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SUMMARY AND CONCLUSIONS 

This report presents the results of statistical analyses on data obtained in the collaborative testing of 
EPA Method 0 (Visual Determination of Opacity). There were 5 separate tests of Method 9 at three dif- 
ferent sites: a training smoke generator, a suIfuric acid plant and a fossil fuel-fired steam generator. 

For these tests, the opacity measure used is the average opacity, defined as the average of 25 read- 
ings made at 15-second intervals. These determinations are analyzed for their accuracy and their precision. 
For this report, accuracy is measured by the deviation of the observer’s determination from the true opacity 
3s measured by the in-stack transmissometer. The precision of the method is measured in terms of within- 
observer. observer bias and between-observer terms. 

l Training Generator-Thirty-six runs were made over a two-day period using two training smoke 
generators with 9 qualified observers participating. There were 20 runs using white smoke and 16 using 
black smoke with plume opacity ranging from just above zero to 40 percent. The two cases are treated sep- 
arately. 

. White Smoke-There were a total of 170 determinations made using a white plume. 
These values showed a low bias with respect to the transmissometer, and the deviation from the meter is 
estimated by 

deviation = 3.46 - 0.33 (meter average). 

The within-observer standard deviation is estimated as 2.38 percent opacity with 133 degrees of freedom. 
The observer bias standard deviation is 0.95 percent opacity with 7 df. This gives a between-observer 
standard deviation of 2.56 percent opacity. 

. Black Smoke--There were I33 determinations of the average opacity of black smoke. The 
results from thesevalues were similar to those of the white smoke. The predicted deviation from the trans- 
missometer for this case is 

deviation = 3.74 - 0.34 (meter averagej. 

The within-observer standard deviation is 1.84 percent opacity with 105 degrees of freedom. The observer 
bias standard deviation is 1 .OO percent opacity with 7 df. This gives a between-observer standard deviation 
of 2.09 percent opacity. 

l Sulfuric Acid Plant--Thirty observation runs were made over two days at a sulfuric acid plant. 
There were 11 observers on the first day for 14 runs and 9 on the second day for the remaining 16 runs. The 
plume opacity was varied around the compliance limit for sulfuric acid plants, ranging from 2 to 15 percent 
average opacity. The observers were chosen from both a local enforcement agency and from private con- 
cerns to allow a comparison of the two groups. 

The predicted deviation for these data is -2.0 percent opacity for the entire range studied. The 
within-observer standard deviation is 2.12 percent opacity with 232 degrees of freedom. The observer bias 
standard deviation is 0.96 percent opacity with 8 degrees of freedom. This gives a between-observer stan- 
dard deviation of 2.33 percent opacity. It is shown for this test that the enforcement observers read a 
higher, and more accurate. average opacity than did the private sector observers. 

l Steam Station-Three separate tests were conducted at a power plant with plume opacity rang- 
ing up to 35 percent average opacity. On the first two days of testing, the weather conditions prevented 
the accurate determination of plume opacity. In the third test period, viewing conditions were ideal and 
the accuracy of the method is evaluated. 

. . 
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. Test I -There were 10 runs using 10 observers at the first test. The determinations were 
well below the concurrent meter averages due to the sky and wind conditions. The deviation from the meter 
average is represented by 

deviation = -3.01 - 0.40 (meter average). 

A total of 60 determinations were used to obtain the precision estimates. The within-observer standard 
deviation is estimated as 1.82 percent opacity with 45 df. The observer bias standard deviation is estimated 
as 1.39 percent opacity with 8 df, which gives a between-observer standard deviation estimate of 2.29 per- 
cent opacity. 

. Test Z-Eighteen runs were made at the second test using 10 observers. The determinations 
made were more accurate than the previous test, but still were well below the meter average. The deviation 
from the true opacity is represented by 

deviation = -1.02 - 0.19 (meter average). 

A total of 1 I8 determinations are used to obtain the precision estimates. The within-observer standard 
deviation is 1.84 percent opacity with 88 degrees of freedom. The observer bias standard deviaton is esti- 
mated as 1 SO percent opacity with 8 degrees of freedom. The estimated between-observer standard devia- 
tion, then, is 2.37 percent opacity. 

. Test 3-Twenty-four runs were made using eight observers over a two-day period. The 
resulting 192 determinations have a negative bias with respect to the metered opacity that can be repre- 
sented by 

deviation = 2.27 - 0.24 (meter average). 

The within-observer standard deviation is estimated as 1.89 percent opacity with 90 degrees of freedom. 
The observer bias standard deviation is 1.77 percent opacity with 6 degrees of freedom, which gives a 
between-observer standard deviation of 2.59 percent opacity. 

Also included for this test are evaluations of two variations to the method: reading to the 
nearest percent, and averaging two observers’ results. 

0 Composite Estimation-Using the results from the three test sites, it is possible to make com- 
posite estimates of the accuracy and precision that can be expected with field use of Method 9. The ex- 
pected deviation from the average metered opacity is given by 

deviation = 3.13 - 0.31 (meter average) 

for the range from S to 35 percent average opacity. This equation is obtained from the training generator 
and steam station test data. 

The composite precision estimates are obtained using the estimates from all tests. The estimated 
within-observer standard deviation is 2.05 percent opacity with 693 df. The estimated observer bias standard 
deviation is 1.29 percent opacity with 44 df. This gives a composite between-observer standard deviation 
estimate of 2.42 percent opacity. 

For each case, estimates are made of the range of determinations that would be expected from a single 
observer, and of the maximum difference that would be expected between two observers when determining 
the average opacity of a plume. 
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I. INTRODUCTION 

This report describes the work performed and results obtained on Southwest Research Institute Project 
01-3462-006, EPA Contract No. 68-02-0626, which includes collaborative testing of Method 9 for visual determi- 
nation of the opacity of emissions from stationary sources as given in “Standards of Performance for New Stationary 
Sources”(t)* and “Stationary Sources, Proposed Emission Monitoring and Performance Testing Requirements.“(2) 

This report describes the statistical analysis of the data from collaborative tests conducted on two EPA-type 
training smoke generators, and at a sulfuric acid plant and a coal-fired power plant. 

