i o n s models and 

c o n c l u d e s t h a t the s imple ones are i n c o n s i s t e n t ( i . e . no 

c o n s i s t e n t e r r o r between p r e d i c t e d c o n c e n t r a t i o n s and 

observed a i r q u a l i t y ) and the more complex ones are u s u a l l y 

i n e r r o r by about a f a c t o r of two. He p o i n t s out the need 

f o r b e t t e r m o d e l s , C l e a r y e t a l , (10) a t tempt t o model 

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

e q u a t i o n s d e s c r i b e the e f f e c t of g r a v i t y f a l l and e a r t h 

boundary c o n d i t i o n s , but do not c o n s t i t u t e a c o m p l e t e l y 

u s e f u l model , Horie and Fan (32) a l s o use d i f f e r e n t i a l 

e q u a t i o n s and mechanica l e n g i n e e r i n g p r i n c i p l e s t o p r e d i c t 

s h o r t - t e r m p o l l u t a n t l e v e l s . Lamb and S e i n f i e l d (37) u s e 

E u l e r i a n and Lagrangian m o d e l s , i n c l u d e n o n l i n e a r chemica l 

r e a c t i o n s , and s i m u l a t e photochemica l smog i n a very 

promis ing s i m u l a t i o n e f f o r t . One model t h a t has been 
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d e v e l o p e d , a l though not p e r f e c t e d , the SAI Photochemical 

Model, i n c l u d e s a tmospher ic chemica l r e a c t i o n s ( 2 ) , ( 2 2 ) • 

P e t e r s o n ( 5 2 ) u s e s e i g e n v e c t o r s of m e t e o r o l o g i c a l data t o 

p r e d i c t s u l f u r d i o x i d e l e v e l s i n broad c i t y - w i d e p a t t e r n s 

w i t h some s u c c e s s . He p o i n t s out t h a t d i f f u s i o n models 

need l o c a l i z e d m e t e o r o l o g i c a l da ta t o a c h i e v e accuracy . 

Knox and Lange ( 3 5 ) d i s c u s s the f requency d i s t r i b u t i o n s 

of p o l l u t a n t s from p o i n t and area s o u r c e s t h a t should be 

more a c c u r a t e l y modeled. The i n t e r e s t of t h e s e r e s e a r c h e r s , 

a l though i t has not p r o v i d e d b e t t e r models y e t , does p r o 

v i d e hope f o r b e t t e r models i n the f u t u r e . 

Table 3 l i s t s the more commonly used and a c c e p t e d 

models and the c h a r a c t e r i s t i c s of each ( 2 ) . P r i m a r i l y 

because o f i t s r e l i a b i l i t y and the d e t a i l of i t s concen

t r a t i o n p r e d i c t i o n s , a g a u s s i a n type atmospher ic s i m u l a t i o n 

model such as AQDM o f f e r s the b e s t method of p r e d i c t i n g 

t h e s p a t i a l v a r i a t i o n of p o l l u t a n t s but i s a p p l i c a b l e t o 

p a r t i c u l a t e s and s u l f u r d i o x i d e o n l y and o n l y f o r annual 

average c o n c e n t r a t i o n s . However, t h i s model i s c u r r e n t l y 

used by most a i r p o l l u t i o n a g e n c i e s ; i n d e e d , EPA r e q u i r e s 

i t s u s e . Consequent ly , i t i s t h e l i k e l y c a n d i d a t e f o r 

i n c l u s i o n i n the proposed mathemat ica l p r o c e d u r e . 

S t a t i s t i c a l Modeling and A n a l y s i s 

Only during the p a s t t e n t o f i f t e e n y e a r s has t h e r e 

been s i g n i f i c a n t e f f o r t s i n s t a t i s t i c a l model ing and 
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Table 3 . Summary o f S i m u l a t i o n Model C h a r a c t e r i s t i c s 

P o l l u t a n t 
S p e c i f i -

A v c r a g i n g 
Time 

Sj>eci f i - E m i s s i o n 
M e t e o r o 
l o g i c a l 

C o n c e n -
t r a t i o n E a s e o f Ava i1 - R c l i -

A p p l i c -
a b i 1 i t y 

Model Name c a t i o n c a t i o n D a t a D a t a E s t i m a t e s Use a b i l i t y a b i l i t y t o AQAS 

R o l I b a c k Any Any 1 1 3 1 1 3 3 

A p p e n d i x J Ox 1 h r 1 1 3 1 1 3 3 

M i l l e r -
I t o l z w o r t h S 0 2 J S P 

1 h r , 
A n n u a l 1 3 3 1 1 1 3 

Manna -
G i f f o r d 

S 0 2 J S P 
CO A n n u a l 1 2 3 1 1 1 3 

1 lanna -
G i f f o r d S 0 2 , T S P 1-24 hr 2 5 2 2 ! 1 2 

w / P S a model S 0 2 J S P 1-24 hr 3 5 1 2 2 1 1 

w/HIWAY CO 1-24 h r 3 5 1 2 2 1 1 

A Q I W , cm S 0 2 J S P Annua l 3 4 1 3 2 1 1 

S C I M , b RAM b s o 2 , T S P 1-24 h r 3 5 1 3 3 2 1 

ATRAC-1A co 1-24 hr 3 5 1 3 2 2 1 

S A 1 | J C O , N 0 2 , 0 x 1-10 h r 2 5 2 3 3 2 2 

n 
P o i n t S o u r c e 
T h e s e m o d e l s a r e c u r r e n t l y i n a d e v e l o p m e n t a l and d e b u g g i n g p h a s e ; t h e y a r e n o t a v a i l a b l e f o r g e n e r a l d i s t r i b u t i o n 
a s c o m p u t e r p r o g r a m s . 

A . P o l l n t ajit S p e c i f i c a t i o n 

Any p o l l u t a n t 

S p e c i f i c P o l l u t a n t s ( S 0 2 , T S P , C O , O x , N 0 2 ) 

B . A v e r a g i n g - t i m e S p e c i f i c a t i o n 

Any a v e r a g i n g - t i m e 

Annua l A v e r a g e 

1 t o 24 hour A v e r a g e 

C. E m i s s i o n D a t a 

1. A r e a - w i d e [ m i s s i o n s T o t a l 

2 . T o t a l e m i s s i o n d i s t r i b u t e d a s f i n i t e a r e a 
s o u r c e s 

3 . D e t a i l e d p o i n t , l i n e , and a r e a s o u r c e s 

D . M e t e o r o l o g i c a l D a t a 

1. None 

1. A v e r a g e wind s p e e d 

3 . A v e r a g e wind speed and m i x i n g h e i j i r 

4 . f r e q u e n c y d i s t r i b u t i o n o f wind d i r e c t i o n , 
wind s p e e d , s t a b i l i t y , and m i x i n g h e i g h t 

5. H o u r l y v a r i a t i o n s o f wind d i r e c t i o n , wind 
s p e e d , s t a b i l i t y , and m i x i n g h e i g h t 

Key t o T a b l e 

E . C o n c e n t r a t i o n E s t i m a t e s 

1. E s t i m a t e s a t any s p e c i f i e d p o i n t 

2 . One e s t i m a t e f o r e a c h a r e a s o u r c e g r i d 

3 . One e s t i m a t e a p p l i c a b l e t o e n t i r e AQMA 

F . E a s e o f Use 

1. S l i d e - r u l e 

2 . S m a l l compu te r e f f o r t 

3 . M a j o r compu te r e f f o r t 

G . A v a i l a b i l i t y 

1. Open l i t e r a t u r e 

2 . N a t i o n a l T e c h n i c a l I n f o r m a t i o n S e r v i c e 

3 . E P A , upon r e q u e s t 

I I . R e l i a b i l i t y 

1. Can be v e r i f i e d and c a l i b r a t e d 

2 . V e r i f i c a t i o n i s i n c o m p l e t e , p o s s i b i l i t y o f 
c a l i b r a t i o n i s u n c e r t a i n 

3 . Q u e s t i o n a b l e ; a c c e p t a b l e f o r c r u d e e s t i m a t e s o n l y 

I . A p p l i c a b i l i t y t o AQAS 

1. Can d i s t i n g u i s h be tween s p e c i f i c s o u r c e and l a n d 
u s e t y p e 

2 . Can d i s t i n g u i s h be tween l a n d u s e t y p e s o n l y 

3 . C o n s i d e r s no d i s t i n c t i o n be tween s o u r c e s o r l a n d u s e s 
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a n a l y s i s of ambient a i r p o l l u t a n t c o n c e n t r a t i o n s . This 

was p r i m a r i l y because of the absence , u n t i l r e c e n t l y , of 

s u f f i c i e n t and a c c u r a t e da ta t o permit t h i s a n a l y s i s . By 

f a r the g r e a t e s t e f f o r t and c o n t r i b u t i o n i n t h i s regard 

has been made by Ralph I . Larsen as an employee of f e d e r a l 

a i r p o l l u t i o n r e s e a r c h a g e n c i e s . His a n a l y s i s and model ing 

a l s o p r e c i p i t a t e d a number of r e p o r t s e i t h e r suppor t ing or 

c r i t i c i z i n g h i s work. 

The f i r s t a r t i c l e c o n t a i n i n g L a r s e n 1 s model was 

co -authored by Charles E . Zimmer, another major c o n t r i b u t o r 

i n t h i s a r e a , and p r e s e n t e d i n the December, 1 9 6 5 Journal 

of the Air P o l l u t i o n Control A s s o c i a t i o n ( 6 5 ) . In a 1 9 6 9 

i s s u e ( 3 9 ) of t h a t j o u r n a l a r e f i n e d v e r s i o n of L a r s e n 1 s 

model was p u b l i s h e d , and i n 1 9 7 1 ( M ) , the Environmental 

P r o t e c t i o n Agency adopted the model and i s s u e d i t i n 

document form f o r use by a i r p o l l u t i o n a g e n c i e s . L a r s o n ' s 

model was based on an e m p i r i c a l a n a l y s i s of seven y e a r s of 

ambient a i r data from e i g h t c i t i e s i n the U. S. The 

g e n e r a l model he deve loped has the f o l l o w i n g c h a r a c t e r 

i s t i c s ( 3 9 ) , ( I i 1 ) : 

1 . P o l l u t a n t c o n c e n t r a t i o n s are l o g n o r m a l l y 
d i s t r i b u t e d f o r a l l averag ing t i m e s . 

2 . Median c o n c e n t r a t i o n s are p r o p o r t i o n a l t o 
averag ing t ime r a i s e d t o an exponent . 

3 . Maximum c o n c e n t r a t i o n s are approx imate ly 
i n v e r s e l y p r o p o r t i o n a l t o a v e r a g i n g t ime 
r a i s e d to an exponent . 

From t h e s e c h a r a c t e r i s t i c s , Larsen deve loped e q u a t i o n s f o r 
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c a l c u l a t i n g v a r i o u s parameters a t v a r i o u s averag ing t i m e s . 

These e q u a t i o n s can be used not o n l y f o r reduc ing r e a l data 

and comparing i t w i t h a i r q u a l i t y s tandards but a l s o f o r 

p r e d i c t i n g p o l l u t a n t c o n c e n t r a t i o n s . Thus the model can 

be used f o r i n t e r p r e t a t i o n , comparison, and p r e d i c t i o n . 

In a 1967 p u b l i c a t i o n of the Journal of the Air P o l l u t i o n 

Contro l A s s o c i a t i o n , Larsen (38) i n c l u d e d i n t h i s b a s i c 

model e q u a t i o n s f o r p r e d i c t i n g the f requency of occurrence 

of a i r p o l l u t a n t dosages of v a r i o u s i n t e n s i t i e s . This 

p a r t of the model was not as a c c u r a t e or u s e f u l and was 

dropped i n l a t e r v e r s i o n s . In t h r e e l a t e r a r t i c l e s , Larsen 

(i+0), (ij-3), (kh) p r e s e n t e d ttAn Air Q u a l i t y Data A n a l y s i s 

System f o r I n t e r r e l a t i n g E f f e c t s , S tandards , and Needed 

Source Reduct ions" which was based on h i s model . 

A f t e r the adopt ion of L a r s e n 1 s model by the EPA, a 

number of a r t i c l e s were w r i t t e n concern ing i t . Bernar ie 

(7) gave e v i d e n c e s u p p o r t i n g the v a l i d i t y of the lognormal 

d i s t r i b u t i o n f o r p o l l u t a n t c o n c e n t r a t i o n s . S ingpurwal la 

(60) gave a t h e o r e t i c a l proof of L a r s e n 1 s e m p i r i c a l f i n d 

i n g s about maximum c o n c e n t r a t i o n s by i n v e s t i g a t i n g extreme 

v a l u e s from a lognormal law. Kahn (3^) p r e s e n t e d a 

h e u r i s t i c j u s t i f i c a t i o n of the lognormal d i s t r i b u t i o n of 

p o l l u t a n t c o n c e n t r a t i o n s . However, not a l l of the a r t i c l e s 

were s u p p o r t i v e . P a t e l (I4.9) p o i n t e d out what he c o n s i d e r e d 

were two b a s i c e r r o r s : (1) The i m p l i c i t assumption of 

independence between c o n c e n t r a t i o n s observed at d i f f e r e n t 
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t i m e s and (2 ) the i n t e r c h a n g e of e x p o n e n t i a t i o n and 

e x p e c t a t i o n i n d e r i v i n g the e q u a t i o n f o r c a l c u l a t i n g the 

expec ted maximum c o n c e n t r a t i o n . He i l l u s t r a t e d a s u b 

s t a n t i a l departure from independence i n some of the data 

and showed t h a t the i n t e r c h a n g e ment ioned above produces 

l e s s than maximum v a l u e s . Larsen (1+2), i n r e s p o n s e , 

acknowledged some p o s s i b l e e r r o r s but defended h i s model 

on the b a s i s t h a t i t works w e l l w i t h r e a l da ta and t h a t 

i t s u s u a l a p p l i c a t i o n s ( i n p l a n n i n g ) a l l o w a margin of 

e r r o r . Naus tadter and S i d i k (1+8) supported Larsen 1 s model 

and p o i n t e d out e r r o r s i n P a t e l ' s c a l c u l a t i o n s of i n d e p e n 

d e n c e . T h e i r own c a l c u l a t i o n s r e f l e c t e d a smal l p o s i t i v e 

c o r r e l a t i o n i n c o n t i n u o u s data but not i n i n t e r m i t t e n t 

d a t a . They a l s o i n d i c a t e d t h a t t h e e r r o r i n v o l v e d i n 

i n t e r c h a n g i n g e x p o n e n t i a t i o n and e x p e c t a t i o n i s s m a l l . 

Marcus (1+5) s u g g e s t e d t h a t Larsen reached some of h i s 

e m p i r i c a l r e s u l t s because the data he ana lyzed was not 

a d j u s t e d f o r t r e n d s . The r e s u l t of t h i s c o n t r o v e r s y 

surrounding the model can be seen i n l a t e r EPA g u i d e l i n e 

documents ( 2 ) , (18) which recommend the model but c a u t i o n 

i t s u s e . 

Other a t t empts or s u g g e s t i o n s have been made 

r e g a r d i n g the model ing of ambient a i r p o l l u t a n t c o n c e n 

t r a t i o n s . P a t e l (1+9), i n c r i t i c i z i n g L a r s e n 1 s model , 

s u g g e s t e d u s i n g a more complex a u t o r e g r e s s i v e normal 

s t o c h a s t i c p r o c e s s t o b e t t e r d e s c r i b e ambient a i r 
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c o n c e n t r a t i o n s , Marcus (1+5) concurred and p r e s e n t e d such 

a model but l a c k e d the f a c i l i t i e s f o r do ing the a n a l y s i s , 

S h o j i and Tsukatani (59) o f f e r e d a model based upon the 

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

which i s approximated by the Markovian spectrum, Wi lk ins 

(61+) d e v i s e d a system of e q u a t i o n s f o r d e s c r i b i n g data 

from a m o n i t o r i n g network i n i s o p l e t h form on a TV s c r e e n 

f o r a n a l y s i s and p r e d i c t i o n . None of t h e s e models have 

been deve loped t o a u s e f u l s t a g e ( e s p e c i a l l y f o r a i r 

p o l l u t i o n a g e n c i e s ) and are c e r t a i n l y not as a c c e p t e d and 

t e s t e d as L a r s e n 1 s . They do however p r o v i d e promise of 

b e t t e r models i n the f u t u r e , 

A d i f f i c u l t y a r i s e s when making i n f e r e n c e s about 

c e r t a i n parameters of a i r p o l l u t a n t c o n c e n t r a t i o n s , such 

as means, medians , and maxima, f o r which ambient a i r 

s tandards have been e s t a b l i s h e d . The c o n f i d e n c e i n t e r v a l s 

which can be e s t a b l i s h e d around t h e s e v a l u e s are a f u n c t i o n 

of sample s i z e . T h e r e f o r e , an optimum sampling f requency 

must be s e l e c t e d f o r each s i t e i n a m o n i t o r i n g network. 

S e v e r a l r e s e a r c h e r s have addressed t h i s f requency 

s e l e c t i o n problem. Saltzman (57) p r e s e n t e d t h r e e c h a r t s 

f o r de termin ing c o n f i d e n c e l i m i t s , per c e n t e x c e e d i n g 

c e r t a i n v a l u e s , and sample s i z e , but the c h a r t s did not 

prove v e r y u s e f u l i n p r a c t i c e . In a l a t e r a r t i c l e (58) 

he p r e s e n t e d a c o m p l i c a t e d t h e o r y r e l a t i n g sampling s i z e 

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



r e l a t i o n s h i p s . W. F. Hunt (33) deve loped a more u s e f u l 

s e t of e q u a t i o n s f o r c a l c u l a t i n g c o n f i d e n c e i n t e r v a l s 

about the annual mean. The e q u a t i o n s are a f u n c t i o n of 

the f requency of sampl ing , the s tandard d e v i a t i o n s of the 

l o g a r i t h m s of the a i r p o l l u t a n t measurements , and the 

r e q u i r e d c o n f i d e n c e l e v e l s . Thus, w i t h an e s t i m a t e of the 

s tandard d e v i a t i o n , the p r e c i s i o n of a sampling p l a n can 

be determined f o r any l e v e l of c o n f i d e n c e or p e r i o d of 

t i m e . Phinney and Newman (53) have demonstrated the use 

of t h e s e e q u a t i o n s on p a r t i c u l a t e data i n I n d i a n a p o l i s . 

