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A B S T R A C T  

A  s i m p l e  d a t a  a n a l y s i s  m e t h o d  c a l l e d  t h e  T r a c e r - A e r o s o l  

G r a d i e n t  I n t e r p r e t i v e  T e c h n i q u e  ( T A G I T )  i s  u s e d  t o  a t -  

t r i b u t e  p a r t i c u l a t e  S  a n d  S O a  a t  B i g  B e n d  N a t i o n a l  P a r k  i n  

T e x a s  a n d  n e a r b y  a r e a s  t o  l o c a l  a n d  r e g i o n a l  s o u r c e s .  

P a r t i c u l a t e  S  a t  B i g  B e n d  i s  o f  c o n c e r n  b e c a u s e  o f  i t s  e f f e c t s  

o n  a t m o s p h e r i c  v i s i b i l i t y .  T h e  a n a l y s i s  u s e d  p a r t i c u l a t e  S ,  

S O z ,  a n d  p e r f l u o r o c a r b o n  t r a c e r  d a t a  f r o m  s i x  6 - h r  s a m -  

p l i n g  s i t e s  i n  a n d  n e a r  B i g  B e n d  N a t i o n a l  P a r k .  T h e  d a t a  

I M P L I C A T I O N S  
The Carbon I and Carbon II coal-fired power plants in 

Coahuila, Mexico, are the largest sources of SO2 emissions 

in the area near Big Bend National Park. There has been 

concern that these plants contribute much of the haze at 

the park. Our analysis indicates that local sources (such as 

the Carbon plants) contributed a majority of SO*, but only a 

small fraction (approximately 10%) of the particulate S04’-, 

on average, in the vicinity of Big Bend during the BRAVO 

study. Emissions reductions from more distant regional 

sources and from the Carbon plants are needed to sub- 

stantially reduce particulate S and improve visibility at Big 

Bend National Park. 
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w e r e  c o l l e c t e d  i n  s u p p o r t  o f  t h e  B i g  B e n d  R e g i o n a l  A e r o s o l  

a n d  V i s i b i l i t y  O b s e r v a t i o n a l  ( B R A V O )  S t u d y ;  t h e  f i e l d  p o r -  

t i o n  w a s  c o n d u c t e d  f r o m  J u l y  t h r o u g h  O c t o b e r  1 9 9 9 .  

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

t o w e r  a t  E a g l e  P a s s ,  T X ,  a p p r o x i m a t e l y  2 5  k m  n o r t h e a s t  o f  

t w o  l a r g e  c o a l - f i r e d  p o w e r  p l a n t s  ( C a r b o n  I  a n d  I I )  i n  

C o a h u i l a ,  M e x i c o ,  a n d  a p p r o x i m a t e l y  2 7 0  k m  e a s t - s o u t h -  

e a s t  o f  B i g  B e n d  N a t i o n a l  P a r k .  

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

t h e  l o c a t i o n  o f  t h e  e m i s s i o n s  f r o m  t h e  C a r b o n  p o w e r  

p l a n t s  f o r  i n d i v i d u a l  6 - h r  s a m p l i n g  p e r i o d s  a n d  a t t r i b u t e d  

o n l y  3 %  o f  t h e  p a r t i c u l a t e  S  a n d  2 7 %  o f  t h e  S O a  a t  t h e  

6 - h r  s i t e s  i n  a n d  n e a r  B i g  B e n d  t o  s o u r c e s  r e p r e s e n t e d  b y  

t h e  t r a c e r .  A n  a l t e r n a t i v e  a p p r o a c h  u s i n g  S O 2  t o  t a g  “ l o -  

c a l ”  s o u r c e s  s u c h  a s  t h e  C a r b o n  p l a n t s  a t t r i b u t e d  1 0 %  o f  

t h e  p a r t i c u l a t e  S  a n d  7 5 %  o f  t h e  S O 2  a t  t h e  6 - h r  s i t e s  t o  

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

r e g i o n a l  ( 6 . S - 8 6 % )  a n d  a  s m a l l  f r a c t i o n  ( 1 9 - 3  1 % )  o f  t h e  

l o c a l  S O 2  w a s  c o n v e r t e d  t o  p a r t i c u l a t e  S .  T h e  a n a l y s i s  

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

B e n d  N a t i o n a l  P a r k  c a n n o t  b e  a c h i e v e d  b y  o n l y  r e d u c i n g  

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

e m i s s i o n s  f r o m  m a n y  s o u r c e s  o v e r  a  r e g i o n a l  a r e a  w o u l d  

b e  n e c e s s a r y .  
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BNL-71197-2003-JA



INTRODUCTION 

The Big Bend Regional Aerosol and Visibility Observa- 

tional (BRAVO) study was designed to understand the 

long-range transport of visibility-reducing particles from 

regional sources in the United States and Mexico and to 

quantify the contributions of specific U.S. and Mexican 

source regions and source types responsible for poor vis- 

ibility at Big Bend National Park in Texas.1 Analyses con- 

ducted during the study design phase identified several 

sources of particular interest: the Carbon I and Carbon II 

coal-fired power plants located approximately 270 km 

east-southeast of Big Bend National Park, other urban and 

industrial sources in northern Mexico, coal-fired power 

plants along the lignite belt in Texas, which runs from the 

northeast corner of Texas southwest toward the Carbon 

I/II facilities in Mexico, and other urban and industrial 

sources in east Texas. Figure 1 is a map of gridded SO2 

emissions in the study region. The very large and highly 

variable source in southern Mexico is the Popocatepetl 

volcano with average SO2 emissions estimated at an an- 

nual rate of approximately 1.7 millions t/yr during the 

study period. Estimated SO2 emissions of 240,000 t/yr for 

the Carbon I/II power plants are shown just south of the 

U.S./Mexico border approximately 270 km east-southeast 

of Big Bend National Park. 

The field study conducted from July through October 

1999 included many gaseous, aerosol, meteorological, 

Green et a/. 

and optical measurements. The study also included 

release of perfluorocarbon tracers at four locations and a 

network of 37 PMZ.5 and SO2 samplers, and 24 tracer- 

sampling sites collocated with the aerosol sites. Most of 

the tracer, aerosol, and SO2 sampling sites collected 24-hr 

averaged data; however, six 6-hr tracer, PMZ.5, and SO2 

sites were located along an approximately 300-km-long 

arc running north-northeast from the Rio Grande River at 

Big Bend National Park. The 6-hr monitoring sites and 

tracer release locations are shown in Figure 2. The Mona- 

hans Sandhills 6-hr site (the most northerly site) was not 

used in the Tracer-Aerosol Gradient Interpretive Tech- 

nique (TAGIT) analysis that follows because it is appar- 

ently impacted from time to time by a nearby SO2 source. 