The results of the data analyses and the conclusions based on these analyses are given in this report. 

*Superscript numbers in parentheses refer to the List of References at the end of this report. 



II. COLLABORATIVE TESTING 

A. Purpose 

Collaborative testing of the method for visual determination of opacity of emissions from stationary sources ( 12) 

was conducted in order to obtain data using certified observers which would allow statistical evaluation of the method. 
Results from these tests are presented in this report. 

Three collaborative test sites were used: a training smoke generator, a sulfuric acid plant, and a fossil fuel- 
fired steam generatot. Tests at the first two sites.mentioned above were designed to evaluate the determination of 
average opacity of emissions (11, while the test at the third site was designed to allow evaluation of both the deter- 
mination of minutes of noncompliance with a standard and determination of average opacity.(21 The results in 
this report are all based upon average opacity determinations. 

The initial test on the training smoke generator was conducted to provide background information on the use 
of the method. The tests at the sulfuric acid plant and the fossil fuel-fired steam generator were conducted to obtain 
mformation on the use of the method on applicable sources under field conditions. At no time during any 
of the test were warm-up or practice runs allowed prior to the test itself. 

B. Smoke Generator Test 

The smoke generator test was conducted on 19-30 November I973 at the National Environmental Research 
Center. Research Triangle Park. North Carolina. Two training smoke generators were used, one belonging to the EPA 
and one belonging to the State of North Carolina. A total of nine collaborators from enforcement agencies in the 
State of North Carolina were available for the tests. All nine collaborators participated in the first fifteen runs-only 
eight participated in the remaining twenty-one runs, since one collaborator operated the State of North Carolina’s 
smoke generator. Time since last certification for the collaborators varied from one to thirteen weeks. 

During the two-day test, 3 total of thirty-six runs were made, with a run consisting of twenty-five readings 
taken a: the fifteen-second intervals by each collaborator. The collaborators read the plume on a time signal from 
the test supervisor in order to assure that the readings were as nearly simultaneous as possible. The opacity of the 
plume as indicated by the in-stack transmissometer of the smoke generator was recorded at the time signal to pro- 
vide “true“ opacity data. Twenty runs were made with white plumes, and sixteen runs were made with black plumes. 
The range of opacity studied was from just above 0 to 40 percent. During some of the runs, plume opacity was held 
essentially constant while on other runs the opacity of the plume was varied randomly to determine how 
well the observers could follow changing opacity during the course of a set of observations. 

Due to the relatively short stack height on the smoke generators, in some runs the observers had objects in 
the background (buildings, trees, power lines, etc.), while on other runs only a sky background was available. 
Since use of background objects in evaluating plume opacity is permitted in most training courses, no differentiation 
was made in this test between runs with or without background objects. During both days of the test, viewing con- 
ditions were ideal, with blue sky and bright sunshine. On all runs, the observers were allowed to select the opti- 
mum viewing position with respect to sun and wind angIes. 

C. Stauffer Chemical Company Test 

The sulfuric acid plant test was conducted on 29-30 January 1974 at Stauffer Chemical Company’s facilities 
in Houston. Texas. The unit was equipped with a 300-foot-high stack. In-stack monitoring of opacity was accom- 
plished by use of a Lear Siegler Model 6IOA transmissometer*. 

.A total of eleven collaborators were available for the first day of the test. Nine collaborators were available for 
the second day of the test. Four of’ the collaborators were from the City of Houston Department of Public Health, 

*~cnrton ot rr~dc n.~rneh or qwtt~c product\ dc\c\ nor ~x~n\tltt~tc endor~cmcnt hy the L~.nvlrorlmcnt.,l Protccticm rigznc! 



six were I.K)I~I are3 industries, and one was from a local health association. Al1 collaborators’ most recent certifica- 
tion WBS on 24 August 1073 at the State of Texas Training Session conducted at Houston, Texas. 

During the two-day test, a total of thirty runs were made, fourteen runs on the first day and sixteen runs on 
the second day. Each run consisted of twenty-five readings taken at G-second time intervals by each observer. 
The collaborators began each run on a time signal from the tesl supervisor. The average opacity as indicated by 
the in-stack transmissometer was obtained from the instrument strip chart recorder for the time period correspond- 
ing to each run. 

Arrangements were made with plant personnel to change unit operating conditions during the test to provide 
plumes of varying opacity. The range of opacity studied was from slightly above 0 to IS percent. Opacity of the 
plume was essentially constant during any single run. During both days of the test, good viewing conditions pre- 
vailed, with blue sky and a slight haze. Wind was light and variable throughout the test. Color of the plume was 
white. 

The observers were allowed to select the optimum viewing position with respect to wind direction and sun 
angle. 

D. Riverbend Steam Station 

Three tests were conducted at the Duke Power Company’s Riverbend Steam Station near Charlotte. N.C. 
Tests were conducted on 27 August, 5 September, and 30 September-l October, 1974. The tests involved use of 
two units at the power plant, number 9 and number 10 boilers. Each boiler was equipped with two stacks (A&B). 
Readings for the first two tests and the first day of the third test were made on Stack B of boiler number 9. On 
1 October 1974, the number 9 boiler was shut down, and the third test was completed using Stack A of number 10 
boiler. Both stacks were fitted with Lear Siegler Model RM4 transmissometers*. 

The plan for the tests at the Riverbend Steam Station varied from the plans for the previous1 described tests 
This set of tests was designed to provide information on some variations to the method as written. r 1,2) The col- 
laborators were divided into two equal groups with regard to size and experience. One group was used as a control 
and made their readings of opacity within the constraints of the published method. with the sun in the quadrant 
to their rear, assigning opacity to the plumes in S-percent increments. The other was used as the experimental 
group. One variation under study by this group was reading at 45 and 90deg angles with respect to the sun. 
Opacity was assigned in S-percent increments during this portion of the experiment. The other variation was read- 
ing the plume in 1 -percent increments from the same position as the control group. 