Hunt»s method has been recommended by the EPA (2). Hale 

(25) d e v e l o p e d a d i f f e r e n t e q u a t i o n f o r de termin ing the 

sampling f requency r e q u i r e d t o o b t a i n the d e s i r e d c o n f i 

dence i n t e r v a l about the mean. Kretzschmar (36) 

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

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

None of t h e s e methods , i n c l u d i n g Hunt»s , i s used 

v e r y o f t e n by a i r p o l l u t i o n a g e n c i e s , because t h e EPA has 

e s t a b l i s h e d sampling requ irements f o r each p o l l u t a n t . For 

i n t e r m i t t e n t sampl ing , t h i s i s a c h o i c e of every t h i r d day 

or every s i x t h day sampl ing . N e u s t a d t e r and S i d i k (I4.8) 

have q u e s t i o n e d t h e s e sampl ing f r e q u e n c i e s and have shown 

w i t h a Monte Carlo a n a l y s i s t h a t n e i t h e r i s adequate f o r 

d e t e r m i n i n g the second h i g h e s t p o l l u t i o n l e v e l w i t h i n 

a c c e p t a b l e e r r o r bounds . (Some n a t i o n a l s tandards are 

"not t o be exceeded more than once per y e a r " . ) However, 
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t h e r e i s some q u e s t i o n as t o the v a l i d i t y of t h e i r 

a n a l y s i s , because they assumed an i n f i n i t e p o p u l a t i o n 

s i z e and thus had l a r g e e r r o r bounds even w i t h cont inuous 

sampl ing . C u r r e n t l y , f o r r e a s o n s of economy, most 

p o l l u t i o n a g e n c i e s take samples every s i x t h day. The EPA 

i s c o n s i d e r i n g a b l a n k e t d e c i s i o n of r e q u i r i n g every t h i r d 

day sampl ing . I t would seem much more r e a s o n a b l e t o make 

a case by c a s e d e c i s i o n . A mathemat ica l procedure f o r 

l o c a t i n g a i r m o n i t o r i n g i n s t r u m e n t a t i o n should address 

the problem of sampling frequency s e l e c t i o n . 
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CHAPTER I I I 

FORMULATION OF THE PROCEDURE 

A major concern of a i r moni tor ing e f f o r t s i s 

d e s i g n i n g m o n i t o r i n g ne tworks , and, of t h o s e ne tworks , the 

b a s i c f i x e d network i s the most d i f f i c u l t t o d e s i g n . The 

c o n f i g u r a t i o n of the network and the sampling f requency 

employed a t each l o c a t i o n must s a t i s f y the o b j e c t i v e s of 

the network, meet the l o c a t i o n c r i t e r i a , and c o n s i d e r t h e 

f a c t o r s i n f l u e n c i n g l o c a t i o n d e t e r m i n a t i o n . Because of the 

c o m p l e x i t y of t h e s e c o n s i d e r a t i o n s and because t h e r e i s no 

s tandard p r o c e d u r e , t h e network d e s i g n p r o c e s s i s normal ly 

v e r y s u b j e c t i v e . I f a l l or most of t h e s e complex c o n s i d 

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

s u b j e c t i v i t y could be e l i m i n a t e d or g r e a t l y reduced . This 

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

p h a s e s which formula te a mathemat ica l procedure f o r 

a d d r e s s i n g the c o n s i d e r a t i o n s i n v o l v e d i n a i r m o n i t o r i n g 

network d e s i g n . These t h r e e phases are atmospheric s imu

l a t i o n m o d e l i n g , s t a t i s t i c a l m o d e l i n g , and mathemat ica l 

model ing (math programming). 

Atmospheric S i m u l a t i o n Modeling 

Atmospheric s i m u l a t i o n model ing i s a v a l u a b l e and 

a p p r o p r i a t e t o o l t o use i n a s tandard procedure not o n l y 
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because i t i s w i d e l y used by 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 , but a l s o because i t a d d r e s s e s e x p l i c i t l y the 

f a c t o r s i n f l u e n c i n g l o c a t i o n d e t e r m i n a t i o n : m e t e o r o l o g y 

and c l i m a t o l o g y , source l o c a t i o n , source s t r e n g t h , and 

topography. By u s i n g atmospher ic s i m u l a t i o n model ing 

f i r s t , the procedure b e g i n s where p o l l u t i o n b e g i n s , a t the 

s o u r c e s . The Air Q u a l i t y D i s p l a y Model i s the most w i d e l y 

used and t e s t e d atmospheric s i m u l a t i o n model , and thus the 

o n l y one p r e s e n t l y a c c e p t a b l e f o r i n c l u s i o n i n a s tandard 

p r o c e d u r e . As o t h e r models are f u l l y d e v e l o p e d , they can 

be i n c l u d e d i n t h e p r o c e d u r e , and thus i t can be expanded 

t o c o n s i d e r more p o l l u t a n t t y p e s . 

The Air Q u a l i t y D i s p l a y Model i s based upon a 

d i f f u s i o n model deve loped by Martin and T i k v a r t i n 1968 . 

I t assumes t h e f o l l o w i n g : 

( 1 ) A Gauss ian d i s t r i b u t i o n , i n bo th the v e r t i c a l 

and h o r i z o n t a l p l a n e s , of t h e plume spread 

from a source (See F igure 1 . ) . 

( 2 ) No g r a v i t y f a l l o u t of the e f f l u e n t . 

( 3 ) No r e d u c t i o n of the e f f l u e n t by chemica l 

r e a c t i o n . 

(i i) T o t a l r e f l e c t i o n of the plume at the e a r t h s 

s u r f a c e . 

B a s i c imputs t o the model are a comprehensive 

e m i s s i o n s i n v e n t o r y , i n c l u d i n g both p o i n t and area s o u r c e s , 

and m e t e o r o l o g i c a l da ta as a j o i n t f requency d i s t r i b u t i o n 
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of wind speed (6 c l a s s e s ) , wind d i r e c t i o n (16 c a r d i n a l 

p o i n t s ) , and s t a b i l i t y c l a s s (Turner*s (63) c l a s s e s 1-6) 

a long w i t h an average annual mixing h e i g h t . The model 

d e t e r m i n e s the impact of a l l s o u r c e s a t a g i v e n r e c e p t o r , 

f o r a g i v e n s e t of m e t e o r o l o g i c a l c o n d i t i o n s . I t then 

w e i g h t s t h i s impact by the frequency w i t h which t h a t 

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

sums over a l l m e t e o r o l o g i c a l c o n d i t i o n s t o produce annual 

average c o n c e n t r a t i o n s of s u l f u r d i o x i d e and t o t a l 

suspended p a r t i c u l a t e . 

F igure 1• Coordinate System Showing Gauss ian 
D i s t r i b u t i o n i n the H o r i z o n t a l and 
V e r t i c a l . 
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The b a s i c e q u a t i o n f o r de termin ing t h e s e average 

c o n c e n t r a t i o n s X i s : 

9 S N 

r 2 Q f ( 9 , S , N ) 

tm ( T s u N ( 2 1 T X / 1 6 ) 
exp 

r 2 1 / H 

2 V ( r z s J J 

where Q = e m i s s i o n r a t e , 

f ( 9 , S , N ) = f requency dur ing the p e r i o d of i n t e r e s t 

f o r wind d i r e c t i o n i n t e r v a l 9, s t a b i l i t y 

c l a s s S, and wind speed c l a s s N, 

= v e r t i c a l d i s p e r s i o n parameter a t downwind 
Z 3 

d i s t a n c e x f o r s t a b i l i t y c o n d i t i o n S, 

u N = r e p r e s e n t a t i v e wind speed f o r c l a s s N, 

H = e f f e c t i v e s t a c k h e i g h t f o r wind speed u . 

For the development of t h i s e q u a t i o n and a d e t a i l e d 

d e s c r i p t i o n of t h e Air Q u a l i t y D i s p l a y Model s e e r e f e r e n c e 

( 3 ) . The model i s c a l i b r a t e d w i t h e x i s t i n g a i r q u a l i t y data 

u s i n g r e g r e s s i o n a n a l y s i s t e c h n i q u e s . 

The model c o n s i d e r s e x p l i c i t l y m e t e o r o l o g y and 

c l i m a t o l o g y , source l o c a t i o n , and source s t r e n g t h . I t does 

not c o n s i d e r topography and, t h e r e f o r e , i n t r o d u c e s more 

e r r o r s . But the c a l i b r a t i o n method can reduce t h e e r r o r s 

t o an a c c e p t a b l e l e v e l and produce e s t i m a t e s of annual 

average c o n c e n t r a t i o n s a t any l o c a t i o n . These can be used 

as a b a s i s f o r a d d r e s s i n g network o b j e c t i v e s and c o n s i d e r i n g 

l o c a t i o n c r i t e r i a . 



30 

S t a t i s t i c a l Modeling 

Annual average c o n c e n t r a t i o n s a l o n e are i n s u f f i c i e n t 

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

c r i t e r i a . I f m o n i t o r i n g s t a t i o n s are t o be p o l l u t i o n 

o r i e n t e d t o p r o v i d e f o r the a t ta inment and maintenance of 

a i r q u a l i t y s t a n d a r d s , then c o n c e n t r a t i o n e s t i m a t e s f o r 

o t h e r averag ing t i m e s are needed , and the v a r i a b i l i t y of 

the c o n c e n t r a t i o n s must be c o n s i d e r e d . P r i m a r i l y because of 

the work of Larsen and the i n t e r e s t he i n i t i a t e d t h i s i n f o r 

mat ion can be g e n e r a t e d s t a t i s t i c a l l y . 

I t i s now w i d e l y accepted t h a t p o l l u t a n t concen

t r a t i o n s i n the ambient a i r are lognorraal ly d i s t r i b u t e d 

w i t h t i m e . L e t : 

X = = the s e t of p o l l u t a n t measurements , 

Y = { y ^ = the l o g a r i t h m i c t r a n s f o r m a t i o n of t h e 

measurement v a l u e s , 

N = the p o p u l a t i o n s i z e , 

and n = the sample s i z e . 

Then the b a s i c e q u a t i o n s of a lognormal d i s t r i b u t i o n are 

t h e f o l l o w i n g : 

N N 

s -J =s 1 as t h e p o p u l a t i o n a r i t h m e t i c 
y N N 

mean of t h e l o g a r i t h m s 
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N 2 

(T = \/ = t h e p o p u l a t i o n standard 
N 

d e v i a t i o n of the l o g a r i t h m s 

n n 

J 

y 

y 

? y i ? l n x i 1 1 
m = = — — - = t h e sample a r i t h m e t i c n n 

mean of t h e l o g a r i t h m s 

n 2 

s =s > / = the sample s tandard d e v i a t i o n 
n-1 

o f t h e l o g a r i t h m s 

>*v u. = e * = the p o p u l a t i o n g e o m e t r i c mean of the / gx 
measurements 

(T = e J = t h e p o p u l a t i o n g e o m e t r i c standard gx 
d e v i a t i o n 

rav m = e = the sample g e o m e t r i c mean gx 
s 

s = e y = the sample g e o m e t r i c s tandard d e v i a t i o n gx 

n 

m as • = t h e sample a r i t h m e t i c mean, 
n 

The r e l a t i o n s h i p between the sample a r i t h m e t i c mean, the 

sample g e o m e t r i c mean, and the sample g e o m e t r i c s tandard 

d e v i a t i o n i s e x p r e s s e d as 

2 
m - ~ ~ i H S r r 

m = me ©• 
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Thus, w i t h t h e annual average c o n c e n t r a t i o n s p r e d i c t e d by 

t h e a p p r o p r i a t e d i f f u s i o n model and e s t i m a t e s of t h e 

g e o m e t r i c standard d e v i a t i o n s based upon e x i s t i n g a i r 

m o n i t o r i n g d a t a , the sample geometr i c mean can be c a l c u l a t e d . 

Larsen (1+1) deve loped the f o l l o w i n g e m p i r i c a l equa

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

s tandard d e v i a t i o n f o r d i f f e r e n t averag ing t i m e s : 

m g b " m { m ] 

h v 
3 , = 3 gb ga 

In ( t t o t / t b ) 

l n <*tot / V 

where a = one averag ing t i m e , 

b = another a v e r a g i n g t i m e , 

t = averag ing t i m e , 

and t ^ o t = t o t a l a v e r a g i n g t i m e , u s u a l l y 1 y e a r . 

The i n f o r m a t i o n which can be g e n e r a t e d from t h e s e 

e q u a t i o n s i s s t i l l n o t i n a c o m p l e t e l y u s a b l e form. What 

i s needed i s a s i n g l e v a l u e t h a t i n c o r p o r a t e s both the 

magnitude and v a r i a b i l i t y of t h e c o n c e n t r a t i o n s and t h e i r 

r e l a t i o n s h i p t o the ambient a i r q u a l i t y s t a n d a r d s . Such a 

v a l u e i s t h e p r o b a b i l i t y of e x c e e d i n g an ambient a i r q u a l i t y 
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s tandard , and i t can be c a l c u l a t e d from t h e parameters 

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

lognormal d i s t r i b u t i o n i s 

f 0 / t ( C / T = t ) = exp 
- ( I n C - > x y t ) ' 

y t oo 
= 0 , o t h e r w i s e , 

where T d e n o t e s t h e v a r i o u s averag ing t i m e s . Thus, t h e 

p r o b a b i l i t y of e x c e e d i n g an ambient a i r q u a l i t y s tandard 

S i s 

P ( c > S / T = t ) = P ( I n C > In S/T=t) 

In c - > L . In S - >x . 
= P ( > E L - / T = t ) 

r y t «>t 

In S - JUL . 
= P ( Z > 2 ± / T=t) 

r y t 

f o r T l e s s than one year ( i . e . f o r ambient a i r q u a l i t y 

s tandards f o r averag ing t i m e s of l e s s than one y e a r ) . For 

T equal t o one year ( i . e . y e a r l y s t a n d a r d s ) a m o d i f i c a t i o n 

must be made. 

The annual s tandard f o r p a r t i c u l a t e s i s e x p r e s s e d as 

a g e o m e t r i c mean. The mean of a normal d i s t r i b u t i o n i s 

normal ly d i s t r i b u t e d w i t h s tandard d e v i a t i o n <T"/ vTT (30). 

S i n c e the l o g of the g e o m e t r i c mean i s the mean J JL^ of a 
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normal d i s t r i b u t i o n w i t h s tandard d e v i a t i o n CR » then t h e l o g 
y 

of the g e o m e t r i c mean i s normal ly d i s t r i b u t e d w i t h mean u 
j 

and s tandard d e v i a t i o n (r / N. T h e r e f o r e , t h e p r o b a b i l i t y 

of the annual g e o m e t r i c mean e x c e e d i n g t h e g e o m e t r i c 

mean s tandard S i s 

p ( ^ g > V = p ( l n > A g > l n s

g

) 

«p (lnM* >ln vMy } 

In S - >x 
= P (Z > £ _ - J L ) . 

y 

This method of c a l c u l a t i o n must aga in be m o d i f i e d t o 

accommodate t h e annual s tandard f o r s u l f u r d i o x i d e which i s 

e x p r e s s e d as an a r i t h m e t i c mean. The m o d i f i c a t i o n i s 

accompl i shed by u s i n g t h e r e l a t i o n s h i p between the means 

p r e v i o u s l y e x p r e s s e d . The p r o b a b i l i t y of t h e annual 

a r i t h m e t i c mean m e x c e e d i n g t h e annual a r i t h m e t i c s tandard 

S„ i s a 

P (m > S a ) = P (me l n 2 s K > S f t e - W ' g ) 

= P (pig > S a e - ^ l n * s S ) 

= P , l n
 mg->*y ^ In ( S a e - ^ l n 3 g ) . ^ 
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= p (z >• 
In (S e - h X n S S ) -

6"*>j / / i f 

S i n c e i n a c t u a l c a l c u l a t i o n s t h e p o p u l a t i o n parameters 

w i l l be r e p l a c e d by t h e sample e s t i m a t e s , both of t h e 

p r o b a b i l i t i e s of e x c e e d i n g annual s tandards are dependent 

upon t h e sample s i z e . As the sample s i z e i s changed t h e 

c a l c u l a t e d p r o b a b i l i t y c h a n g e s , because i n e f f e c t the know

l e d g e about the d i s t r i b u t i o n c h a n g e s . T h e r e f o r e , i f t h e 

o r i g i n a l p r o b a b i l i t y i s l e s s than one h a l f , i n c r e a s i n g t h e 

sampling f requency w i l l d e c r e a s e the p r o b a b i l i t y , i f the 

o r i g i n a l p r o b a b i l i t y i s g r e a t e r than one h a l f , i n c r e a s i n g 

t h e sampling frequency w i l l i n c r e a s e the p r o b a b i l i t y . 

Thus, i t i s p o s s i b l e t o g e n e r a t e f o r each p r o s p e c t i v e 

l o c a t i o n t h e p r o b a b i l i t y of e x c e e d i n g each of the ambient 

a i r q u a l i t y s tandards and, by v a r y i n g i n p u t s t o the 

s i m u l a t i o n model , t o i d e n t i f y areas where c o n c e n t r a t i o n s 

are c u r r e n t l y h i g h e s t , areas p r o j e c t e d t o have h i g h e s t 

c o n c e n t r a t i o n s i n t h e f u t u r e , and areas which w i l l be 

a f f e c t e d by r a p i d growth. These are some of the l o c a t i o n 

c r i t e r i a d i s c u s s e d i n CHAPTER I I , 

When the o v e r a l l o b j e c t i v e of a i r m o n i t o r i n g i s 

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

when t h e g e n e r a l m o n i t o r i n g o b j e c t i v e s of a f i x e d network 

are a l s o c o n s i d e r e d , i t appears t h a t t h e problem of a i r 
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m o n i t o r i n g i s one of d e t e c t i o n . T h e r e f o r e , i t would be 

advantageous t o t r a n s l a t e the p r o b a b i l i t i e s of e x c e e d i n g 

s tandards i n t o the p r o b a b i l i t i e s of d e t e c t i n g v i o l a t i o n s 

of the s t a n d a r d s . This would a l s o make i t p o s s i b l e t o i n 

c o r p o r a t e i n t o a s i n g l e v a l u e the q u e s t i o n of sampling 

f r e q u e n c y , because the p r o b a b i l i t i e s of d e t e c t i o n would be 

dependent upon the sampling frequency employed as w e l l as 

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

The t a k i n g of ambient a i r samples f o r v a r i o u s 

averag ing t i m e s can be c o n s i d e r e d a B e r n o u i l l i p r o c e s s 

s i n c e t h e t r i a l s are assumed independent , t h e r e are o n l y 

two p o s s i b l e outcomes f o r each t r i a l , and the p r o b a b i l i t i e s 

remain t h e same throughout the t r i a l s . Here the p r o b a b i l i 

t i e s are t h o s e of e x c e e d i n g a s tandard f o r a c e r t a i n a v e r a g 

i n g t ime and, because of t h e i r method of c a l c u l a t i o n , can 

be assumed unchanging f o r averag ing t imes of l e s s than one 

y e a r . Let t h e random v a r i a b l e X denote t h e number of 

s u c c e s s e s ( i . e . d e t e c t i o n s of a v i o l a t i o n of a s t a n d a r d ) . 

Then X has a b inomia l d i s t r i b u t i o n g i v e n by 

P U ) = (£ ) P X 0 - P ) n - X . X = 0 , 1 , 2 , . . . , N 

= 0 , OTHERWISE , 

WHERE N = THE NUMBER OF TRIALS OR SAMPLES, 

P = THE PROBABILITY OF EXCEEDING A STANDARD, 

X = THE NUMBER OF SUCCESSES OR DETECTIONS, 

AND P(X)= THE PROBABILITY OF X SUCCESSES IN N TRIALS. 
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N a t i o n a l ambient a i r q u a l i t y s tandards f o r averag ing t i m e s 

of l e s s than one year are not t o be exceeded more than once 

per y e a r ; F u l t o n County s tandards are not t o be e x c e e d e d . 

T h e r e f o r e , i n the b inomia l s e t t i n g the p r o b a b i l i t y of a 

d e t e c t i o n i s P(x 2) f o r n a t i o n a l s tandards and P(x ^ 1) 

f o r F u l t o n County s tandards where 

By u s i n g d i f f e r e n t v a l u e s of n correspond ing t o d i f f e r e n t 

sample s i z e s , a p r o b a b i l i t y can be g e n e r a t e d f o r each 

sampling f r e q u e n c y . 

The p r o b a b i l i t y of d e t e c t i n g a v i o l a t i o n of an annual 

ambient a i r q u a l i t y s tandard can a l s o be c a l c u l a t e d u s i n g 

the b inomia l d i s t r i b u t i o n . Because of c l e a r l y o b s e r v a b l e 

t r e n d s i n y e a r l y a v e r a g e s , e s t i m a t e s of annual means must 

be based upon one year of da ta o n l y . T h e r e f o r e , i n t h e 

b inomia l s e t t i n g , the p r o b a b i l i t y of d e t e c t i o n i s P(x=1) 

and n, t h e number of samples , i s equal t o o n e . Thus, 

P U ^ 2 ) « 1 - p ( 0 ) - p ( 1 ) 

and P ( x ^ D = 1 - p ( 0 ) . 