A variation of the TAGIT analysis first used in Project 

Measurement of Haze and Visual Effects3 (MOHAVE) was 

applied to the BRAVO data set to apportion particulate S, 

SO2 S, and total (particulate + SOZ) S at the 6-hr sampling 

sites. In Project MOHAVE, the perfluorocarbon tracer ortho- 

perfluorodimethylcyclohexane (oPDCH) was injected di- 

rectly into the stack of the Mohave Power Project at a rate 

proportional to power production and, hence, SO2 emis- 

sions.4 The tracer oPDCH is 45% ortho-&perfluorodimeth- 

ylcyclohexane (ocPDCH), which is detected using elec- 

tron-capture gas chromatography5 and is the isomer 

used for reporting concentrations. In BRAVO, tracer re- 

lease by injection into the Carbon I and II power plants 

Figure 1. Gridded 1999 SO2 emissions in the study region, Big Bend National Park is the small black area near the center of the figure. 
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6 Hour BRAVO Network Configuration 

; e  S i t e  1  

~  %  T r a c a r  R e l e a s e  S i i e s  i 
\ I 0 0  0  1 0 0  2 0 0  K i l o m e t e r s  ““--7 m 

Figure 2. S i x - h r  m o n i t o r i n g  s i t e s  a n d  t r a c e r  r e l e a s e  l o c a t i o n s ,  S i x - h r  

s i t e s  I n c l u d e  M o n a h a n  S a n d h i l l s  ( M O N A ) ,  F o r t  S t o c k t o n  ( R S I ,  M a r a t h o n  

( M A R A ) ,  P e r s i m m o n  G a p  ( P R S G ) ,  B i g  B e n d  ( B I B E ) ,  a n d  S a n  V l c e n t e  

( S N V I ) .  O n l y  d a t a  f r o m  t h e  E a g l e  P a s s  t r a c e r  r e l e a s e  a r e  u s e d  f o r  t h i s  

a n a l y s i s .  T h e  C a r b o n  p o w e r  p l a n t s  a r e  l o c a t e d  2 5  k m  s o u t h w e s t  o f  E a g l e  

P a s s .  

w a s  n o t  p o s s i b l e ,  s o  o P D C H  w a s  r e l e a s e d  c o n t i n u o u s l y  

f r o m  E a g l e  P a s s ,  T X ,  a t  a  n e a r l y  c o n s t a n t  r a t e  ( n o m i n a l l y  

4 3  m g / s e c )  f r o m  J u l y  5  u n t i l  N o v e m b e r  1 .  T h e  r e l e a s e  w a s  

i n t e n d e d  t o  a p p r o x i m a t e  t h e  p l u m e s  f r o m  t h e  C a r b o n  I  

a n d  C a r b o n  I I  p o w e r  p l a n t s  i n  t h e  s t a t e  o f  C o a h u i l a ,  

M e x i c o ,  a n d  a p p r o x i m a t e l y  2 5  k m  s o u t h w e s t  o f  t h e  E a g l e  

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

1 0 7 - m - t a l l  t o w e r .  D e t a i l s  o f  r e l e a s e s  f o r  a l l  a r t i f i c i a l  t r a c e r s  

u s e d  i n  t h e  s t u d y  a r e  d e s c r i b e d  e l s e w h e r e . l , G  C a r b o n  I  h a s  

a  c a p a c i t y  o f  1 2 0 0  M W  a n d  C a r b o n  I I  h a s  a  c a p a c i t y  o f  

1 4 0 0  M W .  S t a c k  h e i g h t s  f o r  t h e  p l a n t s  a r e  1 2 0  m .  T h e  S O 2  

a n d  p a r t i c u l a t e  S  s a m p l e s  w e r e  c o l l e c t e d  u s i n g  I n t e r -  

a g e n c y  M o n i t o r i n g  o f  P r o t e c t e d  V i s u a l  E n v i r o n m e n t s  

( I M P R O V E )  s a m p l e r s  a n d  a n a l y z e d  a t  t h e  U n i v e r s i t y  o f  

Table 1. C o r r e l a t i o n  c o e f f i c i e n t s  b e t w e e n  S O 2  a n d  O C P D C H  a t  6 - h r  s i t e s .  

B I B E  o c P D C H  

R S T  o c P D C H  

M A R A  o c P D C H  

P R S G  O C P D C H  

S N V I  o c P D C H  

BIBE FTST MABA PUG SNVI 

SGz SO* SO2 SOL? SO* 

0 . 0 9  0 , 0 2  - 0 , 0 9  - 0 , 0 7  0 , 2 0  

0 . 1 5  0 , 1 2  0 . 4 0  0 . 4 1  0 . 1 6  

0 . 0 3  - 0 , O l  0 , 0 7  0 . 1 3  0 . 1 1  

0 , 0 3  0 . 0 6  - 0 . 0 2  - 0 , 0 2  0 , 0 7  

0 . 1 4  - 0 , 1 3  - 0 , l l  - 0  1 4  0 . 3 4  

y =  O . O 7 x +  6 0 0 . 8 2  

0 2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0  1 2 0 0  

a v e r a g e  o c P D C H  S  ( n g / m 3 )  

Figure 3. R e l a t i o n s h I p  b e t w e e n  a v e r a g e  S O *  S ,  p a t i i c u l a t e  S ,  a n d  

o c P D C H - e q u i v a l e n t  S  a t  r i v e  6 - h r  s i t e s  T h e  o c P D C H  S  I S  c a l c u l a t e d  b y  

m u l t I p l y i n g  t h e  o c P D C H  c o n c e n t r a t i o n  b y  t h e  r a t l o  o f  t h e  e s t i m a t e d  S O 2  

S  e m i s s i o n s  r a t e  f r o m  t h e  C a r b o n  p l a n t s  t o  t h e  o c P D C H  e m i s s i o n s  r a t e  

f r o m  E a g l e  P a s s .  D a t a  W u d e  p e r i o d s  w h e n  S O * ,  S ,  a n d  O C P D C H  a r e  

g e n e r a l l y  a v a I l a b l e ;  n o t  i n c l u d e d  i s  t h e  p e r i o d  b e f o r e  A u g u s t  5 ,  w h e n  S O 2  

w a s  n o t  a v a i l a b l e ,  

C a l i f o r n i a  a t  D a v i s  u s i n g  t h e  s t a n d a r d  I M P R O V E  m e t h o d -  

o l o g y . ’  

T A G I T  i s  a  r e c e p t o r  m o d e l  t h a t  c a n  a t t r i b u t e  p r i m a r y  

o r  s e c o n d a r y  s p e c i e s  a s s o c i a t e d  w i t h  t h e  s o u r c e  “ t a g g e d ”  

b y  t r a c e r  r e l e a s e  o r  o t h e r  s u r r o g a t e .  T h e  a p p r o a c h  i s  s i m -  

p l e .  F o r  e a c h  s a m p l e  p e r i o d ,  t h e  b a c k g r o u n d  c o n c e n t r a -  

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

a v e r a g i n g  t h e  c o n c e n t r a t i o n s  o f  t h e  s p e c i e s  a t  n e a r b y  s i t e s  

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

s i g n i f i c a n t l y  a b o v e  b a c k g r o u n d  ( f o r  o c P D C H ,  d e f i n e d  a s  

g r e a t e r  t h a n  t w i c e  t h e  u n c e r t a i n t y  o f  t h e  m e a s u r e m e n t  

a b o v e  g l o b a l  b a c k g r o u n d ) .  T h i s  b a c k g r o u n d  f o r  e a c h  s a m -  

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

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

-1500 - 1 0 0 0  - 5 0 0  0  5 0 0  1000 1 5 0 0  2 0 0 0  2 5 0 0  

T A G I T  p a r & M a t e  S  @ g / m ?  