From this test. the effect on a method test result induced by reading outside rome of 
the constraints of the method may be estimated. By altering the angle of view with respect 
to the sun, it may be determined whether this is an important consideration for the observer. 
By requiring that the plume be read in l-percent increments, it may be determined if this 
variation is more accurate or more precise. In addition to these. the relative performance of 
an inexperienced to an experienced observer may be assessed, and the possible improvement 
of the method by averaging two observers’ results may be evaluated. 

In the first two tests, a run consisted of forty observations by each observer taken at lS-second intervals. Ttns 
was done for the purpose of evaluating the method when used to determine minutes of noncompliance with a 
standard. The average opacity presented in the data tables represents the average of the first twenty-five readings 
by an observer m each run. In the third test. a run consisted of twenty-five observations b\. each observer taken at 
i S-second intervals. In all three tests, the observers read the plume on a time signal from test personnel. Transmis- 
someter readings were recorded to the nearest ptrlcent on the time signa! to provide “true” opacity readings. 



I /\ 111 I’ I. CLR III ICATION DATA ON COLLABORATORS, 

RIVI~KBl:ND SIXAM STATION TESTS 

Date 01. 

hlo\t Recent 

(‘ertlfiL.ation 

i\verdge Drvration 
from True Opacity 

During Ccrtilication, & 

7-1 h-74 4.7 

7-16-74 5.1 

4-5-74 4.6 

4-5-74 5.4 

4-5-74 5.9 

4-s-74 6.2 

4-5-74 5.9 

4-s-74 4.4 

3-19-74 4.3 

8-27-74 3.8 

9-11-74 3.1 

9- II-74 2.9 

g-11-74 3.9 

-I- 

1 *Not qualIfted. One reading during qualification deviat- 
ed from the opacity by more than 15 percent. Not 
dt~tt~rnuned untrl after test due to clerical error. 
Xertrfication exprred 9-19, recertified 10-22. 

TABLE 2. TEST LOG, RIVERBEND STEAM STATION, TEST 1 
21 August 1974 

Position 

9nplr. deg 

45 

90 

90 

0 

0 

0 

45 

45 
90 

90 

Sky Conditions 

Mostly cloudy, low haze 

Mostly cloudy, low haze 

Mostly cloudy, low haze 

Mostly cloudy, low haze 

Mostly cloudy, low haze 

Mostly cloudy, low haze 

Mostly cloudy, low haze 

Mostly cloudy, low haze 

Mostly cloudy, low haze 
Mostly cloudy, low haze 

TABLE 3. TEST LOG. RIVERBEND STEAM STATION, TEST 2 
5 September 1974 

Sky 
Conditions 

Overcast 

Overcast 
Overcast 

Overcast 

Overcast 
Ovcrca%t 

OVUGi\l 

Overcast 

Overcast 
Overcast 

Overcast 

Overcast 

ovcri39t 

o\‘crcl\t 

Overl..i\ I 
Overcast 

o\crc:l\l 

Oxcr~.‘.i\f 
J- 

Wind 

NE, 5-10 mph 
NE, S-10 mph 

NE, S-10 mph 

NE, 5--10 mph 

NE,5 -10 mph 

NE,5-IOmph 

YE.5 IOmph 

NE, 5- 10 mph 

NE. 5 -10 mph 

NE,S~lOmph 

NE. 5 10 mph 

NE.5 IOmph 

NL. 5 IO mph 

h’:!‘. 5 IO mph 
NI’. 5 IO mph 

YE. 5 IO mph 

21 5 1’1 mph , 

YI 5 IO mpl1 ’ 

4 

The range of opacity studied in all 
three tests was from just above 0 to 40 per- 
cent. Opacity of the plume was varied by 
cutting off one or more stages of the elec- 
trostatic precipitator prior to the run. 
With the exception of occasional short- 
duration transient high values, plume opac- 
ity was essentially constant during a given 
run for the low opacities. Variation in the 
“true” opacity within a run increased as 
the average plume opacity increased. 

The collaborators for each test came 
from State of North Carolina enforcement 
agencies, EPA offices, and private contrac. 
tors. The first two tests utilized four state, 
four EPA, and two contractor personnel. 
The third test utilized four state, two EPA, 
and two contractor personnel. The date of 
the most recent certification of the collab- 
orators is given in Table I. Also included 
for each of the collaborators is the average 
deviation from the true plume opacity for 
the twenty-five white and twenty-five black 
plumes read during certification. 

The three tests consisted of ten, 
eighteen, and twenty-four runs, respectively. 
Viewing conditions during the fist test were 
poor, mostly cloudy and low haze. There 
was also interference from another plume 
during portions of the test. Conditions 
for the second test were marginal, with a 
solid overcast, while for the third test con- 
ditions were ideal, with a cloudless sky and 
bright sunshine. The plume color was white. 

Test logs for the three tests are pre- 
sented in Tables 2,3, and 4. In Tables 2 
and 3, the position of the experimental 
group is given relative to the control group. 
In Table 4, the positions of both the con- 
trol and experimental groups are given 
relative to the sun, with the angles calcu- 
lated as shown in Figure 1. 

E. Collaborators and Test Personnel 

The collaborators for the smoke genrr- 
ator test were Mr. Sammy L. Amerson. 
Mr. George Lawson, Mr. Dewey D. Johnson. 
Mr. Roy T. Gormun. Mr. J.R. Kirk, Mr. D.Y. 
Daniel, Jr., Mr. B.J. Faust and Mr. Bill 
Proctor from the St;~rr 0’. Uorth C~JI~~III:I 



TABLI: 4. TLS’r LOG, RIVERBEND STEAM STATlON, TLST 3 
30 September I October 1974 

-- 

iun 
VO. 