P (x=1) = p ( 1 ) (}> P 1 ( 1 - P ) 
1-1 

= p . 

Th i s means t h a t the p r o b a b i l i t y of d e t e c t i o n of the 

v i o l a t i o n of an annual a i r q u a l i t y s tandard i s equal t o the 
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p r o b a b i l i t y of e x c e e d i n g t h a t s t a n d a r d . S i n c e the p r o b a b i 

l i t y of e x c e e d i n g the annual standard v a r i e s w i t h the number 

of samples , a p r o b a b i l i t y of d e t e c t i o n can a g a i n be g e n e r a t e d 

f o r each sampling f r e q u e n c y . 

Thus, by model ing s t a t i s t i c a l l y t h e annual average 

c o n c e n t r a t i o n s produced by t h e atmospheric s i m u l a t i o n model , 

a s i n g l e v a l u e has been d e v e l o p e d which can be used t o 

e v a l u a t e t h e a t t a i n m e n t of c e r t a i n a i r m o n i t o r i n g o b j e c t i v e s 

and t o measure how w e l l c e r t a i n l o c a t i o n c r i t e r i a are met 

a t each p o t e n t i a l sampling l o c a t i o n and f o r each sampling 

frequency employed. These o b j e c t i v e s and l o c a t i o n c r i t e r i a 

are t h o s e a s s o c i a t e d w i t h p o l l u t a n t c o n c e n t r a t i o n s . S t i l l 

t o be addressed are t h o s e a s s o c i a t e d w i t h p o p u l a t i o n d o s a g e . 

Mathematical Modeling 

Now t h a t a means o f e v a l u a t i n g p o t e n t i a l a i r 

m o n i t o r i n g s i t e s has been d e v e l o p e d , a procedure i s needed 

f o r s e l e c t i n g the optimum number o f s i t e s , t h e l o c a t i o n of 

each s i t e , and the sampling f requency t o be employed a t each 

s i t e . This problem f a l l s i n t o the c l a s s of f a c i l i t i e s 

l o c a t i o n problems which have been w i d e l y s t u d i e d i n r e c e n t 

y e a r s . C o n s i d e r i n g the type of da ta a v a i l a b l e from t h e 

s i m u l a t i o n and s t a t i s t i c a l m o d e l i n g , a d i s c r e t e space model 

can be d e v e l o p e d w i t h n d i s c r e t e , p o t e n t i a l sampling l o c a t i o n s 

A s s o c i a t e d w i t h each p o l l u t a n t t ype t h e r e are a 

v a r y i n g number of ambient a i r q u a l i t y s t a n d a r d s . For each 
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of t h e s e a i r q u a l i t y s t a n d a r d s , a p r o b a b i l i t y of e x c e e d i n g 

t h e s tandard can be g e n e r a t e d f o r each p r e d i c t e d c o n c e n t r a 

t i o n . A l s o , f o r each p o l l u t a n t type t h e r e are e i t h e r one or 

two t y p e s o f measuring d e v i c e s or m o n i t o r s ; t h e s e t y p e s are 

c o n t i n u o u s and i n t e r m i t t e n t . For each type of i n t e r m i t t e n t 

measuring d e v i c e , t h e r e are a t l e a s t two d i f f e r e n t sampling 

f r e q u e n c i e s which can be employed. S i n c e , f o r each samp

l i n g f r e q u e n c y , a d i f f e r e n t p r o b a b i l i t y can be g e n e r a t e d , 

each i n t e r m i t t e n t moni tor o p e r a t i n g at a p a r t i c u l a r sampling 

frequency can be c o n s i d e r e d as a d i f f e r e n t type of measuring 

d e v i c e . T h e r e f o r e , the t y p e s of measuring d e v i c e s which 

may be a s s o c i a t e d w i t h each p o l l u t a n t type are c o n t i n u o u s , 

i n t e r m i t t e n t w i t h sampling f requency A, i n t e r m i t t e n t w i t h 

sampling f requency B, e t c . Let 

1 = t h e number of ambient a i r q u a l i t y s tandards 

and m = t h e t y p e s of measuring d e v i c e s . 

Then t h e r e are 1 t i m e s m p r o b a b i l i t i e s of d e t e c t i o n which 

can be g e n e r a t e d a t each p o t e n t i a l sampling l o c a t i o n . S i n c e 

t h e r e are n p o t e n t i a l sampling l o c a t i o n s , t h e r e are lmn 

p r o b a b i l i t i e s a s s o c i a t e d w i t h each p o l l u t a n t t y p e . I f 

t h e s e p r o b a b i l i t i e s are summed f o r each network c o n f i g u r a 

t i o n ( i . e . number of m o n i t o r s and l o c a t i o n ) and a s s o c i a t e d 

sampling f r e q u e n c i e s , t h a t summation can be used t o e v a l u a t e 

each network c o n f i g u r a t i o n . Consequent ly , a v a l i d o b j e c t i v e 

f u n c t i o n f o r a mathemat ica l programming f o r m u l a t i o n i s 
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I r a n 
" i j k A i j k Maximize ^ ^ ^ P^ ^- x 

i=1 j=1 k=1 

where P ^ j ^ i s the p r o b a b i l i t y of d e t e c t i o n of a v i o l a t i o n 

of ambient a i r q u a l i t y standard i w i t h moni tor type j at 

l o c a t i o n n and x ^ ^ r e p r e s e n t s the l o c a t i o n v e c t o r x . The 

v a l u e of x ^ . k can be e i t h e r one or zero o n l y . I f x^.^. 

e q u a l s one , then ins trument d e v i c e j w i l l be p l a c e d at 

l o c a t i o n k t o d e t e c t a v i o l a t i o n of s tandard i . The 

o b j e c t i v e f u n c t i o n j u s t formulated i s l i n e a r . 

The c o n s t r a i n t s which must be s a t i s f i e d by an optimum 

a i r m o n i t o r i n g network must now be f o r m u l a t e d . A major 

c o n s t r a i n t i s the number of measuring d e v i c e s which are 

be ing p l a c e d . A lower bound i s the number c u r r e n t l y 

a v a i l a b l e . A c o n s t r a i n t of t h i s t ype i s a s s o c i a t e d w i t h 

each type of measuring d e v i c e . However, s i n c e o n l y the 

t o t a l number of i n t e r m i t t e n t measuring d e v i c e s i s known, 

and each d e v i c e can be used f o r any d e s i r e d sampling f r e 

quency, o n l y one c o n s t r a i n t can be formulated f o r i n t e r 

m i t t e n t type measuring d e v i c e s . T h e r e f o r e , t h e r e w i l l be 

o n l y two c o n s t r a i n t s d e a l i n g w i t h the number o f measuring 

d e v i c e s t o be u s e d : one a s s o c i a t e d w i t h c o n t i n u o u s moni tors 

and one a s s o c i a t e d w i t h i n t e r m i t t e n t m o n i t o r s . These can 

be formula ted as 
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2 £ x nk^ b i 
i=1 k=1 

(1 ) 
1 m n 

2 2 Z X i j k ^ b 2 
i=1 j = 2 k=1 

where b . i s the number o f c o n t i n u o u s moni tors and b~ i s the 1 2 

number of i n t e r m i t t e n t m o n i t o r s . Another c o n s t r a i n t i s t h a t 

o n l y one type of measuring d e v i c e o p e r a t i n g at one sampling 

f requency should be l o c a t e d at a p a r t i c u l a r sampling l o c a t i o n . 

This c o n s t r a i n t can be formulated as 

1 m 
X X X i j k ^ ' * k - ( 2 ) 
i=1 j=1 

The f i n a l c o n s t r a i n t n e c e s s a r y f o r a l i n e a r program

ming f o r m u l a t i o n d e a l s w i t h the p r o x i m i t y of moni tors t o 

each o t h e r . For l a r g e m e t r o p o l i t a n a r e a s a f i n e r e s o l u t i o n 

of geograph ic v a r i a t i o n of p o l l u t a n t c o n c e n t r a t i o n s i s 

needed i n c e r t a i n s e c t i o n s . But when p l a c i n g moni tors i n 

t h e s e s e c t i o n s , i t i s n e c e s s a r y t o i n s u r e t h a t they are not 

c l u s t e r e d , because t h e p r o b a b i l i t i e s a s s o c i a t e d w i t h each 

g r i d of t h i s f i n e r e s o l u t i o n are u s u a l l y not i n d e p e n d e n t . 

T h e r e f o r e , by f o r m u l a t i n g a c o n s t r a i n t which l i m i t s t h e 

d i s t a n c e between m o n i t o r s , i t i s p o s s i b l e t o take advantage 

of the f i n e r r e s o l u t i o n of p o l l u t a n t c o n c e n t r a t i o n s w i t h o u t 
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s a c r i f i c i n g the independence of the p r o b a b i l i t i e s . This 

c o n s t r a i n t a l s o p r e v e n t s moni tors from b e i n g c l u s t e r e d 

around s t r o n g p o i n t s o u r c e s and a d d r e s s e s the l o c a t i o n 

c r i t e r i a of p r o v i d i n g adequate geographic c o v e r a g e . I t can 

be formulated b e s t i n a g e n e r a l form (and l a t e r v i a the 

computer) by n o t i n g t h a t the area f o r c o n s i d e r a t i o n should 

be covered by a r e c t a n g u l a r matr ix of l o c a t i o n s w i t h 

d imens ions by n p as i n F igure 2 , 

12 3k n 2 

1 

2 

3 

I 
1 
1 

1 1 

1 1 
1 1 

1 1 1 
1 ! 1 

n 1 i 
Figure 2 , Rec tangular G r i d - c o v e r i n g 

Then t h e g e n e r a l moni tor d i s p l a c e m e n t c o n s t r a i n t can be 

formula ted as 

1 m 
2 2 2 X i j k - 1 ' P = 1 . 2 , . . . , 1 1 ^ 8 + 1 , ( 3 ) 
i=1 j=1 k e l ( p , q ) q = 1 , 2 , , . . , n 2 - s + 1 , 

where s i s t h e s i d e l e n g t h i n g r i d s over which t h e c o n s t r a i n t 
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a p p l i e s and 

I ( P . q ) = {. K : K = ( p + s 1 - 2 ) n 2 + ( q + s 2 - 1 ) , s 2 = 1 , 2 , . . . , s ; 
s^ = 1 » 2 , . . . , s J-

Note t h a t c o n s t r a i n t ( 2 ) i s subserved by c o n s t r a i n t ( 3 ) and 

t h e r e f o r e can be dropped from the g e n e r a l f o r m u l a t i o n . 

The g e n e r a l l i n e a r programming f o r m u l a t i o n i s the 

f o l l o w i n g : 

1 m n 

i=1 j=1 k=1 
Maximize Z = ^ Pj_*»- x 

i j k ~ i j k 

1 n 
S u b j e c t t o ^ ] T x i 1 k - b 1 

1=1 k=1 

1 m n 

i=1 j = 2 k=1 

(1 ) 

X b 
x i j k ~ D 2 

1 m 
S S 2 " i j k * 1 ' P = 1 ^ . . . . n 1 - 8 * 1 . (3) 
i=1 j=1 k e l ( p , q ) q = 1 , 2 , . . . , n 2 - s + 1 

As an example of the c o n s t r a i n t matr ix f o r m u l a t i o n 

c o n s i d e r the area formed by n,j = 3 and n 2 = k w i t h the g r i d s 

numbered as i n F igure 3« 
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F igure 3« Example G r i d - c o v e r i n g 

Let 1 = 1 and m = 3* S i n c e n = 12 , the t o t a l number of 

p r o b a b i l i t i e s i s ( l ) ( m ) ( n ) = 36 . Let s = 2 ; t h i s means 

t h a t o n l y one moni tor can be p l a c e d i n each f o u r square 

g r i d a r e a . C o n s t r a i n t (3 ) becomes 

i=1 j=1 k I ( p , q ) 

and I ( p , q ) = { K : K = (p + 8 ^ 2 ) ^ + (q + s 2 - 1 ) , s 2 = 1 , 2 ; 
s^= 1 , 2 ] . 

Note t h a t I ( 1 , 1 ) = { l , 2 , 5 , 6 j , 

I ( 1 , 2 ) = { 2 , 3 , 6 , 7 } , e t c . 

These s e t s are shown i n F i g u r e 3« There w i l l be 

( n 1 - 2 + 1 ) ( n 2 - 2 + 1 ) = 6 

The complete c o n s t r a i n t matr ix i s shown i n F i g u r e 4. 

Because of the l a r g e number of l o c a t i o n s and the 

r e l a t i v e l y smal l number of moni tors which w i l l u s u a l l y be 

c o n s i d e r e d i n the network d e s i g n p r o c e s s , i t i s very l i k e l y 



t h e r e w i l l be a l t e r n a t e opt imal or s l i g h t l y subopt imal 

s o l u t i o n s ( i . e . network c o n f i g u r a t i o n s ) t o the l i n e a r 

programming problem j u s t f o r m u l a t e d . 

i 111111111111111111111111111 111111111 
x j 123123123123123123123123123 123123123 

k 111222333W-555666777888999101010111111121212 
M x f 1 1 1 1 1 1 1 1 1 1 1 1 b̂ u ' \. 11 11 11 11 11 11 11 11 11 11 11 11 *bi f111111 111111 1̂ (3) 

111111 111111 r * 1 
111111 111111 -61 

111111 111 1 1 1 5 * 1 
111111 1 1 1 1 1 1 ^ 1 

111111 1 1 1 1 1 1 at 1 

Figure 1;. Example C o n s t r a i n t Matrix 

In keep ing w i t h EPA g u i d e l i n e s , which s t a t e t h a t t h e 

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

the second p o p u l a t i o n d o s a g e , the procedure thus f a r has 

addressed t h e a i r m o n i t o r i n g o b j e c t i v e s and l o c a t i o n 

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

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

m i n a t i o n . S ince the p r o s p e c t of a l t e r n a t e opt imal s o l u t i o n s 

to the l i n e a r programming problem s u g g e s t s the i n c l u s i o n of 

o t h e r c o n s i d e r a t i o n s , now i s the t ime t o address the ob

j e c t i v e s and l o c a t i o n c r i t e r i a a s s o c i a t e d w i t h p o p u l a t i o n 

d o s a g e . 

The g e o g r a p h i c v a r i a t i o n of the p o p u l a t i o n a f f e c t e d 

by p o l l u t a n t c o n c e n t r a t i o n s f o r a v e r a g i n g t i m e s of one day 
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or l o n g e r i s f a i r l y w e l l r e p r e s e n t e d by the s tandard 

p o p u l a t i o n d e n s i t y . For averag ing t i m e s of e i g h t hours or 

l e s s , c o n s i d e r a t i o n should a l s o be g i v e n t o employment 

d e n s i t y and shopping d e n s i t y , because the i n c l u s i o n of 

t h e s e d e n s i t i e s r e p r e s e n t s more a c c u r a t e l y t h e geograph ic 

v a r i a t i o n of the p o p u l a t i o n t h a t w i l l be a f f e c t e d by t h e s e 

s h o r t e r term c o n c e n t r a t i o n s . When d e v i s i n g t h e s e d e n s i t i e s 

f o r s h o r t e r term e f f e c t s , proper adjus tments must be made 

i n the standard p o p u l a t i o n d e n s i t y . A p o p u l a t i o n d e n s i t y 

can be d e v e l o p e d f o r each p o t e n t i a l sampling l o c a t i o n f o r 

each averag ing t ime a s s o c i a t e d w i t h an ambient a i r q u a l i t y 

s t a n d a r d . To p l a c e t h i s i n the same format as t h e 

p r o b a b i l i t i e s of d e t e c t i o n , a p o p u l a t i o n d e n s i t y can be 

g e n e r a t e d t o correspond t o each p r o b a b i l i t y of d e t e c t i o n 

which i s g e n e r a t e d , a l t h o u g h t h e r e w i l l not be as much 

v a r i a t i o n i n the p o p u l a t i o n d e n s i t i e s ( i . e . The p o p u l a t i o n 

d e n s i t y a s s o c i a t e d w i t h s e v e r a l d i f f e r e n t averag ing t i m e s 

may be the s a m e . ) . The summation of t h e s e p o p u l a t i o n 

d e n s i t i e s can be used f o r judging a l t e r n a t i v e network 

c o n f i g u r a t i o n s . 

Now t o f o l l o w the same f o r m u l a t i o n scheme u s e d i n 

d e v e l o p i n g t h e p r e v i o u s l i n e a r programming problem, t h e s e 

p o p u l a t i o n d e n s i t i e s can be combined w i t h the l o c a t i o n 

v e c t o r x i n an o b j e c t i v e f u n c t i o n as i n the f o l l o w i n g : 

1 m n 
Maximize Y = ^ S S q i j k x i j k 

i=1 j=1 k=1 
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where q^j^ i s the p o p u l a t i o n d e n s i t y t h a t w i l l be p r o t e c t e d 

by the d e t e c t i o n of a v i o l a t i o n of s tandard i w i t h monitor 

type j a t l o c a t i o n k. This o b j e c t i v e f u n c t i o n w i l l be 

s u b j e c t t o the same c o n s t r a i n t s as the f i r s t LP problem 

and one a d d i t i o n a l c o n s t r a i n t . This a d d i t i o n a l c o n s t r a i n t 

i s the o b j e c t i v e f u n c t i o n of t h a t f i r s t LP problem, and i t s 

i n c l u s i o n a s s u r e s t h a t o n l y opt imal s o l u t i o n s t o t h e f i r s t 

problem w i l l be c o n s i d e r e d as opt imal s o l u t i o n s t o the 

second problem. The f i n a l f o r m u l a t i o n of the second l i n e a r 

programming problem i s the f o l l o w i n g : 

1 m n 
Z Z Z 

i=1 j=1 k=1 
Maximize Y = X X X q i jk x ' * i j k 

1 m n 
S u b j e c t t o £ Z Z P i j k x i j k 

1=1 j =1 k=1 

Z S *nk̂ bi 
i=1 k=1 

1 m n Z Z Z xuk * b

2 

i=1 j=2 k=1 

1 m 

Z Z I x i j k - 1 ' P * 1 ' 2 nr8+1' 
i=1 j=1 k e l ( p , q ) q = 1 , 2 , . . . , n 2 - s + 1 

x . > o ijk 
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where Z' i s the optimum o b j e c t i v e f u n c t i o n v a l u e of the 

f i r s t LP problem. 

I t i s s t i l l p o s s i b l e t h a t t h e r e w i l l be a l t e r n a t e 

opt imal s o l u t i o n s t o t h i s second LP problem. I f t h e r e a r e , 

the s e t of opt imal s o l u t i o n s can f u r t h e r be reduced by c o s t 

and s i t i n g c o n s i d e r a t i o n s such as ease of p lacement , e a s e of 

a c c e s s , and s e c u r i t y . C o n s i d e r a t i o n can a l s o be g i v e n t o 

combining m o n i t o r i n g s i t e s which measure d i f f e r e n t p o l l u t a n t s 

i n t o one s i t e so long as the optimum d e s i g n of each m o n i t o r 

ing network i s not v i o l a t e d . U n t i l now, no c o n s i d e r a t i o n has 

been g i v e n t o combining s i t e s . This i s i n accordance w i t h 

EPA q u i d e l i n e s which s t a t e t h a t a m o n i t o r i n g network f o r each 

p o l l u t a n t should be deve loped i n d i v i d u a l l y and o n l y then 

c o n s i d e r a t i o n g i v e n t o combining s i t e s w i t h i n t h e n e t w o r k s . 