Figure 4. C u m u l a t i v e  f r e q u e n c y  d j s t r i b u t i o n  o f  T A G I T  a t t r i b u t i o n  o f  

p a t i i c u l a t e  S ,  b y  s i t e ,  

5 8 8  J o u r n a l  o f  t h e  A K  &  W a s t e  M a n a g e m e n t  A s s o c i a h o n  V o l u m e  5 3  M a y  2 0 0 3  
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Table 2. Average TAGIT-attributed padiculate S (ng/m3) at each sate for periods with elevated tracer concentrations. Also shown are the average particulate S, percentage of S at 

the sites attrrbuted by TAGIT, and the percentage of observations with tracer above background 

BIBE FTST MAGA PRSG SNVI All 

(n = 16) (n = 55) (n = 41) (n = 45) (n = 12) (n = 169) 

Average TAGIT-Attributed S 86 ? 65 66 2 69 75 2 37 75 2 48 189 ? 90 80 2 26 

Average S for TAGIT Assessment Periods 899 1038 942 954 803 958 
% S Attrrbuted for Impact Periods 9.6 5 7,2 6,4 2 6.6 8.0 + 3,9 7,9 ? 5 0 23.5 2 11,2 8,4 2 2,7 

% of Periods with ocPDCH > Background 22 50 48 37 16 35 

corresponding sample periods. The difference is the con- 

centration attributable to the tagged source. 
The 24-hr sites were not used in the analysis for two 

reasons: (1) the sites were spread over a large geographic 
area, and thus were likely to have significantly varying 
background S concentrations; and (2) the 24-hr network 

was shut down for much of the study because of delays in 
development of the electron capture gas chromatography 
system needed to analyze samples promptly so that the 
sampling tubes could be cleaned and reused. 

The use of a constant release rate for BRAVO com- 
pared with a rate proportional to SO2 emissions as was 
done for Project MOHAVE does not affect the use of 
TAGIT in any fundamental manner. It is possible that 

releasing tracer at a constant rate for BRAVO could result 
in significant tracer concentrations even during periods 
when the Carbon power plants were shut down; however, 
the TAGIT attribution should give zero S attribution to 

these plants for these periods because there would have 
been no SO2 emissions from these sources. 

density at the other sites was estimated by using the 

average virtual temperature and pressure at Big Bend and 

integrating the hydrostatic equation with an assumed 

virtual temperature lapse rate of 6.5 ‘C/km to calculate 

average pressure and virtual temperature at the other 

sites. All particulate S, SOa, and total S mass concentra- 

tions were standardized to the average atmospheric 

density at the BIBE site of 1.042 kg/m3 that was obtained 

from National Oceanic and Atmospheric Administration 

(NOAA) meteorological measurements at K-Bar Ranch in 

Big Bend National Park by multiplication by the ratio of 

the BIBE density to the site density. 

It should be noted that the mass concentration data 
of the species of interest are normalized to a common 
atmospheric density for all sites. This eliminates the com- 
ponent of spatial gradients that are a function of air 
density but would be equivalent in terms of volumetric 
ratios (e.g., ppb). The sites ranged in elevation from 549 to 
1280 m mean sea level. Atmospheric pressure, tempera- 
ture, and relative humidity measurements at the Big Bend 

National Park monitoring site (BIBE) were used to directly 
calculate density at that site on an hourly basis, which 

was then averaged over the entire study period. Average 

Uncertainties in the attribution method arise from 

the assumptions that variations in the background con- 

centrations can be ignored and that there is no impact 

from the tagged source if the tracer concentration is less 

than the level considered to be “significantly” above its 

background. Uncertainty associated with both of these 

assumptions can be quantified. Unless background con- 

centrations of the species vary systematically in space (as 

they may well do), the first type of uncertainty is random, 

rather than a systematic bias. The second uncertainty 

mentioned, assuming no impact from the tagged source 

when the tracer is not statistically above background, 

would lead to an underestimation of attribution. This is 

because uncertainty in the tracer concentration can result 

in sites being designated background though they are 

impacted by the tagged source. Its species concentrations 

are then used when computing the average background to 

be subtracted from the concentration at the receptor sites. 

Table 3. Correlation matrix for paniculate S at 6.hr sites, Table 4. Correlatron matrix for SO* at 6.hr sates. 

BIBE S 

FTST S 

MARA S 

PRSG S 

SNVI S 

BIBE 

S 

1 ,oo 

0.75 

0 78 

0,87 

0.94 

FTST 

S 

1.00 

0.87 

0 82 

0 75 

MAGA 

S 

1 ,oo 

0,90 

0,78 

PRSG 

S 

I,00 

0,84 

SNVI 

S 

LOO 

BIBE SO* 

FfST SO2 

MARA SO* 

PRSG SO* 

SNVI SOP 

BIBE 

SGz 

I .oo 
-0,04 

0.04 

0,24 

0,78 

FTST 

SG* 

1 ,oo 

0 47 

0,29 

-0.04 

MAGA 

SG* 

100 

0,58 

0.11 

PRSG 

SGZ 

1 ,oo 

0 20 

SNVI 

SGZ 

1.00 
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Table 5. Correlation matrix for ocPDCH at 6.hr sites, 

BIBE FTST MABA PRSG SNVI 

OCPDCH 0cPDcH OCPllCtl 0cPDcH OCPDCH 

BIBE oc 1 ,oo 

FTST oc 0,28 1 .oo 

MARA oc 0,36 0.53 1 ,oo 
PRSG oc 0,42 0,44 0.41 1 ,oo 

SNVI oc 0,76 0,34 0.32 0,32 1 .oo 

T A G I T  c o m p u t e s  a t t r i b u t i o n  o n  a  s a m p l e - p e r i o d - b y -  

s a m p l e - p e r i o d  b a s i s .  S o m e  p e r i o d s  w i l l  h a v e  a  n e g a t i v e  

c o n c e n t r a t i o n  a t t r i b u t e d  t o  t h e  t a g g e d  s o u r c e ;  i n  P r o j e c t  

M O H A V E ,  t h e s e  n e g a t i v e  v a l u e s  w e r e  g e n e r a l l y  w i t h i n  t h e  

c a l c u l a t e d  u n c e r t a i n t y  o f  0 .  T h e  r e s u l t s  a r e  m o s t  m e a n -  