! 
2 
3 
4 
5 
6 
I 
8 
9 

IO 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

I 
3345 ’ I 0 
1400 to 
1415 15 
1430 1.5 
1445 45 
1500 / 45 
1515 1 0 
1530 0 
0930 30 
0945 30 
1000 
1015 
1130 
1145 
1200 
1215 
1230 
1245 
1300 
1315 
1330 
1345 

I 
i 

/ 
-0 SUN 

/ 

I ’ 

\ 

25 
25 
20 
20 
10 
IO 

0 
0 
0 
0 
0 
0 

45 
45 
60 
60 
45 
45 

0 
0 

30 
30 
15 
15 
90 
90 
45 
45 

0 
0 

45 
45 
90 
90 

I 
I 

Sky 
Conditions 

Wind 

Clear 
Clear 
Clear 
Clear 
Clear 
Clear 
Clear 
Clear 
Clear 
Clear 
Clear 
Clear 
Clear 
Clear 
chr 
Clear 
Clear 
clear 
clear 
Clear 
Clear 
Clear 
Clear 
clear 

1 Light. variable 
Light, variable 
Llpht rariablc 
Llpht. variable 

Light. variable 
Light. vdriable 
Light, varlablc 
Light, variable 
Light, variable 
Llpht. variable 
N. 8&l 2 mph 

1 

N.8 ‘7 mph 
N,5 lnmph 
N, 5 -10 mph 
Light. variable 
Light. variable 
Ltght. variable 
Light, variable 
Light. variable 
Ltph+. variable 
LiehI. variable 
Light variable 
Light. variable 
Light, variable 

9. . . CONTROL GROUP 

. 
‘. 

, . 
EXPERIMENTAL 

GROUP 

I 
POWER PLANT I 

t,lCURL I. SCtIEhfATIC OF OBSERVER POSITIONS. 
RIVFRBEND STE;lM STATION. TEST 3 



l)ep;t~ tnlc~lt 01 Yatural 2nd Economic Resources; and Mr. William M. Edsel from the County of Forsyth Air Qualit) 
C r11il10l I)I~I~IOII. l~c~rsyih County, North Carolina. 

The coll;lhulators for the sulfuric acid plant test, all from the Houston, Texas, area, were Mr. Charles L. Owen 
t‘10m Atrnco Steel; Mr. James S. Corbin. Mr. Robert J. Stahl, Mr. Ronald F. Stockunas and Mr. Wendell La Foe 
IIUII~ the Citv of Houston Department of Public Health; Mr. B. L. Bolton from Rollins Environmental Services; 
211 .T. M. Walkcl and Mr. Klaus R. Gerlach of Stauffer Chemical Co.; Mr. Mel Remley from Jefferson Chemical Co.; 
Mr. Wtlliam Mc~o~t from the San Jacinto Lung Association; and Mr. Larry P. Stoltz from GAF Corporation. 

The collabor;ltors for the power plant tests were Mr. Dewey D. Johnson, Mr. Ron Jernigan, Mr. John Leather- 
man and Mr. Don Shepherd from the State of North Carolina Department of Natural and Economic Resources; 
\lr. Wlllia111 M. Edscl from the County of Forsyth Air Quality Control Division; Mr. David Da Crema and 
Mr. John Yates. 1‘1om Engineering Science Inc.; MI-. Alan Luther and Mr. Peter F. Burnette from Environ- 
mental Science and Engineering, Inc.; and Mr. Alfred Vervaert, Mr. J.W. Brown. Mr. Joseph Peoples, Mr. James 
E. CLASS’!. MI. J;lch Sqel and Mr. John llund from the Environmental Protection Agency.* 

The tests were conducted under the general supervision of Mr. Nollie F. Swynnerton. The collaborators from 
Ihe Stsrc uf North Carolina were provided through the assistance of Mr. James A. McColman, Chief, Air Quality 
Division, State of North Carolina Department of Natural and Economic Resources. The collaborators for the sulfuric 
acid plant test were selected by Mr. Swynnerton from a list of people who had certified at the most recent State of 
Texas certification school in the Houston area. The list was provided by Mr. Thomas Jay McMickle, Environmental 
Health Speciaii$t. Texas State Department of Health. Tile collaborators from EPA, Engineering Science, and 
Environmental Science and Engineering were provided by Mr. Roy Neulicht, Environmental Engineer. 
Emissions Standards and Engineering Division. Office of Air Quality Planning and Standards, EPA. Mr. Dennis 
Holrscl~ui~. PJ-sic:11 Science TechnIcian. Engineering and Enforcement Section. Air Pollution Training Institute. 
Control Programs Development Division. Office of Air Qualit). Standards and Planning. EPA, assisted in the 
<<lnduzt of the smoke generator test at the National Environmental Research Center. Mr. William D. Conner, 
Rcsecrrch Physicist. Stationary Source Measurements Research Section. Emission Meaburements Research 
Branch. Chemlrtry and Physics L&oratory. National Environmental Research Center. EPA. made the neces- 
jar>. ;lrt-angements with Duke Power Company personnel for the RIverbend Steam Station Tests. 



III. DEFlNlTlONS AND STATISTICAL TERMINOLOGY 

To facilitate the understanding of this report and the utilization of its findings, this section explains the 
0 statistical terms used in this report and defines certain terms used in presenting the data and results. 

A. Definitions 

1. Run--A 6-minute period during which the observers determined the opacity of the plume. 

1 L. Determination-The arithmetic mean of 25 consecutive opacity readings taken at 15-second 
intervals during a run. 

3. Meter Average-The average opacity of the plume as determined by the in-stack transmissometer. 

4. Deviation-The difference between a determination and the corresponding meter average; deviation = 
determination - meter average. 

B. Statistical Terminology 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

the sample mean. This statistic estimates the mean, or center, of a given population. 
ni= 1 

s2 = +I $(x,-Q’ - the sample variance. This statistic estimates the dispersion in a dis- 
I- 1 

tribution around the mean value. 

s = fl -the sample standard deviation. The standard deviation is an alternative estimate of 
dispersion. 