In summary, t h i s phase (math programming) of the p r o 

cedure s e l e c t s the optimum network c o n f i g u r a t i o n and sampling 

f r e q u e n c i e s by a s e q u e n t i a l r e d u c t i o n of the f e a s i b l e r e g i o n . 

The f i r s t s t e p of the sequence r e d u c e s the f e a s i b l e r e g i o n 

accord ing t o m o n i t o r i n g o b j e c t i v e s and l o c a t i o n c r i t e r i a 

a s s o c i a t e d w i t h p o l l u t a n t c o n c e n t r a t i o n s . The second s t e p 

o f the sequence r e d u c e s the f e a s i b l e r e g i o n accord ing t o 

moni tor ing o b j e c t i v e s and l o c a t i o n c r i t e r i a a s s o c i a t e d w i t h 

p o p u l a t i o n d o s a g e . The t h i r d and f i n a l s t e p of the sequence 

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

c o n s i d e r a t i o n s and i n a d d i t i o n a l l o w s f o r an e lement of 

v a r i a t i o n which h e l p s t o a c h i e v e r e a l i t y i n the l o c a t i o n 

p r o c e d u r e . 
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CHAPTER IV 

APPLICATION OP THE PROCEDURE 

A mathemat ica l procedure has been formulated f o r a i r 

m o n i t o r i n g i n s t r u m e n t a t i o n l o c a t i o n and sampling f requency 

s e l e c t i o n . The procedure c o n s i s t s of t h r e e p h a s e s , each of 

which u s e s a model ing t e c h n i q u e t o r e f i n e e x i s t i n g informa

t i o n about e m i s s i o n s and a i r q u a l i t y and t o make p r e d i c t i o n s 

so t h a t t h e many v a r i e d and o f t e n c o n f l i c t i n g c r i t e r i a f o r 

a i r m o n i t o r i n g network d e s i g n can be c o n s i d e r e d mathema

t i c a l l y . The f i r s t phase of the p r o c e d u r e , a tmospheric 

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

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

phase of t h e p r o c e d u r e , s t a t i s t i c a l model ing of p o l l u t a n t 

c o n c e n t r a t i o n s . This second phase a d d r e s s e s the a i r moni

t o r i n g o b j e c t i v e s and l o c a t i o n c r i t e r i a a s s o c i a t e d w i t h 

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

phase of the procedure , mathemat ica l model ing or programming. 

This f i n a l phase a d d r e s s e s not o n l y m o n i t o r i n g o b j e c t i v e s 

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

and p o p u l a t i o n dosage but a l s o c o s t and s i t i n g c o n s i d e r a t i o n s 

and c u l m i n a t e s i n t h e s e l e c t i o n of t h e optimum m o n i t o r i n g 

l o c a t i o n s and sampling f r e q u e n c i e s t o be employed. Thus 

t h e procedure i n s u r e s t h a t a i r m o n i t o r i n g o b j e c t i v e s are 
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s a t i s f i e d , l o c a t i o n c r i t e r i a are met , and f a c t o r s i n f l u 

enc ing l o c a t i o n d e t e r m i n a t i o n are c o n s i d e r e d and, t h e r e f o r e , 

s u c c e s s f u l l y t r e a t s m a t h e m a t i c a l l y what p r e v i o u s l y has been 

a very s u b j e c t i v e network d e s i g n p r o c e s s . 

Th i s c h a p t e r p r e s e n t s an a p p l i c a t i o n of the mathe

m a t i c a l procedure t o the network d e s i g n p r o c e s s i n F u l t o n 

County, Georg ia t o i l l u s t r a t e i t s u s e and t e s t i t s p e r 

formance. The a p p l i c a t i o n w i l l concern the d e s i g n of a 

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

t o r i n g network o n l y . 

P r e d i c t i n g C o n c e n t r a t i o n s w i t h t h e 

Atmospheric S i m u l a t i o n Model 

The Air Q u a l i t y D i s p l a y Model (AQDM) (3) has been 

c i t e d as t h e most a c c u r a t e and r e l i a b l e f o r p r e d i c t i n g t h e 

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

p a r t i c u l a t e and s u l f u r d i o x i d e . There fore i t was used i n 

t h e F u l t o n County t e s t c a s e . 

Before a d i s c u s s i o n of the i n p u t da ta i s begun, i t i s 

n e c e s s a r y t o d e s c r i b e t h e c o - o r d i n a t e sys tem which w i l l be 

used throughout the a p p l i c a t i o n p r o c e s s . The most c o n v e n i e n t 

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

U n i v e r s a l Transverse Mercator (UTM) system which i s d i s c u s s e d 

i n r e f e r e n c e ( 3 ) . The UTM c o o r d i n a t e system i s used t o 

c o n s t r u c t a g r i d system which c o v e r s t h e area of i n t e r e s t . 

F i g u r e 5 shows t h e UTM c o o r d i n a t e system and F u l t o n County's 
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j u r i s d i c t i o n a l b o u n d a r i e s . The l o c a t i o n of a l l p o i n t 

s o u r c e s , area s o u r c e s , a i r m o n i t o r i n g network s i t e s , and 

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

are p r e d i c t e d ) w i l l be s p e c i f i e d i n UTM c o o r d i n a t e s . 

The r e q u i r e d input da ta i n c l u d e s : 

( 1 ) Po in t source e m i s s i o n s d a t a , 

( 2 ) Area source e m i s s i o n s d a t a , 

( 3 ) M e t e o r o l o g i c a l d a t a , 

Air q u a l i t y d a t a . 

The development of t h i s da ta and t h e u s e of t h i s model i s 

v e r y e x p e n s i v e and t ime-consuming , but t h e f a c t t h a t t h e 

Environmental P r o t e c t i o n Agency r e q u i r e s t h e u s e of t h i s 

model i n a l 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 f o r p l a n n i n g and 

f o r a t t a i n m e n t and maintenance c o n s i d e r a t i o n s means t h a t , 

w i t h o n l y a smal l a d d i t i o n a l e f f o r t , t h e a p p l i c a t i o n of t h i s 

model n e c e s s a r y f o r i n c l u s i o n i n the mathemat ica l l o c a t i o n 

d e c i s i o n procedure can be a c h i e v e d . 

The p o i n t source e m i s s i o n s data n e c e s s a r y f o r i n p u t 

t o t h e AQDM can u s u a l l y be o b t a i n e d from EPA, In the 

P u l t o n County t e s t c a s e , t h i s d a t a was updated w i t h more 

r e c e n t data and e s t i m a t e s o b t a i n e d from both t h e P u l t o n 

County Air P o l l u t i o n Contro l Program and t h e S t a t e of 

Georgia Environmental P r o t e c t i o n D i v i s i o n (EPD), Although 

moni tors w i l l be p l a c e d o n l y w i t h i n t h e j u r i s d i c t i o n a l 

l i m i t s of F u l t o n County, p o l l u t i o n s o u r c e s o u t s i d e of i t s 

j u r i s d i c t i o n a l l i m i t s must be i n c l u d e d i n t h e model because 
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of t h e i r impact upon the a i r q u a l i t y i n s i d e of t h e c o u n t y . 

F i g u r e 5 shows the g e o g r a p h i c a l l o c a t i o n of the most s i g 

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

Area source e m i s s i o n s data i s much more d i f f i c u l t t o 

o b t a i n than p o i n t source e m i s s i o n s d a t a . Area source 

e m i s s i o n s are t h o s e which cannot be p i n p o i n t e d t o i n d i v i d u a l 

p o i n t s o u r c e s or which r e s u l t from so many p o i n t s o u r c e s 

t h a t they cannot be i d e n t i f i e d i n d i v i d u a l l y . Emiss ions of 

t h i s type i n c l u d e f u g i t i v e dus t from paved and unpaved 

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

automobi le e m i s s i o n s , a i r c r a f t e m i s s i o n s , and many o t h e r s . 

The d e n s i t y of t h e s e e m i s s i o n s must be d e s c r i b e d g e o g r a 

p h i c a l l y over t h e r e g i o n of i n t e r e s t . The u s u a l method i s 

t o o b t a i n e s t i m a t e s of the t o t a l e m i s s i o n s of each type of 

area source f o r t h e e n t i r e r e g i o n and then t o a l l o c a t e 

t h e s e e s t i m a t e s t o s u b r e g i o n areas u s i n g the a p p r o p r i a t e 

a l l o c a t i o n parameter , i . e . p o p u l a t i o n , employment, t r a n s 

p o r t a t i o n , e t c . This r e s u l t s i n s e v e r a l a l l o c a t i o n s w i t h 

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

g r i d d i n g i s used t o combine a l l of t h e s e i n t o one s e t of 

area s o u r c e s . S e v e r a l EPA q u i d e l i n e s (2), ( 1 9 ) , (20), (23) 

d i s c u s s and i l l u s t r a t e t h i s a l l o c a t i o n p r o c e d u r e . There are 

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

procedure and t h e s e r e s u l t i n i n a c c u r a t e e m i s s i o n s da ta 

which c a u s e s d i f f i c u l t i e s l a t e r i n the a tmospher ic s i m u l a t i o n 

m o d e l i n g . One of the major i n a c c u r a c i e s , e s t i m a t i n g amounts 



of resuspended p a r t i c u l a t e m a t t e r , i s d i s c u s s e d i n r e f e r e n c e 

(55)« For the F u l t o n County example c a s e , the area source 

e m i s s i o n s data was o b t a i n e d from a very comprehensive r e p o r t 

by PEDCO-Environmental S p e c i a l i s t s , I n c . ( 5 ) which was 

prepared under EPA c o n t r a c t u s i n g EPA methods . The most 

s i g n i f i c a n t area source e m i s s i o n s i n d i c a t e d by t h i s r e p o r t 

were i n v e s t i g a t e d f o r accuracy and compared t o e x i s t i n g 

F u l t o n County d a t a . C o r r e c t i o n s were made where t h e y were 

warranted . F igure 5 shows t h e area source r e p r e s e n t a t i o n 

i n the UTM c o o r d i n a t e s y s t e m . 

The m e t e o r o l o g i c a l da ta r e q u i r e d by t h e AQDM must be 

i n the form of a j o i n t f requency d i s t r i b u t i o n of wind speed 

( 6 c l a s s e s ) , wind d i r e c t i o n ( 1 6 c a r d i n a l p o i n t s ) , and 

s t a b i l i t y c l a s s (Turner 1 s c lasses 1 - 6 ) . Th i s i n f o r m a t i o n 

was o b t a i n e d f o r F u l t o n County from t h e N a t i o n a l Cl imate 

Center (NCC) i n A s h v i l l e , North C a r o l i n a v i a t h e Georgia 

EPD. The r e q u i r e d annual average ambient temperature and 

p r e s s u r e were a l s o o b t a i n e d from the NCC, and the annual 

average mix ing h e i g h t was o b t a i n e d from r e f e r e n c e s (ij-6) and 

(hi). 
Ambient a i r q u a l i t y data i s n e c e s s a r y f o r c o r r e l a t i n g 

p r e d i c t e d p o l l u t a n t c o n c e n t r a t i o n s w i t h observed a i r q u a l i t y . 

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

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

a c h i e v e d . For t h e example a p p l i c a t i o n , e x i s t i n g a i r q u a l i t y 

data was o b t a i n e d from the F u l t o n County Air S u r v e i l l a n c e 
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Network and supplemented w i t h data from the Georgia EPD 

network s i t e s near F u l t o n County. Table 1 of the Appendix 

l i s t s the network s i t e s and the observed a i r q u a l i t y v a l u e s . 

F i g u r e 6 shows the g e o g r a p h i c a l l o c a t i o n of the moni tor ing 

s i t e s l i s t e d i n Table 1. 

To a c h i e v e a proper c o r r e l a t i o n between p r e d i c t e d 

p o l l u t a n t c o n c e n t r a t i o n s and observed a i r q u a l i t y , i t i s 

mandatory t h a t p o i n t source d a t a , area source d a t a , 

m e t e o r o l o g i c a l d a t a , and a i r q u a l i t y data cover the same 

p e r i o d of t i m e . For the F u l t o n County a p p l i c a t i o n t h i s was 

the c a l e n d e r year 1975* Once an a c c e p t a b l e c o r r e l a t i o n has 

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

f u t u r e y e a r s . At t h i s t ime any knows changes i n e m i s s i o n s , 

i n c l u d i n g a d d i t i o n or d e l e t i o n of s o u r c e s , should be input 

to the model . M e t e o r o l o g i c a l data too must be changed. 

Rubin (56) s u g g e s t s u s i n g e i t h e r the h i s t o r i c a l one year 

data which produces the worst c o n c e n t r a t i o n s or a long-terra 

average s t a b i l i t y wind r o s e f o r p r e d i c t i n g f u t u r e concen

t r a t i o n s . In t h i s a p p l i c a t i o n a f i v e - y e a r s t a b i l i t y wind 

r o s e was used t o p r e d i c t c o n c e n t r a t i o n s f o r 1976. 

A somewhat modi f i ed v e r s i o n of the Air Q u a l i t y D i s p l a y 

Model was obta ined from the Georgia EPD, adapted t o the 

F u l t o n County IBM Systems 370 computer, and v e r i f i e d and 

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

(3). Because of the very l a r g e number of c a l c u l a t i o n s 

performed, the AQDM proved t o be very t ime consuming on the 
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Figure 6. A i r Moni tor ing S i tes Used i n the D i f f u s i o n Model 
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computer. In f a c t , t o s e g r e g a t e the t ime requirements i n t o 

a c c e p t a b l e i n c r e m e n t s , P u l t o n County had t o be broken down 

i n t o s e v e r a l s m a l l e r r e g i o n s and the model a p p l i e d t o e a c h . 

The r e s u l t i n g r e c e p t o r g r i d system i s shown i n F igure 7« 

Note t h a t i n the nor thern and southern ends of the county 

the g r i d r e s o l u t i o n i s not as f i n e as i n the c e n t r a l r e g i o n . 

Th i s v a r i a t i o n i n r e s o l u t i o n was used because the v a r i a t i o n 

i n p o l l u t a n t c o n c e n t r a t i o n s i s not expec ted t o be as g r e a t 

i n the l e s s deve loped nor thern and southern r e g i o n s of the 

county as i t i s i n the h i g h l y deve loped c e n t r a l r e g i o n 

( A t l a n t a ) where most of the e m i s s i o n s o u r c e s are c o n c e n t r a t e d . 

A l s o , n o t e t h a t r e c e p t o r l o c a t i o n s are the c e n t r o i d s of the 

i n d i v i d u a l g r i d s . 

Obta in ing an a c c e p t a b l e c o r r e l a t i o n between p r e d i c t e d 

p o l l u t a n t c o n c e n t r a t i o n s and observed a i r q u a l i t y i s a very 

d i f f i c u l t p r o c e s s . There are many s o u r c e s of e r r o r s i n both 

the input data and the model procedure which cause t h i s 

d i f f i c u l t y . Some of the most f r e q u e n t l y o c c u r r i n g r e a s o n s 

f o r poor c o r r e l a t i o n are the f o l l o w i n g : 

(1) Inadequate or i n a c c u r a t e e m i s s i o n s d a t a , 

(2 ) U n r e p r e s e n t a t i v e a i r q u a l i t y d a t a , 

( 3 ) Complex topography and/or m e t e o r o l o g y not 

accounted f o r i n the model , 

ik) Incomplete d e s c r i p t i o n of source v a r i a t i o n ( t h e 

model cannot account f o r d i u r n a l or s e a s o n a l 

v a r i a t i o n ) . 



58 

^Modeled c o r r e l a t i o n changes i n center of gray 
area; ac tua l l i n e of change i s not known. 

F igure 7 . Receptor G r i d System Used i n the D i f f u s i o n Model 
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(5) Atmospheric p r o c e s s e s not accounted f o r i n the 

model . 

( 6 ) Imperfec t model ing of area s o u r c e s . 

For a d i s c u s s i o n of t h e s e problems s e e r e f e r e n c e s (2) and 

(3). An a c c e p t a b l e c o r r e l a t i o n f o r p a r t i c u l a t e c o n c e n t r a t i o n s 

was o b t a i n e d f o r the F u l t o n County t e s t c a s e o n l y a f t e r 

s e v e r a l thorough examinat ions and adjus tments of t h e input 

d a t a . Due t o i n a c c u r a c i e s i n the input data and the model 

procedure , p r e d i c t e d p o l l u t a n t c o n c e n t r a t i o n s i n the c e n t r a l 

county r e g i o n ( A t l a n t a ) were very c l o s e t o observed concen

t r a t i o n s , w h i l e p r e d i c t e d c o n c e n t r a t i o n s i n t h e surrounding 

area were approx imate ly o n e - h a l f of observed c o n c e n t r a t i o n s . 

This does not mean t h a t the model performs b e t t e r i n the 

c e n t r a l b u s i n e s s d i s t r i c t but r a t h e r t h a t i n the area source 

a l l o c a t i o n procedure too much e m i s s i o n s were a l l o c a t e d t o 

t h a t area and t o o l i t t l e t o the surrounding a r e a . T h e r e f o r e , 

the county was s e p a r a t e d i n t o two areas and two d i f f e r e n t , 

a c c e p t a b l e c o r r e l a t i o n s were o b t a i n e d : one f o r the c e n t r a l 

b u s i n e s s d i s t r i c t and one f o r the surrounding a r e a . Un

f o r t u n a t e l y t h i s produces and i l l - d e f i n e d or gray area 

surrounding the c e n t r a l b u s i n e s s d i s t r i c t , because the e x a c t 

p l a c e where t h e c o r r e l a t i o n s change cannot be d e f i n i t e l y 

p i n p o i n t e d w i t h e x i s t i n g a i r q u a l i t y d a t a . This gray area 

i s shown i n F igure 7- More a i r q u a l i t y d a t a , b e t t e r e m i s s i o n s 

a l l o c a t i o n p r o c e d u r e s , b e t t e r model ing p r o c e d u r e s , or a l l 

t h r e e are needed t o r e s o l v e t h i s problem. 



60 

J u s t p r i o r t o t h i s model ing and a n a l y s i s , the EPA and 

F u l t o n County judged t h a t , due t o problems i n t h e sampling 

procedure , a l l data from i n t e r m i t t e n t m o n i t o r i n g s i t e s f o r 

s u l f u r d i o x i d e was i n v a l i d . This l e f t o n l y t h r e e c o n t i n u o u s 

m o n i t o r i n g s i t e s which c o u l d be used i n t h e c o r r e l a t i o n 

procedure f o r s u l f u r d i o x i d e . Although an a c c e p t a b l e c o r 

r e l a t i o n was o b t a i n e d w i t h t h e s e remaining s i t e s , the 

p r e d i c t e d annual average c o n c e n t r a t i o n s of s u l f u r d i o x i d e 

are not as r e l i a b l e . 

From the c o r r e l a t i o n d a t a , the model d e v e l o p s e q u a t i o n s 

f o r a d j u s t i n g p r e d i c t e d c o n c e n t r a t i o n s . These e q u a t i o n s were 

deve loped f o r F u l t o n County from 1975 d a t a , and t h e n , a f t e r 

proper changes were made i n t h e input da ta ( i . e . changes i n 

m e t e o r o l o g i c a l d a t a , p o i n t source d a t a , area source da ta ) t o 

s i m u l a t e c a l e n d e r year 1976, t h e y were used t o p r e d i c t the 

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

p a r t i c u l a t e s and s u l f u r d i o x i d e f o r t h a t y e a r . These 

p r e d i c t e d c o n c e n t r a t i o n s are l i s t e d i n Table 2 o f t h e Appendix. 