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

s u c h  a s  t h e  a v e r a g e  o v e r  t h e  f i e l d  s t u d y .  T h e  a s s u m p t i o n s ,  

u n c e r t a i n t i e s ,  a n d  l i m i t a t i o n s  o f  T A G I T  a r e  d i s c u s s e d  i n  

d e t a i l  e l s e w h e r e . 2  

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

a n d  C a r b o n  p o w e r  p l a n t  p l u m e s  a n d  d e c r e a s e d  i n i t i a l  

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

s i o n s .  T h e  b u o y a n t  e m i s s i o n s  w o u l d  b e  a t  h i g h e r  l e v e l s ,  

p a r t i c u l a r l y  a t  n i g h t  w h e n  v e r t i c a l  m i x i n g  i s  l i m i t e d .  S y s -  

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

l o w e s t  4 0 0  o r  s o  m e t e r s  h a s  b e e n  n o t e d  n e a r b y  a t  t h e  D e l  

R i o  r a d i o s o n d e  s i t e . l  D a y t i m e  t r a c e r  r e l e a s e  a n d  t r a n s p o r t  

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

e m i s s i o n s ;  h o w e v e r ,  t h e  t y p i c a l  t r a n s p o r t  t i m e  o f  1 2 - 1 5  

h r  f r o m  t h e  E a g l e  P a s s  t r a c e r  r e l e a s e  s i t e  t o  t h e  6 - h r  m o n -  

i t o r i n g  s i t e s 8  m e a n s  t h a t  m o s t  s a m p l e s  w i l l  s h o w  a  c o m -  

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

M E T H O D O L O G Y  

I n  t h e  B R A V O  S t u d y ,  T A G I T  w a s  f i r s t  u s e d  f o r  a t t r i b u t i o n  

o f  p a r t i c u l a t e  S ,  S O a ,  a n d  t o t a l  S  ( p a r t i c u l a t e  S  +  S O a  S )  

a s s o c i a t e d  w i t h  t h e  E a g l e  P a s s  a r t i f i c i a l  t r a c e r  r e l e a s e .  

( L a t e r  i n  t h i s  p a p e r  w e  d e s c r i b e  u s i n g  S O 2  r a t h e r  t h a n  a n  

a r t i f i c i a l  t r a c e r  a s  a  s u r r o g a t e  f o r  “ l o c a l ”  e m i s s i o n s . )  T h e  

T A G I T  a t t r i b u t i o n  w a s  d o n e  f o r  t h e  6 - h r  s i t e s  o n l y ;  t h e s e  

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

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

p e r i o d s  w h e r e  t h e  m e a s u r e d  O C P D C H  c o n c e n t r a t i o n s  a r e  

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

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

B r o o k h a v e n  N a t i o n a l  L a b o r a t o r y .  T h e  c o n c e n t r a t i o n  

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

a p p r o x i m a t e l y  0 . 1 3  f e m t o l i t e r s  p e r  L  @ L / L )  o r  p a r t s  p e r  

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

p r o x i m a t e l y  3 3 0  n g / m 3  o f  S O 2  S  f r o m  t h e  C a r b o n  p o w e r  

p l a n t s  i f  t h e  a s s u m e d  S O a  e m i s s i o n  r a t e  o f  2 4 0 , 0 0 0  t & r  

( 6 9 0 0  g / s e t )  i s  c o r r e c t .  

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

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

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

a c t u a l l y  b e  i m p a c t e d  b y  t h e  s o u r c e .  T h i s  w o u l d  h a v e  t h e  

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

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

s o u r c e .  B e c a u s e  t h e  C a r b o n  p l a n t s  a r e  l a r g e  i s o l a t e d  e m i t -  

t e r s  o f  S O a ,  a  g o o d  c o r r e l a t i o n  b e t w e e n  S O a  a n d  o c P D C H  

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

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

f i c i e n t s  b e t w e e n  S O 2  a n d  o c P D C H  a t  t h e  6 - h r  m o n i t o r i n g  

s i t e s  s h o w n  i n  T a b l e  1  a r e  l o w ,  i n d i c a t i n g  t h a t  t h e  t r a c e r  

r e l e a s e d  f r o m  E a g l e  P a s s  i s  n o t  d o i n g  a  g o o d  j o b  a t  t a g g i n g  

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

6 - h r  s a m p l e  p e r i o d s .  

T h e  h i g h e s t  c o r r e l a t i o n s  o c c u r  b e t w e e n  o c P D C H  a t  

F t .  S t o c k t o n ,  T X ,  a n d  S O 2  a t  i t s  t w o  n e i g h b o r i n g  s i t e s  t o  

t h e  s o u t h ,  M a r a t h o n  a n d  P e r s i m m o n  G a p .  W h i l e  f o r  i n -  

d i v i d u a l  s i t e s  a n d  6 - h r  p e r i o d s ,  t r a c e r  a n d  S O a  a r e  n o t  w e l l  

r e l a t e d ,  o n  a v e r a g e ,  b o t h  S O 2  a n d  o c P D C H  a r e  h i g h e r  a t  

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

s h o w n  i n  F i g u r e  3 .  F i g u r e  3  i n d i c a t e s  t h a t  t h e  t r a c e r  a n d  

S O 2  a r e  b e i n g  t r a n s p o r t e d  t o  s i m i l a r  a r e a s  o n  a v e r a g e .  T h e  

A t t r i b u t i o n  w a s  c a l c u l a t e d  f o r  e a c h  6 - h r  s i t e  a n d  s a m -  

p l e  p e r i o d  , w i t h  a n  O C P D C H  c o n c e n t r a t i o n  g r e a t e r  t h a n  

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

o n e  o f  t h e  o t h e r  f o u r  s i t e s  u s e d  h a d  o c P D C H  c o n c e n t r a -  

t i o n s  n o t  s i g n i f i c a n t l y  a b o v e  b a c k g r o u n d .  O f  t h e  3 3 7  p e -  

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

t r a c e r  d a t a ,  3 2  p e r i o d s  ( 9 . 5 % )  h a d  n o  s i t e s  w i t h  t r a c e r  a t  

b a c k g r o u n d  ( a l l  t r a c e r  s i t e s  a b o v e  b a c k g r o u n d ) .  F o r  t h e s e  

p e r i o d s ,  a t t r i b u t i o n  c a l c u l a t i o n s  c o u l d  n o t  b e  p e r f o r m e d .  
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A  s i g n i f i c a n t  l i m i t a t i o n  t o  t h e  u s e  o f  T A G I T  f o r  

B R A V O  i s  t h a t  t h e  o c P D C H  t r a c e r  w a s  n o t  r e l e a s e d  f r o m  

t h e  s t a c k s  o f  t h e  C a r b o n  p o w e r  p l a n t s .  T h e  r e l e a s e  f r o m  a  