Analysis of Variance (ANOVA)-A statistical technique for testing whether different groups or 
factors perform in an equivalent manner, and for obtaining estimates of different variance terms. 

SS-sums of squares. The sum of squared deviations from the mean for a component. The SS are 
used to estimate variability. 

df-degrees of freedom. The df are an indication of the amount of confidence in the estimate. A 
larger number of df implies a greater degree of confidence. 

MS-the mean square. The MS is the basis for hypothesis testing in the ANOVA and estimating a 
variance component. MS = SS/df 

EMS-the expected mean square. The EMS determines which mean squares are used to test which 
hypotheses, and to estimate the particular variance components. 

F-Ratio-the ratio of two mean squares. The F-ratio is the test statistic for determining the relative 
performance of two groups. 

7 



All precision components in this report are estimated using an ANOVA procedure. The statistical 
model is given separately for each data set, but, in general, consists of an observer term, a run term and an 
error term. The MS and EMS from these ANOVA tables are used to determine the significance of the vari- 
ous factors, and to estimate the following precision components. 

0 Within-observer. The within-observer, or error, component measures the dispersion that would be 
expected in replicate determinations by the same observer at the same true opacity. The within- 
observer variance is denoted by a’. 

l Observer bias. The observer bias component measures the dispersion that would be expected in 
replicate determinations due to the use of the method by independent observers. These dif- 
ferences can result from such factors as the training generator on which the observers qualified 
and the relative frequency with which they use the method. The observer bias variance is denoted 
by a;. 

0 Between-observer. The between-observer component is estimated from the within-observer and 
observer bias terms. The between-observer term measures the variability associated with the dif- 
ference between results by independent observers. The between-observer term is composed of 
within-observer and observer bias terms, and the between-observer variance, u$ is defined as 



IV. SMOKE GENERATOR TEST 

The initial test of Method 9 was conducted using two EPA-approved smoke generators to produce plumes, 
both whrte and black, covering the range of opacities that could be expected by observers seeking to determine 
compliance with the new source performance standards. These included plumes from just above zero up to 
40 percent. On each run, the collaborators recorded their observations to the nearest 5 percent for 25 readings 
taken at 15second intervals. ‘The observers read on a signal given by test personnel, so that all determinations 
were comparable. The 25 readings were averaged by SwRI personnel after the test to insure that the deter- 
mination was correctly computed. 

To determine to what extent the observers were able to follow changes in the plume opacity, the generated 
opacity was subject to change during a run. During the runs, the opacity was either held constant, increased or 
decreased according to a test plan. In addition, the number of times the plume opacity was changed, the point 
at which it was changed and the amount it changed all were varied from run to run so that the observers would 
not be able to anticipate these changes. 

The observers were allowed to choose their position for observing the generated plume, consistent with 
the constraints of the method. On some runs, they had a background (e.g., trees, buildings) to read against, 
while on others, there was only blue sky. No record of the background was kept, so any differences in this 
regard cannot be determined. 

There were a total of 36 sampling runs, 20 with white smoke and 16 with black, made during the two 
day period. One observer participated in only the first 15 runs then operated the second training generator for 
the remainder of the test. This resulted in a total of 303 determinations, 170 with white smoke and 133 with 
black. The analyses of the data will concern itself with two aspects: the accuracy, as measured by the deviation 
from the metered opacity, and the precision, expressed in terms of standard deviations. The results are pre- 
sented below separately for the white and black plumes. 

A. White Smoke 

The 170 determinations are shown in Table 5, along with the concurrent meter averages. To evaluate the 
performance of the observers, the determinations will be looked at in two ways. First, they will be compared 
to the meter averages to determine how accurately the observers were able to read the opacity; and second, they 
will be compared to each other to determine how much variation can be expected both from a single observer, 
and between two independent observers when reading the same opacity plume. 

1. Accuracy 

The deviations from the plume opacity are shown in Table 6. As can be seen from the data, there 
is a tendency for the deviation to be greater and negative as the plume opacity increases. Because of this, a 
linear regression is used, with opacity as the independent variable and deviation as the dependent variable. 
The technique is presented in Appendix B 1. 

For these deviations, the slope of the least-squares fit to these points is significantly different 
from zero. This indicates that there is a linear relationship between the two variables. The equation of the 
line derived is 

Fi = 3.46 - 0.33Xi 

where 

?i is the predicted deviation 

xi is percent opacity 

9 



TABLE 5. DETERMINATIONS OF AVERAGE OPACITY OF TRAINING 
GENERATOR, WHITE SMOKE 

(Percent Opacity) 

- 

Run 
No. 
- 

1 
2 
3 
4 
5 
6 
1 

8 
9 

10 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

- 
Run 
No. 
- 

1 
2 
3 
4 
5 
6 
I 
8 
9 

10 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
- 

-I- 

1 2 3 4 
xerve 

5 6 I 8 9 

12.8 12.0 10.8 13.2 10.6 17.4 11.0 10.6 
10.6 9.0 11.2 11.0 8.2 10.6 8.4 12.8 

8.8 5.8 8.6 9.6 6.0 8.6 6.6 8.6 
21.0 28.2 23.8 22.6 13.6 22.2 14.6 25.0 
11.2 9.6 12.0 12.0 11.4 12.8 11.8 11.4 

5.6 4.6 5.0 6.6 5.8 5.8 6.0 .5.0 
8.8 8.4 7.0 7.2 7.6 8.2 7.2 7.6 

31.2 22.6 24.6 24.4 20.2 21.0 21.4 27.4 
22.6 15.4 13.6 16.6 19.6 17.4 20.6 17.0 

9.4 1.6 8.4 7.8 10.0 7.8 9.0 7.2 
11.4 17.4 19.2 19.6 18.8 17.4 16.4 16.4 

8.6 6.4 8.6 1.4 8.0 6.2 5.2 5.2 
10.0 8.8 12.4 10.6 11.4 11.4 8.7 8.2 
13.0 14~8 15.8 19.4 15.4 12.0 13.6 12.6 
18.2 20.8 17.4 18.4 19.6 12.8 13.8 10.8 
32.2 29.4 30.8 28.6 21.6 18.2 23.6 23.2 
19.0 18.8 20.8 19.6 16.6 15.0 18.8 13.0 