Generat ing P r o b a b i l i t i e s w i t h the 

S t a t i s t i c a l Model 

Although the Air Q u a l i t y D i s p l a y Model c o n t a i n s a 

s t a t i s t i c a l segment based on L a r s o n ' s model , i t i s n e i t h e r 

s u f f i c i e n t nor a c c e p t a b l e f o r the r e q u i r e d s t a t i s t i c a l 

model ing and a n a l y s i s . T h e r e f o r e , a computer code was 

w r i t t e n f o r u s e on F u l t o n County 's IBM System 370 computer 
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t o implement the s t a t i s t i c a l procedure deve loped i n Chapter 

I I I . A f t e r v e r i f i c a t i o n and v a l i d a t i o n , t h i s code was used 

t o model t h e t ime v a r i a t i o n of ambient a i r p o l l u t a n t concen

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

averag ing t imes of a i r q u a l i t y s t a n d a r d s , the p r o b a b i l i t i e s 

of v i o l a t i n g t h e s e s t a n d a r d s , and the p r o b a b i l i t i e s of 

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

and sampling f r e q u e n c i e s . I t was a l s o used t o g e n e r a t e , 

based on t h e s e p r o b a b i l i t i e s and the l i n e a r programming 

problem f o r m u l a t i o n , input data f o r the l i n e a r programming 

s o l u t i o n procedure of the t h i r d p h a s e . 

The r e q u i r e d i n p u t data f o r t h i s s t a t i s t i c a l model 

c o n s i s t s of the p r e d i c t e d p o l l u t a n t c o n c e n t r a t i o n s of the 

atmospher ic s i m u l a t i o n model and a correspond ing e s t i m a t e 

of the g e o m e t r i c s tandard d e v i a t i o n of t h e s e c o n c e n t r a t i o n s 

f o r each r e c e p t o r l o c a t i o n . The s u c c e s s of t h e procedure i n 

de termin ing the optimum m o n i t o r i n g l o c a t i o n s and sampling 

f r e q u e n c i e s depends upon the accuracy of the i n p u t data i n 

t h i s p h a s e . Because i t was s u c c e s s f u l l y c o r r e l a t e d w i t h 

e x i s t i n g a i r q u a l i t y d a t a , p o l l u t a n t c o n c e n t r a t i o n data 

g e n e r a t e d w i t h t h e Air Q u a l i t y D i s p l a y Model i s s u f f i c i e n t l y 

a c c u r a t e ( a l t h o u g h t h e r e i s c e r t a i n l y room f o r improvement) . 

However, t h e r e i s no r e a d i l y a v a i l a b l e , a c c u r a t e method f o r 

g e n e r a t i n g e s t i m a t e s of the g e o m e t r i c s tandard d e v i a t i o n s a t 

r e c e p t o r l o c a t i o n s . Because o b t a i n i n g t h e s e e s t i m a t e s would 

n e c e s s a r i l y i n v o l v e c a l c u l a t i n g day t o day v a r i a t i o n s i n 
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p o l l u t a n t c o n c e n t r a t i o n s i n a d d i t i o n t o annual a v e r a g e s , any 

a c c u r a t e e s t i m a t i o n procedure would i n v o l v e a model more 

s o p h i s t i c a t e d than the AQDM. The o n l y o t h e r a l t e r n a t i v e i s 

sampling t h e ambient a i r a t every r e c e p t o r l o c a t i o n t o 

o b t a i n e s t i m a t e s ; t h i s i s i m p o s s i b l e . Recogn iz ing t h e s e 

problems , a method was d e v e l o p e d which t a k e s advantage of 

e s t i m a t e s of the g e o m e t r i c s tandard d e v i a t i o n (GSD) which 

e x i s t f o r each s i t e i n t h e c u r r e n t a i r m o n i t o r i n g network 

i n P u l t o n County. This method c o n s i s t s of a s imple l i n e a r 

g e o g r a p h i c a l i n t e r p o l a t i o n of GSD's between m o n i t o r i n g s i t e s . 

While t h i s procedure admits t o t h e e x i s t e n c e of no l a r g e r 

GSD than t h e h i g h e s t measured i n the m o n i t o r i n g network, 

and t h i s may be u n l i k e l y , no e v i d e n c e e x i s t s t o i n d i c a t e 

which r e c e p t o r l o c a t i o n s may have l a r g e r GSD f s . This 

e s t i m a t i o n procedure i s g i v e n some v a l i d i t y by t h e d i s p e r s i o n 

of the e x i s t i n g network s i t e s ( i . e . a c o n c e n t r a t i o n of s i t e s 

where e m i s s i o n s are h i g h e s t and v a r i a t i o n i s probably g r e a t 

e s t , and some e s t i m a t e s i n l e s s e r impacted a r e a s ) . 

R e g a r d l e s s , t h e f a c t i s no b e t t e r method e x i s t s . E s t i m a t e s 

of the GSD's, r e s u l t i n g from t h i s method f o r p a r t i c u l a t e s 

and s u l f u r d i o x i d e at each r e c e p t o r l o c a t i o n , are l i s t e d i n 

Table 2 of the Appendix. 

Al so r e q u i r e d f o r input t o the s t a t i s t i c a l model are 

t h e a p p l i c a b l e ambient a i r q u a l i t y s tandards and t h e a s s o 

c i a t e d a v e r a g i n g t imes of t h e s e s t a n d a r d s . S ince i n every 

c a s e P u l t o n County a i r q u a l i t y s tandards are as s t r i n g e n t or 
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more s t r i n g e n t than n a t i o n a l or s t a t e a i r q u a l i t y s t a n d a r d s , 

they were input as t h e s tandards not t o be exceeded f o r t h e 

c a l c u l a t i o n of the p r o b a b i l i t i e s of v i o l a t i o n . Table k l i s t s 

the F u l t o n County ambient a i r q u a l i t y s tandards and a s s o c i a t e d 

averag ing t i m e s f o r t o t a l suspended p a r t i c u l a t e s (TSP) and 

s u l f u r d i o x i d e (SO^). 

Table k* F u l t o n County Ambient Air Q u a l i t y Standards 

Averaging Standard 
P o l l u t a n t Time (>j.g/m3) 

TSP 2k Hrs . 1 Yr. 
150 
60(mg) 

1 Hr. 715 
S 0 P 2k Hrs . 

229 
1 Yr. U3(m) 

F i r s t , t h e s t a t i s t i c a l model u s e s t h e e q u a t i o n s of 

Larsen (Lj.1 ) t o c a l c u l a t e the p r e d i c t e d p o l l u t a n t concen

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

each a v e r a g i n g t ime f o r p a r t i c u l a t e s and s u l f u r d i o x i d e . 

Next i t u s e s the p r o b a b i l i t y e q u a t i o n s deve loped i n Chapter 

I I I t o c a l c u l a t e the p r o b a b i l i t y of e x c e e d i n g each standard 

at each r e c e p t o r l o c a t i o n g i v e n the p r e d i c t e d c o n c e n t r a t i o n 

and g e o m e t r i c s tandard d e v i a t i o n f o r t h a t averag ing t ime and 

t h a t r e c e p t o r . S i n c e F u l t o n County s tandards are not t o be 



e x c e e d e d , t h e p r o b a b i l i t y of e x c e e d i n g a s tandard i s t h e 

p r o b a b i l i t y of v i o l a t i n g a s t a n d a r d . Table 2 of the Appendix 

l i s t s t h e c a l c u l a t e d averag ing t ime parameters and a s s o c i a t e d 

p r o b a b i l i t i e s f o r each TSP and SO^ s t a n d a r d s . 

The f i n a l i n p u t t o the s t a t i s t i c a l model i s t h e 

sampling f r e q u e n c i e s which can be employed t o d e t e c t 

v i o l a t i o n s of each s t a n d a r d . Both c o n t i n u o u s and i n t e r m i t t e n t 

moni tors can be i n c l u d e d mere ly by s p e c i f y i n g t h e sampling 

f r e q u e n c y . A sampling f requency of 330 days per year 

( c o n s i d e r i n g h i s t o r i c a l per c e n t downtime) r e p r e s e n t s 

c o n t i n u o u s m o n i t o r s . Any s m a l l e r sampling f requency 

r e p r e s e n t s i n t e r m i t t e n t moni tors o p e r a t i n g a t t h a t f r e q u e n c y . 

For p a r t i c u l a t e s t h e r e i s o n l y one type of m o n i t o r . I t 

c o u l d be o p e r a t e d ( i n t h e F u l t o n County example) a t a 

sampling frequency of e i t h e r 60 days per year or 120 days 

per y e a r . For s u l f u r d i o x i d e t h e r e are two t y p e s of 

m o n i t o r s : ( 1 ) c o n t i n u o u s and (2 ) i n t e r m i t t e n t . The 

i n t e r m i t t e n t m o n i t o r s can be o p e r a t e d a t a sampl ing f requency 

of e i t h e r 60 or 120 days per y e a r . T h e r e f o r e , f o r 

p a r t i c u l a t e s , t h e r e are two sampling f r e q u e n c i e s which can 

be employed f o r d e t e c t i n g a v i o l a t i o n of e i t h e r t h e 2lj.-hour 

or annual s tandard; w h i l e , f o r s u l f u r d i o x i d e , t h e r e are 

t h r e e sampling f r e q u e n c i e s which can be employed f o r 

d e t e c t i n g a v i o l a t i o n of e i t h e r the 2lj.-hour or annual 

s t a n d a r d . S i n c e i n t e r m i t t e n t moni tors c o l l e c t 2lj.-hour 

samples o n l y , t h e y cannot be used t o d e t e c t a v i o l a t i o n of 
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a s tandard w i t h an a v e r a g i n g t ime of l e s s than 21+ h o u r s . 

Consequent ly , t h e r e i s o n l y one sampling f requency ( i . e . 

c o n t i n u o u s ) which can be used f o r d e t e c t i n g a v i o l a t i o n of 

the one hour s u l f u r d i o x i d e s tandard . 

The s t a t i s t i c a l model u s e s t h e Binomial e q u a t i o n s of 

CHAPTER I I I t o c a l c u l a t e a p r o b a b i l i t y of d e t e c t i o n of a 

v i o l a t i o n of each s tandard f o r each sampling f requency which 

can be employed. This means t h a t t h e r e are a t o t a l of f o u r 

p r o b a b i l i t i e s a s s o c i a t e d w i t h p a r t i c u l a t e s , two f o r each 

s tandard , and seven p r o b a b i l i t i e s a s s o c i a t e d w i t h s u l f u r 

d i o x i d e , one f o r t h e one hour s tandard and t h r e e f o r each of 

the o t h e r two s t a n d a r d s . Table 2 of t h e Appendix l i s t s t h e 

c a l c u l a t e d p r o b a b i l i t i e s , a s s o c i a t e d w i t h each sampling 

f r e q u e n c y , of d e t e c t i n g a v i o l a t i o n of each TSP and SO^ 

s tandard f o r each r e c e p t o r l o c a t i o n i n t h e P u l t o n County 

example c a s e . 

The computer coded s t a t i s t i c a l model a l s o s e t s up the 

o b j e c t i v e f u n c t i o n v a l u e s ( i . e . d e t e c t i o n p r o b a b i l i t i e s ) and 

g e n e r a t e s t h e c o n s t r a i n t m a t r i x of t h e l i n e a r programming 

problem, u s i n g the methods o f CHAPTER I I I , i n t h e proper 

format f o r i n p u t t o t h e computer s o l u t i o n procedure used i n 

the t h i r d p h a s e . 

S e q u e n t i a l Reduct ion of t h e F e a s i b l e 

Region w i t h t h e Linear Programming Model 

In t h e l i n e a r programming f o r m u l a t i o n of CHAPTER IV, 
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f o r the P u l t o n County example, 1=2 and m = 2 f o r p a r t i c u l a t e s 

and 1=2 and m = 3 f o r s u l f u r d i o x i d e , where 1 i s t h e number 

o f s tandards and m i s t h e number of sampling f r e q u e n c i e s . 

S i n c e f o r every p o s i t i v e p r o b a b i l i t y o f v i o l a t i n g a s tandard 

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

t h e number o f p r o b a b i l i t i e s i n the l a r g e s t s e t o f p r o b a b i l i t i e s 

a s s o c i a t e d w i t h a s tandard f o r a p o l l u t a n t , out of a l l of 

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

i s t h e number of r e c e p t o r l o c a t i o n s or s i t e s which w i l l be 

c o n s i d e r e d f o r moni tor p l a c e m e n t . Receptor l o c a t i o n s w i t h 

p r o b a b i l i t i e s of z ero w i l l n o t be c o n s i d e r e d . T h e r e f o r e , 

from t h e output o f the s t a t i s t i c a l model , k = 122 f o r 

p a r t i c u l a t e s and k = 1 0 f o r s u l f u r d i o x i d e . The c o n s e 

quences of t h e smal l number of s i t e s t o be c o n s i d e r e d f o r 

s u l f u r d i o x i d e moni tor p lacement w i l l be d i s c u s s e d f u l l y i n 

subsequent c h a p t e r s . The immediate consequence i s t h a t t h e 

problem i s s i m p l i f i e d and the l o c a t i o n procedure need not be 

u s e d f o r d e s i g n i n g the s u l f u r d i o x i d e network. There fore 

t h e procedure w i l l be c a r r i e d out f o r t o t a l suspended 

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

f o r p a r t i c u l a t e moni tor p lacement i s shown i n F i g u r e 8. 

In c o n s i d e r i n g t h e g r i d r e s o l u t i o n used i n the a t 

mospheric s i m u l a t i o n model and t h e recommended d i s t a n c e 

between m o n i t o r s s p e c i f i e d i n r e f e r e n c e ( 1 6 ) , i t i s conc luded 

t h a t f o r t h i s example s should equal two. This v a l u e of s 

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



Figure 8 . P o t e n t i a l Locat ions f o r 
P a r t i c u l a t e Monitor Placement 



68 

the l i m i t e d number of s o u r c e s and t h e l i m i t e d v a r i a t i o n of 

c o n c e n t r a t i o n s i n t h o s e a r e a s . 

The l i n e a r programming f o r m u l a t i o n f o r p a r t i c u l a t e s 

i n t h e P u l t o n County example then becomes t h e f o l l o w i n g : 

2 2 122 z z Z 
i=1 j=1 k=1 

Maximize ^ ^ ^ p , „_ x, i j k ~ i j k 

2 2 122 
S u b j e c t t o ^ £ £ x i j k * b 

i«1 j=1 k=1 

2 2 
2 2 Z X i j k ~ 1 ' p * 1 . 2 , . . . ^ - . + 1 . 
i=1 j=1 K6I ( p , q ) q = 1,2,...,n 2-s+1 

X i j k * 0 

where b i s t h e number of p a r t i c u l a t e m o n i t o r s and 

K p . q ) * { k ; k = ( p + s 1 - 2 ) n 2 + ( q + s 2 - 1 ),s 2=1 f2 ; s1=1,2J. 

In F u l t o n County the number of m o n i t o r s c u r r e n t l y a v a i l a b l e 

f o r p lacement i s t h i r t e e n and t h e r e f o r e b = 13 i n i t i a l l y , 

but t h e v a l u e of b w i l l be v a r i e d t o determine the e f f e c t of 

expanding the network. 

The c o n s t r a i n t m a t r i x was g e n e r a t e d by the computer 

program used i n t h e s t a t i s t i c a l m o d e l i n g . I t was n e c e s s a r y 

t o l i m i t t h e r e c t a n g u l a r g r i d - c o v e r i n g area d e s c r i b e d i n 

CHAPTER I I I t o i n c l u d e o n l y t h e p o r t i o n of r e c e p t o r l o c a t i o n s 

composed o f g r i d s two k i l o m e t e r s square (n^ = 15 and n 2 = 13) 
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The four k i l o m e t e r square g r i d s and some two k i l o m e t e r 

square g r i d s were e x c l u d e d . These g r i d s o u t s i d e the r e c t 

angular c o v e r i n g area were then added t o the c o n s t r a i n t 

m a t r i x . A l l o f the g r i d squares i n t h i s c o v e r i n g not 

i n c l u d e d i n P u l t o n County are g i v e n zero p r o b a b i l i t i e s . 

The s e t s of p r o b a b i l i t i e s o f s i z e 122 f o r some sampling 

f r e q u e n c i e s and s tandards a l s o c o n t a i n some zero probab

i l i t i e s . T h e r e f o r e , t h e c o n s t r a i n t m a t r i x and t h e o b j e c t i v e 

f u n c t i o n were reduced t o i n c l u d e o n l y X j j ^ v a r i a b l e s which 

have p o s i t i v e p r o b a b i l i t i e s . This reduced m a t r i x and the 

o b j e c t i v e f u n c t i o n p r o b a b i l i t i e s were output from the 

s t a t i s t i c a l model computer program i n the format n e c e s s a r y 

f o r i n p u t t o the l i n e a r programming s o l u t i o n procedure used 

i n t h i s p h a s e . 

T h i s l i n e a r programming s o l u t i o n procedure c o n s i s t s 

of a computer coded package c a l l e d S u b r o u t i n e s f o r E x p e r i 

mental O p t i m i z a t i o n (SEXOP) which was o b t a i n e d from t h e 

M a s s a c h u s e t t s I n s t i t u t e of Technology v i a Georg ia Tech. I t 

i s composed of 2l± s u b r o u t i n e s which , i n a d d i t i o n t o s o l v i n g 

l a r g e l i n e a r programming problems ( s p e c i f i c d imens ions must 

be i n p u t ) and a l l o w i n g f o r the a d d i t i o n of columns t o t h e 

problem, w i l l a l s o permit changing of the r i g h t hand s i d e 

and t h e o b j e c t i v e f u n c t i o n and w i l l perform a parametr i c 

a n a l y s i s on e a c h . 

In t h e second LP problem f o r m u l a t i o n the o b j e c t i v e 

f u n c t i o n of t h e f i r s t LP must be added as a c o n s t r a i n t ( r o w ) . 
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S ince the SBXOP procedure a l l o w s o n l y the a d d i t i o n of 

columns, t h e f i r s t LP problem was transformed i n t o i t s dual 

t o take advantage o f t h i s SEXOP f e a t u r e i n s o l v i n g t h e 

second problem. I f the reduced c o n s t r a i n t matr ix i s d e 

s i g n a t e d A, t h e r i g h t hand s i d e B, and the o b j e c t i v e f u n c t i o n 

c o e f f i c i e n t s P, the f i r s t problem becomes t h e f o l l o w i n g : 

Maximize Px 

S u b j e c t t o Ax ^ B 

x >: 0 

The dual of t h i s problem i s t h e n : 

Minimize wB 

S u b j e c t t o -wA -P 

w >: 0 

The p o p u l a t i o n d e n s i t i e s needed f o r t h e second LP 

problem were c a l c u l a t e d from t h e A t l a n t a Reg iona l Commission 

{Sk) p o p u l a t i o n e s t i m a t e s f o r 1976 . S inc e o n l y t h e p a r t i 

c u l a t e network i s b e i n g d e s i g n e d and t h e r e are no s tandards 

w i t h a v e r a g i n g t i m e s of l e s s than 2k hours f o r p a r t i c u l a t e s , 

i t was not n e c e s s a r y t o c o n s i d e r employment d e n s i t y and 

shopping d e n s i t y i n de termin ing t h e p o p u l a t i o n d e n s i t i e s 

s u b j e c t e d t o the p a r t i c u l a t e c o n c e n t r a t i o n s . I f the 

p o p u l a t i o n d e n s i t i e s are d e s i g n a t e d D, t h e second LP problem 
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becomes the f o l l o w i n g : 

Maximize Dx 

Subjec t t o -Px <: -Z* 

Ax < B 

x > 0 

The dual of t h i s problem i s t h e f o l l o w i n g : 

Minimize -w^Z +w 2B 

Subjec t t o w^P - w 2A ^. -D 

w 1 >: 0 w 2 ^ 0 

S i n c e SEXOP i s o n l y a package of s u b r o u t i n e s , a c o n t r o l 

program was w r i t t e n t o u s e t h e needed s u b r o u t i n e s i n proper 

o r d e r . Th i s c o n t r o l program r e a d s i n the data f o r the f i r s t 

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

t h e problem u s i n g t h e pr imal s implex p r o c e d u r e , r e a d s t h e 

p o p u l a t i o n d e n s i t i e s f o r t h e second LP dual problem, r e o p -

t i m i z e s , adds t h e o b j e c t i v e f u n c t i o n of t h e f i r s t LP as a 

column, and r e o p t i m i z e s u s i n g t h e pr imal s implex method. 