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

Figure 5. Cumulative frequency distribution of S02, ocPDCH-related 

SO*, and SOP above background for the 6.hr sites, The background is 

insignificant at high concentration levels but is a significant fraction of the 

concentration at lower levels 
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T a b l e  6 .  U s e  o f  T A G I T  S O *  m e t h o d  f o r  a t t r i b u t i o n  o f  p a f i i c u l a t e  S ,  

B I B E  F T 6 T  M A B A  P R S G  S N V I  A U  

Average A t t r i b u t i o n  ( n g / m 3 )  1 3 6  2  1 8  3 8  k  2 1  9 5 2  2 1  1 3 8  I ?  2 0  4 2 ?  2 1  9 1 2 9  

%  o f  P a r t l c u l a t e  S  1 4 , 4  ?  I , 9  4 , 3  2  2 , 4  l O l k 2 2  1 4 , o  2  2 , o  4 . 6  2  2 . 4  9 . 8  2  I , 0  

good relationship between SO2 and tracer, on average, but 

lack of a strong relationship between particulate S and 

tracer suggest that impacts of the Carbon power plants to 

particulate S may be relatively small at these sites. This 

assumes that elevated SO2 is a good indicator of the po- 

tential impact area from the Carbon plants (by far the 

dominant SO2 source within 300 km of the sites) and that 

if sites that are frequently impacted by the Carbon emis- 

sions compared with neighboring sites do not have sig- 

nificantly higher particulate S than their neighbors then 

the impact from the Carbon plants on particulate S must 

be small. This also assumes that the background (non- 

Carbon plant) particulate S is similar among the sites. 

RESULTS 

TAGIT Using ocPDCI3 Tracer 

Because some displacement between the Carbon emis- 

sions and the tracer is expected on a sample-by-sample 

basis, it is most meaningful to consider results averaged 

over the entire study period. However, it should be rec- 

ognized that the method would tend to underestimate 

attribution to the Carbon plants for reasons explained 

previously. The cumulative frequency distribution of 

TAGIT particulate S attribution for each site is shown in 

Figure 4. This includes only those sampling periods where 

the site had tracer significantly above background, at least 

one site had tracer at background levels, and valid partic- 

ulate S data were available. Although tracer release started 

July 5, the particulate sampling did not begin until ap- 

proximately July 22 at the 6-hr sites. 

It can be seen that many values are below 0. It is also 

apparent that the frequency distribution among sites is 

similar, except for San Vicente, which did not have any 

large negative attributions. Table 2 summarizes the results 

for each site and the average for the five sites. Over all 

sites, the average attribution of particulate S was 80 ng/ 

m3, with a standard erior of the mean of 26 ng/m3. On 

average, 8.4% of the particulate S was attributed for 

T a b l e  7 .  U s e  o f  T A G I T  S O *  m e t h o d  f o r  a t t r t b u t i o n  o f  S O 2  S  ( S O J 2 ) .  

periods with elevated tracer concentrations (35% of all 

periods). 

The TAGIT analysis was also performed for SOZ. The 

average SO2 attributed (all sites) for periods with tracer 

above background was 350 2 144 nglm3 out of an average 

SO2 concentration of 1293 ng/m3. Thus, 27 2 11% of the 

SO2 was attributed for the impact periods. For total S 

(particulate and SO2 S), an average of 258 ? 90 ng/m3 of 

S out of an average of 1579 ng/m3 S was attributed by 

TAGIT. This is 16 2 6% of the total S for periods of 

elevated tracer. 

DISCUSSION 

The method does not attribute substantial fractions of the 

particulate S to the Carbon plants. Considering that the 

tracer is above background on average approximately 

35% of the 6-hr ieriods and that the attributed particulate 

S during these periods is only approximately 8% of the 

total measured particulate S, then an estimate of study 

period particulate S attributed by TAGIT is only approxi- 

mately 3%. However, as mentioned previously, because 

the Carbon and tracer emissions were not collocated, the 

method systematically underestimates the impact from 

the Carbon plants. While significant SO2 gradients exist 

across the area, and average values are higher where av- 

erage OCPDCH is higher, the particulate S is more regional 

in nature, as indicated by the correlation matrices shown 

in Tables 3-5. This suggests that much of the SO2 from the 

Carbon plants has not been converted to particulate S 

before arriving at the sampling sites. Tracer data showed 

that the most common transport time from Eagle Pass to 

the monitoring sites is on the order of 15-18 hr.8,g Except 

for periods with in-cloud conversion, not more than ap- 

proximately 20% of the SO2 is likely to convert, based on 

an assumed conversion of 2%/hr for 12 daytime transport 

hours. Wilson and McMurrylO calculated a conversion 

rate of 1.9 ? 0.8Oh/hr for another power plant in a desert 

environment, the Navajo Generating Station in Arizona, 

B I B E  F T 6 T  M A B A  P B 6 G  S N V I  A U  

A v e r a g e  A t t r i b u t i o n  ( n g / m 3 )  2 7 3  2  3 a  5 i a  5 4 0  4 3 4  ! I  3 9  5 3 1  2  5 3  1 7 9 2 2 9  3 9 7  k  1 9  

%  o f  s o 2  s  6 a k l o  7 6  k  6  7 6  2  7  7 9  k  a  6 1 2 1 0  7 5  ?  4  
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T a b l e  8 .  U s e  o f  T A G I T  S O 2  method f o r  a t t r i b u t i o n  o f  t o t a l  S  

B I B E  F T S T  M A B A  P R S B  S M V I  A l l  

A v e r a g e  A t t r i b u t j o n  ( n g / m 3 )  4 0 8  2  5 0  5 5 6  2  5 1  5 2 9  2  5 2  6 6 9  ?  6 5  2 2 1  2  4 1  4 a a  ?  2 4  

%  o f  t o t a l  S  3 1  k 4  3 6  k  3  3 5  ?  3  4 0  ?  4  1 9 2 3  3 3  2  2  

a t  n o o n  i n  J u l y .  A  d i u r n a l  a v e r a g e  o f  0 . 9  ?  0 . 4 % / h r  w a s  

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

a p p r o x i m a t e l y  2 7 %  o f  t h e  S O = ,  o n  t h e  a v e r a g e ,  c o m p a r e d  
w i t h  8 %  o f  t h e  p a r t i c u l a t e  S .  B e c a u s e  t h e  C a r b o n  p l a n t s  
a r e  t h e  l a r g e s t  i n  t h e  a r e a ,  t h e  2 7 %  m a y  b e  l o w ;  h o w e v e r  

t h e r e  a r e  o t h e r  s m a l l e r  n e a r b y  S O 2  s o u r c e s  i n  t h e  a r e a  t h a t  
m a y  b e  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  S O 2  a t  i n d i v i d u a l  

s i t e s  d u r i n g  s o m e  s a m p l e  p e r i o d s .  T h e  T A G I T  a t t r i b u t i o n  
o f  S O 2  t o  C a r b o n  i s  u n d e r e s t i m a t e d  f o r  t h e  s a m e  r e a s o n  a s  
t h e  p a r t i c u l a t e  S  a t t r i b u t i o n  b e c a u s e  o f  t h e  h o r i z o n t a l  a n d  
v e r t i c a l  d i s p l a c e m e n t  o f  t h e  C a r b o n  e m i s s i o n s  a n d  t h e  
o P D C H  r e l e a s e .  