9.0 8.8 13.6 9.6 7.2 7.2 7.8 7.0 
14.8 17.0 20.4 16.4 17.0 13.0 15.8 11.0 
12.4 10.2 9.8 10.0 9.4 1.4 9.2 8.0 

13.0 
14.8 
10.0 
24.0 
11.2 
6.6 
1.4 

27.4 
16.0 

8.6 

TABLE 6. DEVIATION FROM TRAINING GENERATOR, 
WHITE SMOKE 

(Percent Opacity) 

Meter 

10.0 
13.6 
9.2 

23.8 
12.3 

4.7 
7.6 

34.0 
25.4 
12.4 
13.1 

8.6 
9.0 

11.2 
14.3 
31.3 
13.2 
16.8 
18.7 
14.6 

-i- 2 3 

2.8 2.0 0.8 
-3.0 -4.6 -2.4 
-0.4 -3.4 -0.6 

3.2 4.4 0.0 
-1.1 -2.7 -0.3 

0.9 -0.1 0.3 
1.2 0.8 -0.6 

-2.8 -11.4 -9.4 
-2.8 -10.0 -11.8 
-3.0 -4.8 -4.0 

4.3 4.3 6.1 
0.0 -2.2 0.0 
1 .o -0.2 3.4 
1.8 3.6 4.6 
3.9 6.5 3.1 
0.9 -1.9 -0.5 
5.8 5.6 7.6 

-7.8 -8.0 -3.2 
-3.9 -1.7 1.7 
-2.2 -4.4 -4.8 

4 

3.2 
-2.6 
-0.4 
-1.2 
-0.3 

1.9 
-0.4 
-9.6 
-8.8 
-4.6 

6.5 
-1.2 

1.6 
8.2 
4.1 

-2.7 
6.4 

-1.2 
-2.3 
-4.6 
-- 

lbserver 
5 6 7 8 

0.6 1.4 1.0 0.6 
-5.4 -3.0 -5.2 -0.8 
-3.2 -0.6 -2.6 -0.6 

-10.2 -1.6 -9.2 1.2 
-0.9 0.5 -0.5 4.9 

1.1 1.1 1.3 0.3 
0.0 0.6 -0.4 0.0 

-13.8 -13.0 -12.6 -6.6 
-5.8 -8.0 -4.8 -8.4 
-2.4 -4.6 -3.4 -5.2 

5.7 4.3 3.3 3.3 
-0.6 - 2.4 -3.4 -3.4 

2.4 2.4 -0.3 -0.8 
4.2 0.8 2.4 1.4 
5.3 -1.5 -0.5 -3.5 

-3.7 -13.1 -7.7 -8.1 
3.4 1.8 5.6 -0.2 

-9.6 -9.6 -9.0 -9.8 
-1.7 -5.7 -2.9 -7.7 
-5.2 -7.2 -5.4 -6.6 

9 

3.0 
1.2 
0.8 
0.2 

-1.1 
1.9 

-0.2 
-6.6 
-9.4 
-3.8 

T- 
Meter 

10.0 
13.6 

9.2 
23.8 
12.3 

4.7 
7.6 

34.0 
25.4 
12.4 
13.1 

8.6 
9.0 

11.2 
14.3 
31.3 
13.2 
16.8 
18.7 
14.6 
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and 

3.34 and -0.33 are the least-squares estimates of the intercept and slope, respectively. 

The t-statistic for these data is t, = -8 59 with 168 degrees of freedom, which is significant at the 5-percent 
level. This equation holds over the range of average opacities studied, from 5 to 30 percent. By substituting 
values into this equation, it is possible to predict what the deviation would be at a particular true average 
opacity. This is done for selected opacities in Table 7. 

TABLE 7. PREDICTED DEVIATIONS, 
TRAINING GENERATOR, 

WHITE SMOKE 

2. Precision 

The precision of the determination of the average 
opacity of a white plume from a training generator is determined 
through use of an Analysis of Variance (ANOVA) technique. 
From this, it is possible to estimate both the within-observer and 
the observer bias components, and using these, to estimate the 

1 !i 1 ~~~~~ 1 between-observer component. 

The precision estimates are obtained using only the 
determinations from the eight observers who completed all 20 
runs, which enables an estimate of the within-observer variance 

to be made without blocking the data. The details of the ANOVA are given and the estimate obtained in 
Appendix B.2. 

The within-observer variance, u2, is estimated as 

62 = 5.67 

with 133 df. This gives an estimated within-observer standard deviation of 

= 2.38 percent opacity. 

The F-ratio for observers is Fc = 4.16. This exceeds the tabled value of 2.75, approximately, 
from the F distribution with 7 and 133 df, at the Spercent significance level. Thus, there is a significant 
observer bias variance, u;, and it is estimated by 

with 7 df. The estimated observer bias standard deviation, then, is 

= 0.95 percent opacity. 

The between-observer variance, ug , is estimated from the components above as 

= 5.67 +0.90 

= 6.57. 
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This gives a between-observer standard deviation of 

= 2.56 percent opacity. 

3. Predicted Results 

By combining the above results, it is possible to predict confidence limits for the average opacity 
determined by an observer. Let k be any true opacity level. Then the average opacity reported by the 
observer could be expected to be within 

expected range: k + (a + bk) + (1.96) 6 percent opacity 

: k + (3.46 - 0.33k) ? (1196) (2.38) percent opacity 

: (0.67k + 3.46) * 4.66 percent opacity 

at the 95percent confidence level. The ranges for selected values of k are given in Table 8. 