Th i s procedure was f o l l o w e d not o n l y t o de termine the maximum 

v a l u e s of t h e o b j e c t i v e f u n c t i o n s f o r t h e e x i s t i n g number of 

m o n i t o r s but a l s o t o determine the curve r e p r e s e n t i n g the 

maximums t h a t can be a t t a i n e d w i t h any number t h a t can be 

p l a c e d i n the a r e a . These curves can be v iewed as system 
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e f f e c t i v e n e s s c u r v e s . 

T h i s math programming s o l u t i o n procedure accompl ished 

a two s t e p s e q u e n t i a l r e d u c t i o n of the f e a s i b l e r e g i o n . The 

nex t c h a p t e r d i s c u s s e s t h e r e s u l t s of t h i s procedure and the 

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

t h e system e f f e c t i v e n e s s c u r v e s t h a t were g e n e r a t e d by t h i s 

procedure and the optimum m o n i t o r i n g networks t h a t can be 

d e s i g n e d f o r F u l t o n County. 
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CHAPTER V 

MODIFICATIONS AND RESULTS 

There are two problems a s s o c i a t e d w i t h t h e 

i d e n t i f i c a t i o n of the optimum network s i t e s from t h e r e s u l t s 

of the s o l u t i o n procedure used i n CHAPTER IV. The f i r s t 

problem, t h e probab le e x i s t e n c e o f a l t e r n a t e op t ima l s i t e s 

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

addressed by t h e i n c l u s i o n of p o p u l a t i o n dosage c o n s i d e r a t i o n s 

i n the second LP problem f o r m u l a t i o n . A l so t h e e x i s t e n c e of 

a l t e r n a t e op t ima l s i t e s has been c i t e d as b e n e f i c i a l from 

the p o i n t o f v i ew of a c t u a l s i t i n g of t h e m o n i t o r s . ( I f a 

s e l e c t e d g r i d area i s u n a c c e p t a b l e , a l t e r n a t e s i t e s or 

c o n f i g u r a t i o n s c o u l d be examined . ) However, t h e i d e n t i f i 

c a t i o n of t h e s e a l t e r n a t e op t ima l s i t e s or network 

c o n f i g u r a t i o n s i s very d i f f i c u l t , and, even when i d e n t i f i e d , 

an e x a m i n a t i o n p r o c e s s would have t o be d e v e l o p e d t o 

e v a l u a t e a l l o f t h e a l t e r n a t i v e s (which cou ld be numerous) . 

The second problem i s t h a t i n t e g e r s o l u t i o n s cannot be 

a s s u r e d t o e i t h e r LP problem. This i s t r u e be c aus e n e i t h e r 

m a t r i x o f c o e f f i c i e n t s i s t o t a l l y unimodular; t h e c o n s t r a i n t 

m a t r i x c o n t a i n s many odd c y c l e s . Thus, t h e op t ima l s o l u t i o n 

t o t h e problem s e t may n o t be i n a t o t a l l y u s a b l e form. A 

procedure i s needed t o r e s o l v e n o n - i n t e g e r s o l u t i o n s should 
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t h e y appear . H o p e f u l l y , an opt imal i n t e g e r s o l u t i o n can be 

i d e n t i f i e d from the ( h y p o t h e t i c a l ) a l t e r n a t i v e s o l u t i o n s . 

However, i f one cannot be i d e n t i f i e d , a s u b o p t i m a l , i n t e g e r 

s o l u t i o n must be s e l e c t e d . Th i s c h a p t e r d i s c u s s e s how t h e s e 

problems can be r e s o l v e d i n s e l e c t i n g t h e b e s t p a r t i c u l a t e 

m o n i t o r i n g network f o r P u l t o n County, bo th w i t h e x i s t i n g 

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

F u l t o n County 's c u r r e n t r e s o u r c e s f o r p a r t i c u l a t e 

m o n i t o r i n g c o n s i s t of 13 i n t e r m i t t e n t m o n i t o r s . The network 

c o n f i g u r a t i o n o f t h e l i n e a r programming s o l u t i o n t o the f i r s t 

problem w i t h b = 13 i s shown i n F igure 9. As a n t i c i p a t e d , an 

i n t e g e r s o l u t i o n was not ach ieved* When t h e second problem 

was s o l v e d u s i n g the c o n s t r a i n t 

Z Z Z P i j k * i j k * z * -
i j k 

where Z i s t h e optimum o b j e c t i v e f u n c t i o n v a l u e of t h e f i r s t 

problem (Z* * the d e t e c t i o n c a p a b i l i t y ) , no change i n 

c o n f i g u r a t i o n o c c u r r e d . Yet the c o r r e s p o n d i n g o b j e c t i v e 

f u n c t i o n v a l u e of t h e second problem Y (Y « t h e p r o t e c t i o n 

c a p a b i l i t y ) , was o n l y 60 p e r c e n t of t h e maximum a c h i e v a b l e 

w i t h o u t the above c o n s t r a i n t . S i n c e the d e t e c t i o n p r o b a b i l 

i t i e s are n o t a b s o l u t e l y a c c u r a t e , i t seems n e c e s s a r y t o 

i n v e s t i g a t e t h e e f f e c t on t h e s o l u t i o n c o n f i g u r a t i o n of a 

t r a d e o f f between p r o t e c t i o n c a p a b i l i t y and d e t e c t i o n 

c a p a b i l i t y . T h e r e f o r e , t h e above c o n s t r a i n t was m o d i f i e d t o 



F i g u r e 9 . Model Network f o r F u l t o n County: 
TSP, D e t e c t i o n Only 
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the f o l l o w i n g : 

Z E E P i j k * ! ^ 2 * * 1 - « > 
i j k 

For 1 ̂ €>0, the d e t e c t i o n c a p a b i l i t y of the s o l u t i o n to the 

p r o t e c t i o n problem w i l l be w i t h i n 100€ percent of i t s opt imal 

v a l u e . The p r o t e c t i o n problem was then solved w i t h i n c r e a s 

i n g values of 6 . Table 5 shows the d e t e c t i o n c a p a b i l i t i e s 

and p r o t e c t i o n c a p a b i l i t i e s f o r these values of € . The 

tab le shows that a f i v e percent decrease i n the de tec t ion 

c a p a b i l i t y y i e l d s a p r o t e c t i o n c a p a b i l i t y of 81+ percent o f 

i t s maximum, a ten percent decrease y i e l d s a p r o t e c t i o n 

c a p a b i l i t y of 91 percent ; and a twenty percent decrease 

y i e l d s a p r o t e c t i o n c a p a b i l i t y of 99 percent . 

Table 5. Summary of Monitor L o c a t i o n R e s u l t s : 

13 Monitors 

6 0.00 0.05 0.10 0.20 1.00 

Detect ion 

C a p a b i l i t y 
10.783 

(1)10.321+ 
(2)10.208 

(1) 9.882 
(2) 9.605 

8.626 1+.M5 

P r o t e c t i o n 

C a p a b i l i t y 
63.1+55 

(1)88.522 
(2)90.1+32 

(1)95.31+6 
(2)99.156 

106.1+69 107.320 
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When e v a l u a t i n g t r a d e - o f f s such as t h e s e , i t must be 

remembered t h a t the primary o b j e c t i v e o f an a i r m o n i t o r i n g 

network i s d e t e c t i o n . T h e r e f o r e , t h e 95 p e r c e n t d e t e c t i o n 

c a p a b i l i t y , 8I4. p e r c e n t p r o t e c t i o n c a p a b i l i t y s o l u t i o n was 

chosen as t h e b e s t f o r P u l t o n County. The f i v e p e r c e n t 

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

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

c a p a b i l i t y a c h i e v e d i s s i g n i f i c a n t . Fur ther r e d u c t i o n s i n 

d e t e c t i o n c a p a b i l i t y do n o t y i e l d s i g n i f i c a n t i n c r e a s e s i n 

p r o t e c t i o n c a p a b i l i t y . This s o l u t i o n c o n f i g u r a t i o n i s shown 

i n F igure 1 0 . The c o n f i g u r a t i o n f o r t h e 90 p e r c e n t , 91 

p e r c e n t s o l u t i o n i s shown i n F i g u r e 1 1 . Again i n t e g e r 

s o l u t i o n s were not a c h i e v e d . However, t h e c o n f i g u r a t i o n s 

are such t h a t o n l y two p o s s i b l e i n t e g e r s o l u t i o n s can be 

i d e n t i f i e d . An e v a l u a t i o n o f t h e s e two i n t e g e r s o l u t i o n s 

r e v e a l s t h a t one has s u p e r i o r d e t e c t i o n c a p a b i l i t y , w h i l e the 

o t h e r has s u p e r i o r p r o t e c t i o n c a p a b i l i t y . These v a l u e s are 

a l s o shown i n Table 5. To be c o n s i s t e n t w i t h m o n i t o r i n g 

o b j e c t i v e s t h e s o l u t i o n w i t h 96 p e r c e n t d e t e c t i o n c a p a b i l i t y 

and 83 p e r c e n t p r o t e c t i o n c a p a b i l i t y shou ld be chosen as 

o p t i m a l f o r F u l t o n County. 

The c u r r e n t p a r t i c u l a t e m o n i t o r i n g network i n F u l t o n 

County o p e r a t e s on a s i x day sampling s c h e d u l e . At t h i s 

f r e q u e n c y , i t has a d e t e c t i o n c a p a b i l i t y of 5*87 and a 

p r o t e c t i o n c a p a b i l i t y o f 77.8lj.. I f t h e sampling frequency 

were i n c r e a s e d t o a t h r e e day s c h e d u l e t o match t h a t of the 



Figure 10. Model Network f o r F u l t o n County; 
TSP, € s 0.05 



Figure 1 1 . Model Network f o r F u l t o n County: TSP, 6 « 0 . 1 0 
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chosen model s o l u t i o n , t h e d e t e c t i o n c a p a b i l i t y would be 

i n c r e a s e d t o 7.614-9. (These v a l u e s are a c t u a l l y b i a s e d because 

t h e c u r r e n t c o n f i g u r a t i o n v i o l a t e s a moni tor p r o x i m i t y c o n 

s t r a i n t . Th i s means t h a t one m o n i t o r , accord ing t o t h e 

model f o r m u l a t i o n , i s b e i n g w a s t e d . However, t h i s moni tor 

was not e x c l u d e d from t h e c a p a b i l i t y c a l c u l a t i o n s . ) The 

model s o l u t i o n c i t e d as o p t i m a l f o r F u l t o n County would 

o p e r a t e w i t h a t h r e e day sampling f requency and would i n c r e a s e 

t h e d e t e c t i o n c a p a b i l i t y 76 p e r c e n t over t h e c u r r e n t network 

w i t h s i x day sampling and 35 p e r c e n t over the maximum 

a c h i e v a b l e w i t h a t h r e e day sampling f r e q u e n c y . This im

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

improvement i n p r o t e c t i o n c a p a b i l i t y of I I4. p e r c e n t i s l e s s 

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

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

p o l l u t a n t d e n s i t i e s i n t h e network d e s i g n p r o c e s s . A 

comparison of the c u r r e n t network c o n f i g u r a t i o n and t h e 

o p t i m a l model c o n f i g u r a t i o n i s shown i n F i g u r e 1 2 . 

As i n d i c a t e d p r e v i o u s l y , the s e l e c t e d model network 

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

day sampling f r e q u e n c y . However, when t h e d e t e c t i o n p r o b 

a b i l i t i e s w i t h a s i x day and a t h r e e day sampling f requency 

are compared, as i n Table 6 , i t i s e v i d e n t t h a t a t l e a s t one 

and p o s s i b l y more of the m o n i t o r i n g s i t e s c o u l d be o p e r a t e d 

on a s i x day sampling f requency w i t h v e r y l i t t l e d e c r e a s e i n 

t h e o v e r a l l d e t e c t i o n c a p a b i l i t y . In a c t u a l s i t u a t i o n s the 



F i g u r e 1 2 . Comparison of E x i s t i n g TSP Network i n 
F u l t o n County and B e s t Model Network 
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sampling frequency d e c i s i o n must c o n s i d e r c o s t f a c t o r s . The 

p r e s e n t f o r m u l a t i o n does no t c o n s i d e r c o s t s . T h e r e f o r e , 

a l t h o u g h one announced i n t e n t of t h i s procedure was t o make 

t h e sampling f requency d e c i s i o n - a n d i t does i n d i c a t e the 

b e s t f requency g i v e n t h e model c r i t e r i a - i t cannot , e x c e p t i n 

c e r t a i n c l e a r c a s e s such as t h e one i n Table 6, a c t u a l l y 

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

c o s t i s a l e s s important c r i t e r i o n than d e t e c t i o n and 

p r o t e c t i o n , a c o s t model should be d e v e l o p e d . 

Table 6. D e t e c t i o n C a p a b i l i t i e s a t 
Var ious Sampling F r e q u e n c i e s 

L o c a t i o n D e t e c t i o n P r o b a b i l i t y L o c a t i o n 
Three-day &ix-day 

1i+6 • 912 .703 
153 .812 .61+8 155 .978 • 851 
168 .81+2 .71+2 172 • 731 .1+81 185 .661+ .1+20 187 .81+2 .655 
189 .1+61+ .268 
191 .1+83 .281 
210 .812 .566 
23i+ .857 .621 
236 .927 • 729 
31+6 #1.000 *.99l+ 

S i x - d a y sampling cou ld be u s e d . 

I t i s p o s s i b l e t h a t one or more o f t h e g r i d s i n t h e 

optimum model network w i l l f a i l t o p r o v i d e a s u i t a b l e s i t e 

f o r p h y s i c a l l y p l a c i n g t h e m o n i t o r s . Should t h i s o c c u r , one 
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or more a l t e r n a t e s must be s e l e c t e d * These a l t e r n a t e s can 

e a s i l y be i d e n t i f i e d by g i v i n g the u n a c c e p t a b l e g r i d s zero 

d e t e c t i o n p r o b a b i l i t i e s and p o p u l a t i o n d e n s i t i e s i n the i n p u t 

d a t a and r e s o l v i n g the LP prob lems . I f t h e r e are a l t e r n a t e 

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

I f t h e r e are no a l t e r n a t e op t ima l c o n f i g u r a t i o n s , t h e b e s t 

subopt imal c o n f i g u r a t i o n w i l l be s e l e c t e d . Th i s method 

a v o i d s i d e n t i f y i n g any a l t e r n a t e op t ima l c o n f i g u r a t i o n s 

u n l e s s t h e y are needed . 

When a new s o l u t i o n i s a c h i e v e d , t h e r e s u l t i n g network 

c o n f i g u r a t i o n may be changed c o m p l e t e l y . (There fore i t i s 

n o t r e a s o n a b l e t o mere ly s e l e c t a l t e r n a t e s f o r the u n a c c e p t 

a b l e s i t e s u s i n g o n l y judgment . ) This procedure was t e s t e d 

on t h e chosen model network by a r b i t r a i l y d e c l a r i n g two s i t e s 

u n a c c e p t a b l e . The r e s u l t i n g c o n f i g u r a t i o n and network 

c a p a b i l i t i e s are shown i n F i g u r e 13» 

The p r e v i o u s d i s c u s s i o n has d e a l t w i t h d e s i g n i n g t h e 

op t ima l network c o n f i g u r a t i o n u s i n g t h e m o n i t o r i n g r e s o u r c e s 

c u r r e n t l y a v a i l a b l e . Of equal i n t e r e s t i s the r e s u l t o f 

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

To i n v e s t i g a t e t h i s e f f e c t i n F u l t o n County, t h e d e t e c t i o n 

and p r o t e c t i o n c a p a b i l i t i e s were de termined from t h e s o l u t i o n 

procedure f o r r e c o u r c e s from zero t o t h e maximum t h a t can 

be p l a c e d i n t h e county g i v e n t h e model c o n s t r a i n t s . 

P l o t s were made of t h e s e c a p a b i l i t i e s f o r v a r i o u s 

v a l u e s o f € . These p l o t s are shown i n F i g u r e s 1l| and 15. 
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F i g u r e 1 3 . Model Network f o r F u l t o n County: TSP, A l t e r n a t e 
C o n f i g u r a t i o n w i t h Two S i t e s Unacceptab le 
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Prom t h e s e p l o t s i t i s c l e a r t h a t t h e marg ina l v a l u e of t h e 

m o n i t o r s b e g i n s t o drop o f f r a p i d l y as the number o f m o n i t o r s 

i n c r e a s e s beyond f i f t y p e r c e n t of t h e maximum. Thi s maximum 

i s a c t u a l l y 38. T h e r e f o r e , s i g n i f i c a n t improvement i n t h e 

p a r t i c u l a t e m o n i t o r i n g network can be a c h i e v e d by adding 

m o n i t o r s t o t h e sys tem up t o approx imate ly 21• Twenty-one 

m o n i t o r s o b t a i n 80 p e r c e n t o f t h e maximum a c h i e v a b l e d e t e c 

t i o n c a p a b i l i t y and 81 p e r c e n t of t h e maximum p r o t e c t i o n 

c a p a b i l i t y . F i g u r e 16 shows t h e t r a d e o f f between d e t e c t i o n 

and p r o t e c t i o n c a p a b i l i t i e s f o r any number of m o n i t o r s and 

any v a l u e o f £ . The c u r v e s i n F i g u r e s 1l|, 1f>, and 16 are 

sys tem e f f e c t i v e n e s s c u r v e s . They a l l o w n o t o n l y the d e 

t e r m i n a t i o n of t h e o p t i m a l m o n i t o r i n g network f o r a g i v e n 

number o f m o n i t o r s but a l s o f o r any i n c r e a s e d number o f 

m o n i t o r s up t o t h e t o t a l sys tem optimum. By u s i n g t h e s e 

c u r v e s (and the c o r r e s p o n d i n g model r e s u l t s ) and t h e methods 

f o r r e s o l v i n g n o n - i n t e g r a l i t y and i d e n t i f y i n g a l t e r n a t e s 

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

system can be i d e n t i f i e d f o r F u l t o n County, bo th now and i n 

t h e f u t u r e . 

As i n d i c a t e d i n CHAPTER IV, t h e a p p l i c a t i o n o f t h e 

procedure t o t h e s u l f u r d i o x i d e m o n i t o r i n g network was 

d i s c o n t i n u e d a f t e r t h e r e s u l t s o f the second phase were 

o b t a i n e d . Only a few of t h e d e t e c t i o n p r o b a b i l i t i e s had 

p o s i t i v e v a l u e s . There were not enough t o warrant t h e 

a p p l i c a t i o n o f phase t h r e e of the p r o c e d u r e . In s e l e c t i n g 
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x P r e s e n t Network 

F i g u r e D e t e c t i o n C a p a b i l i t y Versus Number of Monitors 
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Monitors 

x P r e s e n t Network 

F i g u r e 15. P r o t e c t i o n C a p a b i l i t y Versus Number of Monitors 
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D e t e c t i o n C a p a b i l i t y 

F i g u r e 1 6 . T r a d e - o f f s Between P r o t e c t i o n 
and D e t e c t i o n C a p a b i l i t i e s 
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t h e b e s t s i t e s f o r t h e m o n i t o r s , i t i s o n l y n e c e s s a r y t o 

c o n s i d e r the smal l number of d e t e c t i o n p r o b a b i l i t i e s and 

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

t h e h i g h e s t v a l u e s , w h i l e c o n s i d e r i n g moni tor d i s p l a c e m e n t 

c r i t e r i a . The t r a d e o f f s i n v o l v e d can be e f f e c t i v e l y c o n s i d 

ered w i t h o u t the a i d of l i n e a r programming. F i g u r e 17 shows 

the SOg model network which r e s u l t s from such an a n a l y s i s . 