T o  a s s e s s  t h e  r e a s o n a b l e n e s s  o f  t h e  T A G I T  a t t r i b u t i o n  
o f  t o t a l  S  f r o m  t h e  C a r b o n  I  a n d  I I  p o w e r  p l a n t s ,  t h e  
m a x i m u m  t o t a l  S  p o s s i b l e  f r o m  t h e  C a r b o n  p l a n t s  w a s  
e s t i m a t e d  f r o m  t h e  m e a s u r e d  t r a c e r  c o n c e n t r a t i o n .  T h i s  i s  

d o n e  b y  m u l t i p l y i n g  t h e  t r a c e r - d e r i v e d  d i s p e r s i o n  f a c t o r s  
b y  t h e  a s s u m e d  e m i s s i o n s  r a t e  o f  S O 2  f r o m  t h e  p l a n t s  
( 2 4 0 , 0 0 0  t / y r )  a n d  a s s u m e s  n o  l o s s  b y  d e p o s i t i o n  o f  S  

e m i t t e d  f r o m  t h e  p l a n t s .  B y  t h i s  m e t h o d ,  t h e  s i t e - a v e r -  
a g e d  m a x i m u m  p e r c e n t  o f  t o t a l  S  t h a t  c o u l d  b e  a t t r i b u t e d  
t o  t h e  p o w e r  p l a n t s  f o r  p e r i o d s  w h e n  t h e r e  a r e  t r a c e r ,  S O Z ,  
a n d  p a r t i c u l a t e  S  i s  s h o w n  h e r e  f o r  e a c h  s i t e .  

B I B E  F T S T  M A R A  P R S G  S N V I  A v e r a g e  
3 3 %  7 0 %  5 8 %  5 6 %  5 0 %  5 4 %  

T h e  a v e r a g e  m a x i m u m  p o s s i b l e  i m p a c t  o f  5 4 %  o f  t o t a l  S  i s  
i n  c o n t r a s t  w i t h  t h e  T A G I T  a n a l y s i s ,  w h i c h  s u g g e s t s  a n  

a t t r i b u t i o n  o f  a p p r o x i m a t e l y  6 %  o f  t o t a l  S  o v e r  t h e  

s t u d y  p e r i o d  ( 1 6 %  w h e n  i m p a c t e d  b y  3 5 %  f r e q u e n c y  o f  

i m p a c t ) .  O f  c o u r s e ,  t h e  r e a l  i m p a c t  w o u l d  b e  c o n s i d e r a b l y  

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

a n d  w e t  d e p o s i t i o n  o f  S O 2  a n d  p a r t i c u l a t e  S .  I f  h a l f  o f  t h e  

t o t a l  S  i s  r e m o v e d  v i a  d e p o s i t i o n ,  t h a t  w o u l d  s t i l l  l e a v e  

a p p r o x i m a t e l y  2 7 %  o f  t h e  t o t a l  S  c a u s e d  b y  t h e  p o w e r  

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

T A G I T  r e s u l t s .  I t  i s  q u i t e  p o s s i b l e  t h a t  t h e  n o m i n a l  e m i s -  

s i o n  r a t e s  u s e d  f o r  t h e  C a r b o n  p l a n t s  a r e  t o o  h i g h ;  t h i s  

w o u l d  c a u s e  t h e  t r a c e r  m a x i m u m  t o t a l  S  e s t i m a t e s  t o  b e  

t o o  h i g h .  F o r  p e r i o d s  w i t h  h i g h  S O Z ,  m o s t  o f  t h e  S O 2  

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

F i g u r e  5  s h o w s  t h e  c u m u l a t i v e  f r e q u e n c y  d i s t r i b u t i o n  

o f  m e a s u r e d  S O 2  a n d  t r a c e r - d e r i v e d  S O Z .  A l s o  s h o w n  i s  

t h e  S O 2  c o n c e n t r a t i o n  m i n u s  a n  e s t i m a t e d  b a c k g r o u n d  

S O 2  c o n c e n t r a t i o n  ( t h e  l o w e s t  o f  t h e  S O 2  v a l u e s  a t  t h e  f i v e  

s i t e s ) .  I t  c a n  b e  s e e n  t h a t  t h e  O C P D C H  S O 2  i s  a p p r o x i -  

m a t e l y  t w i c e  t h e  m e a s u r e d  S O 2  a t  t h e  h i g h e r  p e r c e n t i l e  

r a n g e s .  I t  i s  a l s o  a p p r o x i m a t e l y  t w i c e  a t  l o w e r  p e r c e n t i l e  

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

w o u l d  c e r t a i n l y  b e  s o m e  d e p o s i t i o n  o f  S O 2  b e t w e e n  t h e  

s o u r c e  a n d  r e c e p t o r ,  a s  w e l l  a s  s o m e  c o n v e r s i o n  o f  S O 2  t o  

p a r t i c u l a t e  S ,  l o s s  o f  o n e - h a l f  o v e r  a  t y p i c a l  1 5 - 1 8  h r  

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

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

t h o s e  f o r  t h e  t o w e r  r e l e a s e  f r o m  E a g l e  P a s s ,  b u t  i t  s e e m s  

u n l i k e l y  t h a t  t h e y  w o u l d  b e  a  f a c t o r  o f  2  h i g h e r  o v e r  t h e  

a p p r o x i m a t e l y  2 7 0  k m  t r a n s p o r t  d i s t a n c e s .  T h i s  s u g g e s t s  
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F i g u r e  6 .  M a t m u m  a n d  m i n I m u m  S O 2  a t  6 . h r  s i t e s  ( e x c e p t i n g  M o n a h a n s ) .  
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F i g u r e  7 .  MaImurn and minimum patiiculate S, and particulate S at site with lowest SOP (designated background sate) 

t h a t  t h e  e m i s s i o n s  e s t i m a t e  o f  2 4 0 , 0 0 0  t / y r  f r o m  t h e  C a r -  

b o n  p o w e r  p l a n t s  i s  t o o  h i g h ,  a t  l e a s t  f o r  t h e  s t u d y  p e r i o d .  

F o r  t h i s  e s t i m a t e ,  i t  w a s  a s s u m e d  t h a t  l o c a l  c o a l  i s  u s e d  t o  

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

c o a l  a n d  l o w e r  S ,  h i g h e r  e n e r g y  c o n t e n t  c o a l  f r o m  W y o -  

m i n g  t h a t  r e s u l t s  i n  l o w e r  S O 2  e m i s s i o n s .  R e c e n t  i n f o r m a -  

t i o n  o b t a i n e d  f r o m  t h e  g o v e r n m e n t  o f  M e x i c o  ( S e c r e t a r i a  

d e  E n e r g i a )  r e p o r t s  t h e  a v e r a g e  S O 2  e m i s s i o n  r a t e  f o r  t h e  

C a r b o n  p l a n t s  a s  1 5 2 , 0 0 0  t & r ,  w h i c h  i s  m o r e  c o n s i s t e n t  

w i t h  t h i s  a n a l y s i s .  