TABLE 8. PREDICTED DETER- 
MINATIONS, TRAINING 

GENERATOR -WHITE 
SMOKE 

Similarly, an estimate can be made of the difference 
expected between two determinations of the same average plume 
opacity made by independent observers. The difference between 
determinations has a variance of 2 ug _ Thus, the maximum expected 

Percent Opacity Expected Range 
difference would be no more than 

5 2.15-11.47 

10 5.50-14.82 

15 8X-18.17 
20 12.20.-21.52 
25 15X-24.87 
30 18.90-28.22 

35 22.25-31.57 

maximum difference: “(1.96)a 

+ Cb (2.77) 

: + (2.77) (2.56) 

+ 7.09 percent opacity 

at the 95 percent confidence level. 

6. Black Smoke 

The 133 determinations made using a black plume are shown in Table 9 along with the average of the 
transmissometer readings taken. These determinations are examined for accuracy and precision in the same 
manner as were the white plume determinations. 

1. Accuracy 

The deviations from the transmissometer average are shown in Table 10. As before. there is a 
tendency for the deviation to be greater as the true value increases. To obtain the best estimate of the devi- 
ation, a linear regression of the deviations on the true opacity is done. 

For these data, the line that best fits these points is 

i; = 3.74 - 0.34X, 
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TABLE 9. DETERMINATIONS OF AVERAGE OPACITY OF TRAINING 
GENERATOR, BLACK SMOKE 

(Percent Opacity) 

11 24.4 22.0 23.2 19.0 21.4 21.6 21.8 1 25.4 35.0 
12 114 10.0 10.4 10.6 7.6 11.2 a.4 12.0 10.8 
13 20.0 22.6 ~ 24.0 22.2 20.8 23.2 21.8 23.0 26.0 
14 17.6 15.6 19.6 17.2 19.6 20.0 20.2 17.0 20.0 
15 7.4 12.6 1 14.0 12.8 12.0 13.0 13.0 ’ 12.4 12.3 
16 9.6 5.8 4.6 8.8 5.6 4.8 4.8 

’ 
16.0 

17 13.6 12.0 ’ 11.0 10.4 12.0 11.2 12.4 11.0 
18 13.2 13.4 

1 
14.2 10.0 13.8 11.6 11.8 17.6 

19 12.6 16.4 16.2 11.4 14.8 11.2 15.0 17.6 
20 12.0 13.8 1 14.0 11.6 12.4 11.8 13.6 13.6 
21 18.6 17.2 21.0 17.2 23.0 17.8 19.2 18.0 
22 29.2 25.2 29.4 29.4 31.2 30.0 28.6 ~ 28.2 
23 14.8 15.8 17.4 15.0 17.4 13.4 13.0 13.8 
24 7.8 11.4 11.4 10.0 11.6 8.4 8.6 9.0 
25 15.0 15.2 20.4 15.8 16.6 15.8 15.6 14.8 
26 22.0 23.2 24.2 23.0 24.4 22.0 19.8 22.2 

20.4 
9.6 

20.2 
14.4 
11.4 

5.2 
11.0 
14.0 
10.2 
10.8 
18.2 
17.0 
11.4 

8.0 
12.2 
20.2 

Run Observer 
No. 1 2 3 4 5 6 7 8 9 

Meter 

TABLE 10. DEVIATION FROM TRAINING GENERATOR, BLACK SMOKE 

(Percent Opacity) 

Rilll 
No. 1 

11 -10.6 
12 -3.4 
13 -6.0 
14 -2.4 
1s -4.9 
16 -6.4 
17 2.6 
18 -4.4 
19 -5.0 
20 -1.6 
21 0.6 
22 1.0 
23 1.0 
24 -1.2 
2s 0.2 
26 -0.2 

2 3 4 
twver 

5 6 7 8 9 

-14.6 -13.0 -11.8 -16.0 -13.6 -13.4 -13.2 
-1.2 -0.8 -0.4 -0.2 -3.2 0.4 -2.4 
-5.8 -3.4 -2.0 -3.8 -5.2 -2.8 -4.2 
-5.6 -4.4 -0.4 -2.8 -0.4 0.0 0.2 
-0.9 0.3 1.7 0.5 -0.3 0.1 0.7 

-10.8 -10.2 -11.4 -7.2 -10.4 -11.2 -11.2 
0.0 1.0 0.0 -0.6 1.0 0.2 1.4 

-3.6 -4.2 -3.4 -7.6 -3.8 -6 .O -5.8 
-7.4 -1.2 -1.4 -6.2 -2.8 -6.4 -2.6 
-2.8 0.2 0.4 -2.0 -1.2 -1.8 0.0 

0.2 -0.8 3.0 -0.8 5.0 -0.2 1.2 
-11.2 -3.0 1.2 1.2 3.0 1.8 0.4 

-2.4 2.0 3.6 1.2 3.6 -0.4 -0.8 
-1.0 2.4 2.4 1.0 2.6 -0.6 -0.4 
-2.6 0.4 5.6 1.0 1.8 1.0 0.8 
-2.0 1.0 2.0 0.8 2.2 -0.2 -2.4 

where 

Fi - the predicted deviation 

Xi - the average opacity, 

-9.6 
1.2 

-3.0 
-3.0 

0.1 

A 

rleter 

35.0 
10.8 
26.0 
20.0 
12.3 
16.0 
11.0 
17.6 
17.6 
13.6 
18.0 
28.2 
13.8 

9.0 
14.8 
22.2 

1 

in the range from 9 to 35 percent average opacity. This equation is almost identical to that of the white 
smoke data. The value of t, is -7.20, with 13 1 degrees of freedom which is significant at the S-percent 
level. 
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TABLE 11. PREDICTED DEVIATION Using this equation, deviations may be estimated for 
FROM METERED OPACITY, plumes within the applicable range. This is done in Table 11. 
TRAINING GENERATOR- 

BLACK 
, 2. Precision , 

The precision estimation for the black smoke determina- 
tions is similar to that done for the white smoke data. The results 
from the collaborator who did not complete all 16 runs are not in- 
cluded. The remaining 128 determinations of average opacity are 
used in an ANOVA to estimate the precision components. The de- 
tails are presented in Appendix B.2. 