The network c o n s i s t s o f o n l y t h r e e m o n i t o r s . F u l t o n County 

c u r r e n t l y has t h r e e c o n t i n u o u s SO^ m o n i t o r s and s i x i n t e r 

m i t t e n t m o n i t o r s . T h e r e f o r e , t h e c u r r e n t r e s o u r c e s exceed 

t h e r e q u i r e m e n t s . However, r e c a l l t h a t o n l y t h r e e m o n i t o r i n g 

s i t e s had produced u s a b l e h i s t o r i c a l m o n i t o r i n g d a t a ; a l l 

d a t a from i n t e r m i t t e n t m o n i t o r s was d e c l a r e d i n a c c u r a t e by 

the EPA and F u l t o n County. Thus, t h e c o r r e l a t i o n s of t h e 

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

c e n t r a t i o n s were based on i n s u f f i c i e n t d a t a . Before t h e 

r e s u l t s of the a p p l i c a t i o n o f t h i s procedure t o the SO^ 

m o n i t o r i n g network can be a c c e p t e d , a l a r g e r da ta b a s e must 

be d e v e l o p e d . 



F i g u r e 17 . Model Network f o r F u l t o n County: 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

A mathemat ica l procedure f o r a i r m o n i t o r i n g i n s t r u 

m e n t a t i o n l o c a t i o n and sampling f requency s e l e c t i o n has been 

d e v e l o p e d . The need f o r such a procedure a r i s e s from the 

n e c e s s i t y of d e v e l o p i n g a i r m o n i t o r i n g networks i n the q u e s t 

f o r c l e a n a i r and t h e l a c k of a s t r u c t u r e d , o b j e c t i v e method 

o f s a t i s f y i n g m o n i t o r i n g o b j e c t i v e s , mee t ing l o c a t i o n c r i 

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

d e t e r m i n a t i o n * 

The procedure which has been d e v e l o p e d i n c o r p o r a t e s 

a tmospher ic s i m u l a t i o n model ing and s t a t i s t i c a l model ing 

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

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

d a t a f o r a mathemat ica l programming f o r m u l a t i o n and thus a 

means o f s e l e c t i n g i n s t r u m e n t a t i o n l o c a t i o n s * I t has been 

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

of F u l t o n County, Georg ia w i t h s i g n i f i c a n t i n c r e a s e s over t h e 

p r e s e n t system i n both v i o l a t i o n d e t e c t i o n and p o p u l a t i o n 

p r o t e c t i o n c a p a b i l i t i e s * In a d d i t i o n , i t g e n e r a t e s v a l u a b l e 

i n f o r m a t i o n f o r e v a l u a t i n g t h e p o t e n t i a l b e n e f i t s of a l l o 

c a t i n g more s o u r c e s t o t h e m o n i t o r i n g e f f o r t and f o r 

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

r e s o u r c e s * 
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Because t h e methodology employed i s q u i t e g e n e r a l , t h e 

procedure can be e a s i l y adopted , u n d e r s t o o d , and implemented 

i n o t h e r a i r q u a l i t y r e g i o n s . However, t h e procedure i s no t 

w i t h o u t s h o r t c o m i n g s , and t h e s e have l e d t o c e r t a i n c o n c l u 

s i o n s r e g a r d i n g i t s u s a g e and recommendations f o r f u r t h e r 

deve lopment . 

The d a t a base r e q u i r e d by t h e procedure i s e x t e n s i v e . 

However, t h e d a t a p r e p a r a t i o n e f f o r t i s reduced c o n s i d e r a b l y 

by t h e u s e o f da ta whose development i s c u r r e n t l y r e q u i r e d 

by EPA. At l e a s t i n m e t r o p o l i t a n a r e a s t h e data base should 

be r e a d i l y a v a i l a b l e . One type o f da ta not r e a d i l y a v a i l a b l e 

i s e s t i m a t e s of the g e o m e t r i c s tandard d e v i a t i o n s of t h e 

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

These are a v a i l a b l e o n l y a t c u r r e n t m o n i t o r i n g s i t e s and i n 

F u l t o n County were o b t a i n e d f o r o t h e r s i t e s by i n t e r p o l a t i o n . 

A procedure f o r g e n e r a t i n g or more a c c u r a t e l y e s t i m a t i n g 

t h e s e v a l u e s i s needed . S i n c e t h e l o c a t i o n procedure i s 

dynamic and should be a p p l i e d at s p e c i f i c t ime i n t e r v a l s t o 

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

e n l a r g e d and i n i t i a l i n a d e q u a c i e s i n t h i s and o t h e r da ta can 

be overcome i n subsequent y e a r s . 

The atmospher ic s i m u l a t i o n model used i n t h e procedure 

cou ld o n l y p r e d i c t c o n c e n t r a t i o n of p a r t i c u l a t e s and s u l f u r 

d i o x i d e and t h e s e w i t h l i m i t e d s u c c e s s due t o i n a d e q u a c i e s 

and i n a c c u r a c i e s i n both t h e model and t h e i n p u t d a t a . B e t t e r 

methods are needed i n d e v e l o p i n g i n p u t da ta p a r t i c u l a r l y area 
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source e m i s s i o n s . S inc e the procedure i s h i g h l y dependent on 

t h e i n t e g r i t y o f the s i m u l a t i o n model , improvements i n the 

model s t r u c t u r e would a c h i e v e more c o n f i d e n c e i n t h e r e s u l t s 

of the p r o c e d u r e . Models which p r e d i c t c o n c e n t r a t i o n s of 

o t h e r p o l l u t a n t s such as carbon monoxide can be i n c o r p o r a t e d 

i n t o the procedure when t h e s e models become more r e l i a b l e 

and as more i n p u t da ta i s d e v e l o p e d . M o d i f i c a t i o n of t h e 

mathemat ica l model t o address any s p e c i f i c l o c a t i o n or d i s 

p lacement c r i t e r i a p e c u l i a r to another p o l l u t a n t should be 

a c h i e v a b l e . 

P r i m a r i l y becaus e of the a tmospher ic s i m u l a t i o n model , 

t h e procedure i s e x p e n s i v e i n terms of computer r e s o u r c e s . 

However, s i m u l a t i o n model ing i s c u r r e n t l y r e q u i r e d by EPA i n 

m e t r o p o l i t a n a r e a s , and thus t h e added c o s t s of the procedure 

are o n l y t h o s e of the s t a t i s t i c a l model ing and t h e mathe

m a t i c a l s o l u t i o n procedure which are not e x c e s s i v e . 

A s t a t e d o b j e c t i v e of t h e development of t h e l o c a t i o n 

procedure was t h e s e l e c t i o n o f t h e optimum sampling f r e q u e n c y 

a t each s e l e c t e d moni tor l o c a t i o n . The procedure does i n 

f a c t i n d i c a t e t h e optimum sampl ing f r e q u e n c y a c c o r d i n g t o 

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

the c a p a b i l i t i e s o f t h e sys tem a t o t h e r sampl ing f r e q u e n c i e s . 

However, e x c e p t i n c e r t a i n o b v i o u s c a s e s , i t does n o t a l l o w 

a t r u e e v a l u a t i o n of t h e t r a d e - o f f s between sampling f r e 

q u e n c i e s , because i t does n o t e x p l i c i t l y c o n s i d e r t h e 

a s s o c i a t e d monetary c o s t s i n v o l v e d i n the t r a d e o f f s . 
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T h e r e f o r e , an e x t e n s i o n of the procedure t o f u r t h e r address 

t h e s e l e c t i o n of optimum sampling f r e q u e n c i e s i s needed . 

Although i t was p o s s i b l e t o i d e n t i f y optimum l o c a t i o n 

c o n f i g u r a t i o n s from t h e r e s u l t s of t h e mathemat ica l s o l u t i o n 

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

a r e a . Methods were d e v e l o p e d f o r i d e n t i f y i n g i n t e g e r 

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

i d e n t i f y i n g a l t e r n a t e s i t e s . These a d d i t i o n a l methods were 

needed because t h e s o l u t i o n procedure chosen was not r e a l l y 

s u i t e d t o the problem as f o r m u l a t e d . L inear programming was 

chosen as t h e s o l u t i o n procedure because of t h e s i z e of t h e 

problem (and p o t e n t i a l problems) and the f a c t t h a t no b e t t e r 

procedure e x i s t s f o r t h e s p e c i a l s t r u c t u r e of t h i s problem. 

(At l e a s t t h e author i s unaware of i t s e x i s t e n c e . ) 

The s i z e o f t h e problem can a c t u a l l y be reduced by 

f u r t h e r c o n s i d e r a t i o n s . For a g i v e n s t a n d a r d , a t any s i t e , 

the c o n s t r a i n t v e c t o r s f o r a l l sampling f r e q u e n c i e s are 

i d e n t i c a l . S i n c e o n l y one f requency can be s e l e c t e d , o n l y 

t h e one y i e l d i n g t h e l a r g e s t d e t e c t i o n p r o b a b i l i t y need be 

c o n s i d e r e d . I f more than one s tandard i s c o n s i d e r e d , t h e 

c o n s t r a i n t v e c t o r s f o r c o n t i n u o u s m o n i t o r s would be i d e n t i 

c a l , as would the c o n s t r a i n t v e c t o r s f o r i n t e r m i t t e n t 

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

moni tor t y p e , o n l y the s tandard w i t h t h e h i g h e s t p r o b a b i l i t y 

of d e t e c t i o n need be c o n s i d e r e d . These o b s e r v a t i o n s reduce 

t h e number of l o c a t i o n v a r i a b l e s from Iran t o 2n , T h i s 
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r e d u c t i o n was a c t u a l l y made by the l i n e a r programming p r o c e 

dure . However, i n the i n t e r e s t o f c o n s i d e r i n g a s m a l l e r 

problem, t h e r e d u c t i o n c o u l d be made by t h e s t a t i s t i c a l 

model when the i n p u t data f o r t h e s o l u t i o n procedure i s 

g e n e r a t e d . 

The s m a l l e r problem i s s e e n t o be a s e t - p a c k i n g 

problem (1+5.̂ 7) w i t h two a d d i t i o n a l g e n e r a l i z e d upper bound 

c o n s t r a i n t s . The s e t - p a c k i n g problem i s a i n t e g e r program

ming problem; however , t h e r e i s s t i l l no known procedure f o r 

s o l v i n g i t w i t h a d d i t i o n a l c o n s t r a i n t s . T h e r e f o r e , f o r 

f u t u r e procedure improvements , t h e major e f f o r t should 

perhaps be c o n c e n t r a t e d toward t h e development o f b e t t e r 

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

In summary, a procedure f o r a i r m o n i t o r i n g i n s t r u 

m e n t a t i o n l o c a t i o n and sampling f requency s e l e c t i o n has been 

deve loped t o t r e a t m a t h e m a t i c a l l y what has p r e v i o u s l y been a 

v e r y s u b j e c t i v e p r o c e s s . Through a p p l i c a t i o n t o r e a l world 

d a t a , i t has been shown t o g i v e s i g n i f i c a n t l y improved 

s o l u t i o n s t o e x i s t i n g m o n i t o r i n g n e t w o r k s . Although t h i s 

procedure i s no t t h e f i n a l word i n s o l v i n g t h e l o c a t i o n 

problem, i t h o p e f u l l y r e p r e s e n t s a s u b s t a n t i a l s t e p toward 

t h a t end. 
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Table 1• Moni tor ing S i t e s Used i n t h e D i f f u s i o n Model 

UTM Coord inate s Annual Mean ( h*- /m?) 

E a s t i n g North ing TSP SO 

F u l t o n County S i t e s 

737 3730 1+7 
71+2 3738 58 38 
71+5 3730 1+9 21+ 
71+2 371+5 1+3 
71+1 371+1 60 
728 3738 50 
731+ 371+3 60 
737 371+3 30 
71+2+ 3737 59 
739 3739 50 
736 371+5 68 
725 3716 36 

Georg ia EPD S i t e s 

71+0 371+2 70 
752 3755 56 
71+2 3722 62 
728 3759 50 
730 3752 50 



Table 2 # s t . « . t j c f f M . o < \ t * r T S F L e r . T r - o P ^ c » " o r n « s 

•> A ' T F r 111 \ t f < ; 

S T A M O * f> n 1 5 0 , M T P.P H G R / C ' J « T r m c t t o 
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7 T i 

7 0 3 
7 p -> 

T I 7 
7 1 ? 
7 1 "> 
7 J 7 
71 S 
7 1 5 
71 5 
7 1 5 
7 1 S 
7 7 -> 
7 2 0 , 
7 2 V 
7 ? ? 
77-5 

7 7 V 
7 ? ' . 

1 ? \ 

??'. 
7?-1 
7 ? 3 
7 ?•> 
7 ? ' 
7 3 7 , 
7 3 •> 

7 T 
7 ? ' , 
7 3 V 
7 3*. 
7 3'-. 
77*> 
7 3 S 
7 7 T 
7 3 3 
7 4 0 
T< 

7 V , 
7 ? 3 
7 ? 7 

3 7 1 1 
l ? n 

" ? 7 1 4 
1 71 « 
7 7 1 0 

"3 ? I 4 
7 7 j o 

3 7 7"» 
7 7 1 O 

•» 71 4 
7 7 1 ° 
7 7 ? "> 
3 7 ? ^ 

?- 7 1 O 
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3 7 n 
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3 7 *> f> 
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41 . 
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4 3 . 
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4 4 . 

A 3 . 
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4 3 . 

~so. 
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5 4 . 
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3 3 
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W> 
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4 4 
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s^ 
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7 4 7 
7 4 ? 
7 4 4 
7 7 7 
7 ? 7 

-» 7 1 ^ 
7 7 1 7 
? 7 1 4 
7 7 ] Q 
7 7 1 
7 7 I U 

7 7 1 4 
3 7 1 7 

7 7 7 

7 7 7FT 

- 7 1 7 
i 7 1 ^ 

7 7 1 -
7 7 ? 7 
•> - 7 t. 

7 7 ^ -> 
3 7 1 4 
7 7 1 " 
7 7 7 ? 
7 7?ft 
7 7 1 4 
7 7 1 0 

7 7 7 7 
3 7?ft 
3 7 1 3 
3 7 7 ? 
3 7 2 4 

7 7 ] C| 

3 7 7 ? 
7 7 ? ' 

7 7 7 3 

7 7 7FT 

" 7 7 ? N 

7 7 7FT 

~> 7 ? P 
7 7?L> 
3 7 7 0 
7 7 ? Q 
? 7 7F> 

3 7 7 7 

4 1 . 4 1 . 1 . 0 0 4 1 . O . O 0 . 0 0 . 0 M A 
4 ? . 4 2 . 1 . 0 0 0 . 0 0 . 0 0 . 0 
4 ? . 4 2 . 1 . 0 0 " 4 ? . " 0 . 0 0 . 0 " 0 . 0 MA 
4 7 . 4 7 . 1 . 0 0 4 7 . 0 . 0 0 . 0 0 . 0 NA 
4 7 . 4 2 . 1 . 0 0 4 2 . 0 . 0 0 . 7 0 . 0 MA 
4 3 . 4 3 . 1 . 0 0 4 7 . 0 . 0 0 . 7 0 . 0 MA 
4 4 . 4 4 . 1 . 0 0 4 4 . 0 . 0 0 . 0 0 . 0 V A 
4 5 . 4 5 . L . 0 0 4 5 . ^ . 0 • 0 . 0 0 . 0 MA 
4 3 . 4 7 . 1 . 0 6 4 3 . 0 . 0 0 . 0 0 . 0 MA 
4 + . 4 4 . 1 . 0 0 4 4 . 0 . 0 0 . 0 0 . 0 MA 

_ 4 S . 4 5 . 1 . 0 0 4 5 . 0 . 0 0 . 0 N . 0 MA 
4 RJ • 4 4 . 1 . 0 0 4 6 . 0 . 0 0 . 3 0 . 0 ' M A 
4 7 . 4 7 . I . 0 0 4 7 . 0 . 0 O . O 0 . 0 MA 

4 7 • 4 7 . I. 0 0 4 3 . 0 . 0 0 . 0 0 . 0 MA 

" 4 7 " . 4 7 . I . 0 0 4 7 . 0 . 0 - 3 . 3 0 . 0 \ A 
4 7 . 4 7 . 1 . 0 0 4 7 . 0 . 0 0 . 3 0 . 0 \ 'A 
4 7 . 4 3 . 1 . 0 0 4 ° . 0 . 0 ") 0 . 0 \ A 

" 5 7 . " S O . " 1 . 0 0 S O . 0 . 0 O . T " ' ' 0 . 0 \ A 
4 4 . 4 4 . 1 . 0 0 4 4 . 0 . 0 0 . 0 0 . 0 MA 
4 7 . 4 7 . 1 . 0 0 4 7 . 0 . 0 0 . 0 0 . 0 \ ' A 
4 3 . 4 3 . " ' 1 . 0 0 4 « . 0 . 0 0 . 0 0 . 0 MA 
5 O . 5 0 . 1 . 0 0 6 0 . 0 . 0 0 . 0 0 . 0 MA 
5 ? . 6 ? . 1 . 0 0 5 2 . 0 . 0 0 . 0 0 . 0 MA 

" 4 5 " . " 4 6 . 1 . 0 0 4 5 . " 0 . 0 0 . 0 0 . 0 K L A 

4 * . 4 3 . I . 0 0 4 3 . 0 . 0 0 . 0 0 . 0 \ ' A 
6 2 . 5 2 . 1 . 0 0 5 2 . 0 . 0 0 . 0 0 . 0 MA 
5 5 . 5 5 . " " 1 . 0 0 5 5 . 0 . 0 0 . 0 0 . 0 " '""" MA 

4 * . 4 3 . I . 0 0 4 « . 0 . 0 0 . 0 0 . 0 MA 
6 4 . 5 4 . L . 0 0 5 4 . 0 . 0 0 . 0 0 . 0 MA 

5 3 5 < 3 . 1 . 0 0 5 * . 0 . 0 1 3 O . O L ? 0 . 0 " N A " ~ 

4 0 . 4 9 . 1 . 0 0 4 0 . 0 . 0 0 . 0 0 . 0 MA 
5 4 . 6 4 . 1 . 0 0 5 4 . 0 . 0 0 . 0 0 . 0 MA 
6 3 . " S P . 1 . 0 6 5 3 . 0 . 0 0 Q 0 . O O P _ 7 V . 0 "MA 
6 2 . 6 ? . I . 0 0 6 ? . 0 . 1 4 O O . I 4 0 0 . 0 6 9 MA 

6 1 . 4 0 . 1 . 0 0 4 0 . 0 . 0 7 4 0 . 0 7 3 0 . 0 0 5 N A 

6 4 . 6 4 . 1 . 0 0 6 4 . 0 . 2 4 2 0 . ? 3 0 TT. 1 5 9 "MA 

5 1 . 6 1 . 1 . 0 0 6 1 . 0 . 0 6 1 0 . 0 5 < 7 0 . 0 1 4 MA 

6 5 . 6 6 . 1 . 0 0 6 6 . 0 . 4 2 1 0 . 4 1 7 0 . 3 3 6 MA 

6 4 . 6 4 . " 1 . 0 0 6 4 . 0 . 2 5 5 0 . ? 5 L - 7 5 . M MA 

4 6 . 4 6 . 1 . 0 0 4 6 . 0 . 0 0 . 0 0 . 0 MA 
4 7 . 4 7 . 1 . 0 0 4 7 . 0 . 0 0 . 0 0 . 0 MA 

5 1 . 5 1 . 1 . 0 0 5 1 . ~ 0 . 0 " ~ " 0 . 0 " 0 . 0 
5 7 . 5 3 . 1 . 0 0 5 3 . 0 . 0 0 . 0 0 . 0 N A 

o 
ro 
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7T? 
7?'. 
7?4 
??4 
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?">S 
7?', 
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7? 3 
7?3 
7 •>* 
7 7 3 
7 ? B 

7*3 
7"1 3 
7^3 
7*3 

73 ? 
7 3? 
7 1? 
73? 
7 3? 
734 
73'. 
7 3 4 
734 
73 4 
7 
73'. 
•»->s 
7? f, 
73 6 
?-»3 
73° 
73a 
7*3 
7 3"1 

74 3 
743 
74 3 
743 
743 

r T -y-> 

A r j -iy 

* 7 \ ? 
•a 7 3 3 
3 7 3? 
3 M4 
? ~* 3 3 
7 7 • 7 
3 73 4 

7 7 7 3 
373? 
3 73A 
< 7 > / 
7 737 
3 7?3 
•>;u 

77 4 
3 7"", 
3 7 :* 
3*30 
n i l 
3 7 34 
3 7 7,̂  
7 7 10 
3 73 3 
3 73? 
\ 7 3 
3 7 3f, 
3 733 
3 7 7,0 
373 ? 
3 73 ^ 
3 7 3 6 
3770 
3 730 
3^3 ? 