U s e  o f  S O 2  a s  a  T r a c e r  

B e c a u s e  t h e  O C P D C H  w a s  n o t  r e l e a s e d  f r o m  t h e  C a r b o n  

p o w e r  p l a n t s ,  e l e v a t e d  c o n c e n t r a t i o n s  o f  S O 2  m a y  b e  a  

b e t t e r  i n d i c a t o r  o f  t h e  C a r b o n  e m i s s i o n s .  A  T A G I T - t y p e  

a n a l y s i s  w a s  d o n e  u s i n g  S O 2  i n s t e a d  o f  O C P D C H  f o r  t h e  

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

t i o n  o f  a  b a c k g r o u n d  S O 2  v a l u e .  T h e  C a r b o n  p l u m e  i s  n o t  

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

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

e l e v a t e d  t r a c e r  a t  a l l  f i v e  s i t e s  s i m u l t a n e o u s l y  f o r  o n l y  f i v e  
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F i g u r e  8 .  Cumulative frequency distrtbution of pafifculate S attribution 

at each site from the TAGIT SO2 method. 
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6 - h o u r  p e r i o d s .  T h e  s i t e  w i t h  t h e  l o w e s t  S O 2  w a s  d e f i n e d  

a s  t h e  b a c k g r o u n d  s i t e .  T h e  p a r t i c u l a t e  S  f o r  t h i s  s i t e  w a s  

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

w a s  d e t e r m i n e d  b y  s u b t r a c t i n g  t h i s  b a c k g r o u n d  f r o m  t h e  

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

s h o w n  i n  T a b l e  6 .  T a b l e s  7  a n d  8  s h o w  t h e  a t t r i b u t i o n  o f  

S O 2  S  ( S O 2  c o n c e n t r a t i o n  m u l t i p l i e d  b y  t h e  m o l e c u l a r  

w e i g h t  o f  S  d i v i d e d  b y  t h e  m o l e c u l a r  w e i g h t  o f  S O z ,  w h i c h  

i s  S O 2  x  3 2 / 6 4  o r  S O J 2 )  a n d  t o t a l  S .  

T a b l e  6  i n d i c a t e s  a n  a v e r a g e  a t t r i b u t i o n  o v e r  a l l  s a m -  

p l i n g  p e r i o d s  o f  a p p r o x i m a t e l y  1 0 %  f o r  p a r t i c u l a t e  S .  T h i s  

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

m e t h o d  a v e r a g e  o f  8 . 4 %  f o r  t h e  3 5 %  o f  s a m p l i n g  p e r i o d s  

w i t h  e l e v a t e d  t r a c e r  c o n c e n t r a t i o n s  ( s e e  T a b l e  2 ) .  T a b l e  7  

s h o w s  t h a t  m o s t  o f  t h e  S O 2  i s  a t t r i b u t e d ,  a v e r a g i n g  7 5 % ,  

w h i l e  T a b l e  8  s h o w s  t h a t  3 3 %  o f  t h e  t o t a l  S  i s  a t t r i b u t e d .  

T h e  h i g h  p e r c e n t a g e s  f o r  S O 2  a t t r i b u t i o n  d e m o n s t r a t e  S O 2  

c o n c e n t r a t i o n s  a r e  n o t  r e g i o n a l l y  u n i f o r m .  T h e  7 . 5 O h  a v -  

e r a g e  a t t r i b u t i o n  m e a n s  t h a t ,  o n  a v e r a g e ,  t h e  c o n c e n t r a -  

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

a v e r a g e d  o v e r  t h e  o t h e r  s i t e s .  

F i g u r e  6  i s  a  t i m e  s e r i e s  p l o t  o f  t h e  l o w e s t  a n d  h i g h e s t  

6 - h r  a v e r a g e d  S O 2  a t  t h e  f i v e  s i t e s .  F i g u r e  6  s h o w s  t h a t  

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

e s t  a n d  l o w e s t  S O 2  c o n c e n t r a t i o n s .  F i g u r e  7  i s  a  t i m e  p l o t  

o f  t h e  p a r t i c u l a t e  S  f o r  t h e  h i g h e s t  s i t e ,  t h e  s i t e  w i t h  

l o w e s t  S O 2  ( u s e d  a s  b a c k g r o u n d ) ,  a n d  t h e  l o w e s t  s i t e .  

F i g u r e  7  s h o w s  t h a t  t h e r e  i s  l e s s  d i f f e r e n c e  b e t w e e n  t h e  

p a r t i c u l a t e  S  c o n c e n t r a t i o n s  t h a n  t h e  S O 2  c o n c e n t r a t i o n s ;  

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

t r a t i o n s .  

F i g u r e  8  s h o w s  t h e  c u m u l a t i v e  f r e q u e n c y  d i s t r i b u t i o n  

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

m a n y  0  v a l u e s  f o r  a t t r i b u t i o n  b e c a u s e  i t  o f t e n  s e r v e d  a s  

t h e  b a c k g r o u n d  s i t e .  F i g u r e  9  i s  a  t i m e  s e r i e s  p l o t  c o m p a r -  

i n g  a t t r i b u t e d  p a r t i c u l a t e  S  a n d  t o t a l  p a r t i c u l a t e  S  a t  t h e  
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F i g u r e  g .  T i m e  s e r i e s  p l o t  o f  p a t i i c u l a t e  S  a t t r i b u t i o n  b y  T A G I T  u s i n g  S O 2  a n d  t o t a l  p a t i i c u l a t e  S  a t  B I B E ,  

B I B E  s i t e  i n  B i g  B e n d  N a t i o n a l  P a r k .  T h e  p l o t  s h o w s  t h a t  

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

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

s u c h  a s  f o r  t h e  e p i s o d e s  n e a r  A u g u s t  2 0  a n d  O c t o b e r  1 2 .  

t h e  T A G I T  t r a c e r  m e t h o d  u n d e r e s t i m a t e s  a n d  t h e  T A G I T  

S O 2  m e t h o d  o v e r e s t i m a t e s  C a r b o n  i m p a c t s .  