~"3 7 '4 
3 7 3 A 
3 ?? 9 
3 77 ") 
3 7 3? 
3 734 
3 736 
3 73P 

A J I T n * : 
* F A M _ 

63. 
S4. -

3 
t r 

64. 
54, 
55, 
56. 
56. 
56. 
58. 
67. 
53. 

58 , 
63. 
63, 
6?. 
'»?. 
6? . 
6?. 
61 . 
6 4 , 
66. 
63. 
64 . 
55 , 
66. 
67. 
67. 
48, 
49, 
51 , 
52. 
53"; 
43, 
6\0, 
64, 
56, 
66, 
53"; 
65, 
62. 
63. 
64, 

~,r 3 '•' r T 3 I ' 
"CAM 

r-3 
5 4 

"54 
5 4 
5S 
5 A 
6 A 
5 6 
6 3 
5 7 
SO 

C, TAMPA Of) 6 9 • M ! f.° (3GS A MC / C.JRIC V<"TFp 
r,cri«FTyjr ryprrrrn non^jnn jry pcv 
STAND A"3 ",'Kpii)M pp FX f FFO JMT, 
nryy jTinM FN T 0 AT t Pf • *.T A.NDA3'! 

5 7 
63 

"6 3 
6 3 
6? 
6-> 
A? 
6 } 
6 4 
66 
6 3 
6 4 
65 
6 6 

"6 7 
67 
4 i 
4° 
5 I 
6 2 
5 3 
4 « 
6 3 

""54 
5 6 
5 6 
"5 3 
SS 
6? 

"6 3 
63 

,03 
,03 
rdo 
,00 
.03 
,"0 3 
,03 
,03 
, 0 3 
,00 
,00 
,03 
,03 
,03 
,00 
,00 
,0O 
,03 
,03 
,00 
.on 
.00 
.00 
,00 
.03 
,00 
,00 
.00 
,00 
,00 
.00 
,00 
.00 
,00 
,30 
roo 
,00 
,00 
,00 
,00 
,00 
roo 
,00 

6 3 
6 4 
<v. 
64 
5 6 
r«6 
5 6 
56 

'63 
<\ 7 
Si 
6 3 
K 3 

3 
63 
6 ? 
6? 
6 ? 
A 7 
6 1 
A 4 
6 6 
6 3 
6 4 
66 
6 6 
6 7 
67 
4 8 
"4 9 
61 
57 

"53 
4* 
5 9 

"5 4 
5 A 
56 

"63 
65 
6? 

"6 0 
63 

">.9 
0 .0 
0.0 
0.0 
3.0 
3 .0 
0.007 
0 .03? 
0 .000 
0.005 
0 .02^ 
0 . 0 3 A 
0.01 2 
0.06? 
0 .Of. i 

0.164 
3. 10<̂  
0.14? 
3.1 ?>r. 

0.127 
0.378 
0.440 
n,30° 
0.291 
0.471 
3 .643 
0.655 
0.776 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0 
0.0 
0.0 
0 .00? 
0.003 
0.0 
0.0 
0.159 

"0.072 
0.316 

1 11 TV OF • vTot 
"I I\3 F 3 C0UCMC>'--3A y<; r>F o Yf 61 17? 3 AS 

n . 7 0. 3 IV A 
3. 0.0 VA 
3 . 0. 0 Kt 3 . .3 3. 0 \t 13 . 0 9.9 \4 
3. 3 0. 0 
9 . 7 OJ 0.0 N A 
3. 3"? 0.0 MA 

• n .9 9 0.0 V t 3 . P9S 0.0 *A 
9 . 9 7 p 0. 004 \A 
n . " H "0.00 6 MA 
o . 3 1 1 9.9 *'* 

a . o f,q 0. 91 4 
9. (̂•,8 ' 0.017 \ \ 

3. 1̂ 4 0.974 \A 
3. 1 OS 0. 1 t I MA 
3. 1 4 0 "~" 3. 96 3 * • A 
p 1 34 0.95° N A 
9. 1 7 5 0.06? ••j » 
0. 775 0.3?6 MA 
0. 4 40 0.417 MA 
0. 3 09 0.239 N A 
3. ?o 1 C.?15 NA 
9. '.71 0. 386 N A 
9 . 54 8 0. 571 NA 
9. 6 56 "0. 716 NA 
0 . 7?6 0. 80? N A 
0. 9 0.0 MA 
o . 7 0.0 - - - . :a 
0. 0 0.0 N A 
p 9 0.0 N A 
9 . P "~ 0.0 ' NA 
0. 9 0.0 MA 
0. 3 0.0 V. A 

"0 . 0.0 NA 
0. 301 0.0 NA 

937 0.0 M A, 

" 0. 3 0.0 
p. 7 0.0 NA 
0. 1 66 0. 076 NA 
9. 0 6 9 " o.Tmr Mfi 
0. 31? 0.745 

' I °N 
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A \' - ? A r, ( - r r * r 0 7 ^ ^ "* 3 I P C S T A N / " AP n 6 0 . M T F P O O « M MS / r . j r x i r -*p 

— r: c -; t ="-) " r y b c f T r~n~ " " P , F n v F T P f r F V D c r r r n P° Hr7 A H 1 ( 1 r v 3 P O ^ AH J l I T V or T"*r . T I ON- n c A V I i | * T j r « j -
A * I H ' ^ T I " S T A M O A P O « A X T or F x r c r n p r , F ? P O ' J c N r . Y — 'VA Y5 n F p y c A " 

- - - ^ '• 'F A M " F A*-1 3 F V ! A T t ^ N r n MT FfM 7 r> a T 1 P ^' <; T A M O A O 0 1 122 7 65 

74?. 7 7 7 1 . 60. 5 0 . I .00 5 0 . 0 . 0 O.o 0 . 0 M A 
7 4 ? . 7 T 7 7 64. 6 4 . 1 . 0 0 5 ft . 0.0 0 . 0 0 . 0 \ A 

7 4 ? . 3 7 7 4 . 6 P . 5 n . 1. .on ^ ^ ^ 0.014 "~ O . O J 3 0.0 *' A 
7 4 ? . 7 7 3 ' , . 69. 6 0 . 1 .00 5 0 . 0.043 0 . 0 4 2 0 . 0 0 7 MA 
7 4 7 . ? 7 ? . 60. s o . 1 . 0 0 6 0. 0 .061 0 . 0 S 9 n. 01 4 \ ' A 
7 4 4 . 3 7 7 0 . " " 50. s o . 1 .00 ^ - » . 0 . 0 0 . 0 n . 0 MA 
7 4 ' . . 3. 7 1 ? . 5 3 . 5 7 . 1 . n o 53 . 0.0 0 . 0 0 . 0 MA 
7 4 4 . 7 7 - ) ' , 56. S 6 . 1 . 0 0 6 6 . 0.00? 7 . 7 "> 7 0 . 0 V A 
7 4 4 . 3 7 7 ' . 57. S 7 . l . on 57 . 0 . 0 o ft O.OOft 0 . 0 " 
74 4 . 3 7 7 f . SP . 5 ° . 1 .00 53 . 0.02? 0 . 0 7 1 0 . 0 0 2 V A 
7 3 7 . 3 7 4 7 . 6 ? . 6 7 . 1 .00 6 ? . 0. 17ft 0.176 0 . 0 0 3 \ A 
7 7 7 . 7 7 C 1. 

A 4 . ~ 6 4 . ~~ L .00 " " "6 4 . 0.37S 3 . 7 7 I 0 . 3 2 3 ' 
7 7? . 3 7 4 3 . 6 ? . 6 ? . 1 . 0 0 6 ? . 0 . IP7 0 . 1 7 4 0. 100 M ^ 
7 ? 4 . 7 7 / , 7 . 4 7 . 6 7 . 1 . 0 0 ft7. 0 . 7 ' 0 0 . ' 4 2 0 . f t ? l M « 

73 4 . 3 7 4 7 . 57. 6 7 . 1 . 0 0 6 7 . " 0.71? 0 . 7 J A , 0 . 79 1 
7 7 4 . 3 74 4. ' • 6 . 6 6 . 1 . 0 0 6 6 . 0.644 0 . "ft 4 ft O . 707 MA 
7 7 ft . 1 7 4 1 . 7? . 7? . 1 .00 7 7 . 0 . ft 7<7 0.301 0 . 9^ 7 M A 
7 3 <•. ? 7 4 7 . 70." ~ 7 0 . "~ l . 0 0 " 7 0 . 0.625 0 . 6 ? S 0 . 6 7 7 
7 3 •'• . 7 7 ' . ' , . 4 ' ' . 1 . 0 0 ft C . 0 . 4 0 " 7 .415 0. 3 71 V A 
7 7 ' . . 7 7 ' . ' . 4 5 . 65. I . 0 0 6 5 . 0 . lfto 0 . I 7 0 0. 106 V A . 
7 7 f t . ~ 3 7 4 3 . 61". 6 1. 1 .00 "61 . 0.064 n . 0 5 3 """ " 0 . O i T ' " " " M A - " 
7 7 P . 7 7 4 7 . 76. 7 6 . I . 0 0 76. 0 . 904 0.9O4 1 . 0 0 0 MA 
7 7 3 . 7 7 4 ? . 76. 7 f t . 1.00 76 . 0 . 9 - 7 3 0 . 9 0 3 I . 0 0 0 MA. 
7 3-1. 7 7 4 4 . 53. ft 7 . 1 .00 6 3 . 0 . 5 * 7 0 . s n y ' ' 0 . 4 7 2 MA — 
7 7 3 . 3 7 4 6 . 6 5. 65 . 1 . 0 0 65 . 0.2aft 0 . 2 ° 5 0 . 224 MA. 
77 7 . 7 7 4 0 . 6 ? . 6 7 . 1 . 0 0 6 ? . 0.106 O . l 04 0 . 03 7 MA 
74 3 . 7 7 4 7 . 6 6 , 6 6 . 1 .00 4 6 . " 0 . 3 ° 7 0.7Q7 0 . 352 ~ V A • 

747 . 7 7 4 ? . S O . 5 0 . 1 . 0 0 s o . 0 . 026 0. 0?6 0 . 0 0 3 MA 
7 4 7 . 7 744. 52. 5 ? . 1 . 0 0 5 ? . 0 . 0 0 . 0 0 . 0 MA 
74 7 . 7 746.""""" 43. 4° . 1 . 0 0 " 4 3 . 0 . 0 0 . 0 0 . 0 MA "" ' 
7 4 7 . 3 74 3. 45. 45 . 1 . 0 0 45 . O . O 0 . 0 O . O M.A 
74? . 3 743. 61. 6 1. I.00 6 1 . O . 0 P 4 0.032 0 . 0 2 4 MA 
74?. 3 7 4 ? . 60. 60 . l . o o * 0 . 0 . 0 5 5 0.OS4" " " " O . O i r K'A " ~ " 
74?. U U . 61 . 51 . l . 0 0 5 1 . 0 . 0 0 . 0 0 . 0 MA 
74?. 3 74' . 47. 47 . 1.00 47 . 0 . 0 O . O 0 . 0 N'A 

74? . 7 7 4 3. 4 4 . 4 4 . 1 . 0 0 4 4 . 0 . 0 ' O . o O . O M 5 
74 4 . 3 740. 57. 6 7 . 1.00 6 7 . O . O O 7 0. O07 0 . 0 MA 
7 44 . 7 7 4 ? . 54. 54 . 1 . 0 0 54. 0 . 0 0 . 0 0 . 0 ma 
744 . 3 7 4 4 . 52. 5 7 . 1 . 0 0 S? . """"" 0 . 0 0 . 0 0 . 0 MA _ k — 
74 4 . 3 7 4 S . 43. 4 « . I . 0 0 4 0 . 0 . 0 n . 0 0 . 0 MA O 
74 4 . 3 7 4 9 . 46. 45 . 1 . 0 0 45 . 0 . 0 0 . 0 0 . 0 MA - P " 
7 7 6 . 7 7 f 7 . 60. 6 < 7 . 1.00 0 .034 0 . 0 7 2 ^ " 0 . 0 0 T — MA ' • -
77-7 . 7 7 6 7 . 60. 60 . 1 .00 6 0 . 0 . 0 5 7 0 . oss 0 . 01 2 MA 
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0 R Vf-*TT P M R N » . R C V T R A T [ PNJ C T A N P A P P A j 172 3 6 5 

733. •» 7 S ? . 5 7 . S7 • 1 • O P 57. N . 0 0 6 3 . 9 9 5 0.0 N A 

77 3 . 7 7 5 4 . 5 6 . 
6 6 1 . 9 9 5 4 . 

3 .002 0. P A ? P . 3 N A 

7 7 . 7 7 =; «S . 
5 4 . 

5 4 1 . O P 5 4 . 3 . 0 9 . 9 
3.0 

~ N A 
7 7 9 . 7 7 S >7 . 

51 . 5 1 1 . 0 P 
6 1 . 9.0 3 0 . 0 * !\ 

7 '.-3 . 

7 V I . 
7 7 r- <•*• . 
3 7 " 7 . 

6 1 . * 1 1 . P 9 
6 1 . 

0.0^7 •3,30c, 0 . 93? M A 7 '.-3 . 

7 V I . 
7 7 r- <•*• . 
3 7 " 7 . 5 7 . 

A 3 . 1.99 
6 3 . 9 . 0 L I 

9 . 9 1 0 P . O M * 
7 4 0 . 3 7 64 . 6 6 . 6 A 1 . E O 6 4 . 0 . 0 O ? 

3 . 3 9 2 9.0 \ A 
7 V " ) . 7 7 /•, 5 R » . 

5 5 I . P P 5 1 . 0 . 0 3.3 9.0 N A 
7 4 1 . 3 7s". 5 7 . 5 ? 1.0 9 5 ? . 3 . 0 9.3 P . 9 N A 

747. 3 7 R> 9 . 6 9 . A 3 1 . 0 9 
6 9 . 9 . 0 6 4 P . 3 A 7 9 . 0 1 5 MA 

74? . ? 7 5 ? • 5 7 . r> 7 l . P P 5 7. 0 . 0 0 4 9 . ^ P 7 

9 . 9 M A 
7 ' . ' . ' 4 ' 5 6 . R A . 1 . 0 9 r' 6 0 . 0 9 ? 9 . 3 3 2 P . 9 Kl .» — 
7 4? . 1 7 ^ - . 5 5 . 55 1 . 0 3 5 6 . 0 . 0 9 . 3 P . O N A 

7 4 ? . 7 7 ~ 7 67. 6 ? 1 . 0 9 5 7 • 0.0 0 . 3 
P . 0 M « 

7 4 4 . 
7 7' . 3 . 6 1 . " 6 1 

1 . 0 9 6 1 . 0 . 0 ^ 6 9 . ^ 3 0 . 9 3 1 " »' A. 
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5 ° . 5 3 I . 0 9 5 8 . 0.010 3 . 3 1 0 P . O N> A 

7 4 4 . 7 7 -> 4 . 5 6 . 
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P . 3 " • " ' 0.0 F- ; .» 

7 4 4 . 7 7 i ̂  . 5 ? . 5 ? 1 . 0 9 K ? . 3 . 0 9 . 3 P . O N A 
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0 . 0 9 . T 

9 . 0 V A 

7 4 3 . 7 7 I /f 47. " 47 ~ 1.00 4 7. 3 . 0 9 . 9 0.0 N A 

7 4 0 . 3 7 A P . 46. 4 5 
L . 00 45. 0.0 0 . 9 0.0 N A 

74 9 . 3 7 7?. 43 . 4 7 1.00 4 3 . 0 . 0 0 . 9 0.0 N A 
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7 7 7A . 4 ! . 4 1 . "~ " 1.00 

" 4 1 . 9.0 9 . 9 " O . ' O M \ - -

7 4 4. 3 7 ' 9 . 
5 9 . 6 9 1 . 0 3 6 0 . P . O 9 0.0 N A 

7 4 4 . 7 7 I. /, # 44 . 4 6 1 . 0 " 4 6 . . 0.0 P . 9 0.0 N A 

744 . 3 7 A . " 4 4 . 
4 4 . ' ' "" I . 0 3 " ~ 4 4 . ' 0 . 0 9 . 9 0.0 N A -

744 . 
7 7 7 2 . 4 3 . 4 3 1.00 43. 0.0 3 . 3 0.0 N A 

74 4 . 3 7 7 A . 
41 . 

4 1 1.93 4 1 . 0.0 
0 . 9 0.0 MA 

7 4 3 . 3 7<,/+. 4 6 . ' 4 A 
. " '" ~ I . 0 9 4 6 . 
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3 . 9 " 0 . 0 ' Ki 

747. 3 7 AO . 
4 4 . 4 4 1 . 0 0 

4 4 . 0 . 9 0 . 9 0.0 N A 

743. 777?. 43 . 4 ? 
1.00 43. 0 . 0 9 . 9 0.0 N A 
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4 2 . . 4 ? 

1.P0 
4 ? . 3.0 0.9 

N I 
7 5 ? . 3 7 6 8 . 4 4 . 44 1.00 
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7 5 ? . 377? . 4 ? . 4 ? • 1.00 

4 ? . 0.0 9 . 9 0.0 N A 
7 5 ? . ? 7 7 A . 41 . 4 1 

I .00 4 1 . 0.0 '" 9 . 9 079" *JA 7 ^ . 3 7 A R . 43. 43 1.0P 43. 3.0 9 . 9 0.0 N A 
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7 4 4 . 3 7 3 7 75. 2 ? . 1.66 Oft . 0.0 0.0 0.0 0 . 0 

7 44. 3 73 4 23. 24. 1.74 124 . 0.0 0.0 0.0 
0 . 0 

7 4 4 . 7 7 3 6 31. 26. ~1 . ft> 15 1." 0.0 " 
0 . 0 0 . 0 0 . 0 

7 44. 3 7 7 3 3 5 . 2°. 1.32 169. 0 . 0 0 . 0 0 . 0 0 . 0 
7 3 7 . 77/,0 • 2 0 . is. l.OO 10°. 0.0 0 . 0 0 . 0 0 . 0 

7 ^ •> 
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