T h e  u s e  o f  S O 2  f o r  a t t r i b u t i o n  m a y  b e  c o n s i d e r e d  t o  

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

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

C a r b o n  p o w e r  p l a n t s .  I t  i s  p o s s i b l e  t h a t  t h e  d e s i g n a t e d  

b a c k g r o u n d  s i t e  f o r  S O a  c o u l d  h a v e  b e e n  i m p a c t e d  f r o m  

C a r b o n  a n d  h a d  l o w  S O 2  b e c a u s e  o f  h i g h  c o n v e r s i o n  t o  

p a r t i c u l a t e  S  i n  c l o u d s ,  a n d  s o  o n .  T h i s  w o u l d  g i v e  a  h i g h  

p a r t i c u l a t e  S  b a c k g r o u n d  c o n c e n t r a t i o n  t h a t  w o u l d  t h e n  

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

o t h e r  s i t e s .  T h i s  i s  n o t  e x p e c t e d  t o  b e  a  c o n c e r n ,  b e c a u s e  

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

t o  s e e  s i g n i f i c a n t  S O 2  a n d  w o u l d  n o t  e x p e c t  t o  s e e  n e a r -  

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

A l s o ,  s i m u l t a n e o u s  i m p a c t s  o f  S O 2  f r o m  C a r b o n  a t  a l l  s i t e s  

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

t h e  t r a c e r  d a t a  i n d i c a t e  t h a t  t h i s  i s  r a r e .  A l s o ,  t h e  t y p i c a l l y  

l a r g e  d i f f e r e n c e  b e t w e e n  t h e  l o w e s t  a n d  a v e r a g e  S O 2  c o n -  

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

s i t e s  h a s  l o w  S O 2  c o n c e n t r a t i o n s  a n d  t h u s  i s  n o t  l i k e l y  t o  

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

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

n e n t s ,  g a s e o u s  a n d  p a r t i c u l a t e .  L o c a l  i s  d e f i n e d  a s  T A G I T -  

a t t r i b u t e d ;  r e g i o n a l  i s  t h e  r e m a i n d e r .  F r o m  t h e  p a r t i -  

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

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

f r a c t i o n  o f  l o c a l  a n d  r e g i o n a l  S .  T h e  p a r t i c u l a t e  f r a c t i o n  o f  

l o c a l  S  i s  & J & r ,  +  S , . . )  w h e r e  S  =  s u l f u r ,  1  =  l o c a l ,  p  =  

p a r t i c u l a t e ,  a n d  g  =  g a s .  S i m i l a r l y ,  t h e  p a r t i c u l a t e  f r a c t i o n  

o f  r e g i o n a l  S  i s  S R r , / ( S R i ,  +  & , J ,  w h e r e  r  =  r e g i o n a l .  F o r  t h e  

T A G I T  t r a c e r  m e t h o d ,  t h e  p a r t i c u l a t e  f r a c t i o n  o f  l o c a l  S  i s  

3 1 %  a n d  t h e  p a r t i c u l a t e  f r a c t i o n  o f  r e g i o n a l  S  i s  6 5 % .  F o r  

t h e  T A G I T  S O a  m e t h o d ,  1 9 %  o f  t h e  l o c a l  a n d  8 6 %  o f  t h e  

r e g i o n a l  S  i s  p a r t i c u l a t e .  B e c a u s e  t h e  t r a c e r  w a s  n o t  i n -  

j e c t e d  i n t o  t h e  C a r b o n  s t a c k ,  t h e  r e g i o n a l  S O 2  a n d  p a r t i c -  

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

S O 2  i s  o v e r e s t i m a t e d  m o r e  s o  b e c a u s e  o f  r e l a t i v e l y  l o w  

c o n v e r s i o n .  A s  a  c o n s e q u e n c e ,  t h e  r e g i o n a l  p a r t i c u l a t e  S  

f r a c t i o n  o f  6 5 %  u s i n g  t h e  t r a c e r  m e t h o d  i s  u n d e r e s t i -  

m a t e d .  T h u s ,  m o s t  o f  t h e  r e g i o n a l  ( 6 5 - 8 6 % )  b u t  a  r e l a -  

t i v e l y  s m a l l  f r a c t i o n  ( 1 9 - 3 1 % )  o f  t h e  l o c a l  S O a  h a s  b e e n  

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

C O N C L U S I O N S  
T h e  C a r b o n  p o w e r  p l a n t s  w e r e  s i g n i f i c a n t  c o n t r i b u t o r s  t o  

S O 2  c o n c e n t r a t i o n s  d u r i n g  t h e  4 - m o n t h  B R A V O  S t u d y ,  

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

f i v e  6 - h r  s i t e s  i n  a n d  a r o u n d  B i g  B e n d  N a t i o n a l  P a r k .  

A v e r a g e  c o n t r i b u t i o n s  t o  p a r t i c u l a t e  S  r a n g e  f r o m  a p p r o x -  

i m a t e l y  3 %  u s i n g  t h e  O C P D C H  t r a c e r  ( 8 %  w h e n  t r a c e r  i s  

s i g n i f i c a n t l y  a b o v e  b a c k g r o u n d )  t o  a p p r o x i m a t l e y  l O o h  

u s i n g  t h e  S O a  m e t h o d  ( a l l  p e r i o d s ) .  T h e  T A G I T  t r a c e r  

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

t h e  T A G I T  S O 2  m e t h o d  p r o b a b l y  o v e r e s t i m a t e s  C a r b o n  

i m p a c t s .  S O a  a t t r i b u t i o n  r a n g e s  f r o m  2 7 %  w h e n  t r a c e r  i s  

a b o v e  b a c k g r o u n d  ( 3 5 %  o f  s a m p l e s )  u s i n g  t h e  t r a c e r  

m e t h o d  t o  7 5 %  u s i n g  t h e  S O 2  m e t h o d  ( a l l  p e r i o d s ) .  A g a i n ,  

A  g e n e r a l  c o n c l u s i o n  i s  t h a t  s o u r c e s  o n  a  r e l a t i v e l y  

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

s o u r c e s  ( i . e . ,  i n c l u d i n g  t h e  C a r b o n  p o w e r  p l a n t s )  c o n t r i b -  

u t e  a  r e l a t i v e l y  m i n o r  a m o u n t  o f  t h e  p a r t i c u l a t e  S .  H o w -  

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

t h e  p a r t i c u l a t e  S  i s  a t t r i b u t a b l e  t o  l o c a l  s o u r c e s .  A n o t h e r  

s i g n i f i c a n t  f i n d i n g  i s  t h a t ,  b a s e d  u p o n  t h e  t r a c e r  a n d  S O 2  

d a t a ,  i t  a p p e a r s  t h a t  t h e  C a r b o n  p o w e r  p l a n t  S O 2  e m i s -  

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

t o r  o f  2 .  

A C K N O W L E D G M E N T S  
S u p p o r t  f o r  t h i s  w o r k  w a s  p r o v i d e d  b y  t h e  U . S .  E n v i r o n -  

m e n t a l  P r o t e c t i o n  A g e n c y .  H o w e v e r ,  t h e  r e s u l t s ,  f i n d i n g s ,  

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

t h e  a u t h o r s  a n d  a r e  n o t  n e c e s s a r i l y  e n d o r s e d  b y  t h e  
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management, sponsors, or collaborators of the BMVO 

study. A comprehensive final report for the BRAVO Study 

is anticipated in 2003. 
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