The within-observer variance, u2, is estimated as 

ti = 3.38 

with 105 df. This gives an estimated within-observer standard deviation of 

= 1.84, 

The F-ratio for observers is Fc = 5.73 which exceeds the critical value, Fe., 5 (7, 105) a 2.10 at ’ 
the Spercent level. Thus the observer bias variance, uL, ’ is significantly different from zero, and is estimated 

by 

6; = 1.00 

with 7df. Thus, the observer bias standard deviation is estimated by 

itL = 1.00. 

The between-observer variance is estimated from the above as 

6; = 62 + 6; 

=3.38 + 1.00 

= 4.38. 

The estimated between-observer standard deviation, then, is 

= 2.09. 

3. Predicted Results 

Using the results above, it is possible to predict, at the 95percent confidence level, the range of 
opacities that would occur in the use of the method at particular opacity levels. The predicted determination 
at k-percent opacity would be 

k + (a + bk) = k + (3.74 - 0.34k) 

= 0.66k + 3.74. 
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The variability in a reading would be measured by the within-observer standard deviation. For the 95-percent 
confidence level and 105 df, the factor 1.96 is used. This gives 

expected range: (0.66k + 3.74) f 1.96 6 

: (0.66k +3.74)* 1.96(1.84) 

: (0.66k + 3.74)+3.61. 

The expected range is given for selected values of k in Table 12. 

TABLE 12. PREDICTED DETERMIN- 
ATIONS OF AVERAGE OPACITY, 

TRAINING GENERATOR- 
BLACK 

Percent Opacity Expected Range 

S 3.43-10.65 
10 6.73-13.95 
IS 10.03-17.2s 
20 13.33-20.5s 
2s 16.63-23.85 
30 19.93-27.1s 
3s 23.23-30.4s 

The maximum difference between two determinations 
made by independent collaborators is determined from these data at 
the 95percent confidence level. The factor 1.96 is again used, and 
this gives 

maximum difference: f 1.96J2a: 

*(2.77)6, 

*(2.77)(2.09) 

f 5.79 percent opacity. 

at the 95percent confidence level. 
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V. STAUFFER CHEMICAL COMPANY TEST 

The second test of the method was conducted at the Stauffer Chemical Company sulfuric acid plant. 
This test was specifically designed to test the ability of a qualified observer to accurately read the plume 
opacity near the compliance limit for that source. The standard for sulfuric acid plants is 10 percent. mean- 
ing that an opacity of 10 percent or greater is in violation. (1) 

The observers were chosen both from government enforcement agencies and from the private sector. 
This was done to investigate whether the affiliation of the individual influenced his determination of opacity.’ 

There were 14 runs made on the first day of the test by 11 collaborators, and 16 runs on the second with 
9 collaborators for a total of 298 determinations. The average opacity during each run was determined from 
a strip chart readout of opacity as determined by an in-stack transmissometer. Because of this, the “true” 
opacity could only be determined to the nearest percent, and the observers’ determinations were rounded to 
the nearest percent opacity for comparison, 

The observers made one deviation from the published method on the second day. Since the plume was 
light, they suggested that they read to the nearest 1 percent rather than the nearest 5 percent, and this was 
permitted. However, since the method specified that 5-percent increments be used, the individual readings 
subsequently were rounded to the nearest 5 percent prior to being averaged to obtain the determinations used. 
While there may be a difference between these and a Method 9 determination, it is felt that it would be slight. 

The determinations are shown in Table 13 along with the average meter opacity for that range. These 
values are investigated for both their accuracy and precision, as for the smoke generator test. 

A. Accuracy 

The deviations from the transmissometer average are shown in Table 14 for the sulfuric acid plant data. 
The deviations show a negative bias, falling generally 1 to 3 percent below the metered opacity. To determine 
if there is a linear relationship between the deviations and the meter average, a regression line is fit to these 
points. 

The equation of the best fit to these points is 

deviation = -2.36 + (O.OS)(meter average). 

From the slope of the line, it can be seen that there is a slightly positive trend to these deviations compared 
to the negative trend of the smoke generator test. 

To determine if the slope is significant, a r-statistic is calculated as described in Appendix B. 1. The 
value of the statistic is r, = 0.68 with 296 df. This is not significant, which implies that the slope, 0.05, 
is not significantly different from zero. Thus, no linear relationship can be said to exist between deviation 
and opacity for these data. The best estimate of the deviation, then, is the mean deviation of -2.0 percent 
opacity. This is valid in the range studied, from 2 to 15 percent opacity. However, since the majority of the 
runs were made between 5 and 10 percent average opacity, it is possible that there is a relationship between 
the two variables that would be noticeable if a wider range of opacities was studied. 

B. Precision 

The determinations are submitted to an ANOVA procedure to estimate the precision of the method at 
a sulfuric acid plant. The ANOVA was performed using only the nine observers who completed all 30 runs. 
The remaining data set is large enough to obtain the desired estimates, and the necessity for blocking is 
eliminated by their exclusion. 
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RUIl 
No. 

i 
2 
3 
4 
5 
6 
I 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

l- 

TABLE 13. DETERMINATIONS OF AVERAGE OPACITY, 
STAUFFER CHEMICAL 

(Percent Opacity) 

T ( ret3 
-i- T-7-T 5 67 8 9 ii7 ii Meter 

- --- -- -- - - - - 
7 3 7 6 5 5 4 5 5 7 3 9 
5 17 5 5 5 4 4 4 7 2 8 
S 0 7 4 3 5 4 4 4 3 3 8 
5 0 6 3 1 5 4 3 4 3 2 8 
7 2 6 5 4 5 5 5 6 6 4 8 
5 3 6 S 2 5 5 3 6 6 3 8 
S 3 6 5 5 5 5 3 6 6 2 8 
S 3 6 5 5 5 5 4 6 5 2 8 

18 10 15 15 12 14 11 9 14 12 13 14 
I 5 8 7 10 8 9 5 8 9 8 7 
1 0 3 1 1 4 2 0 5 4 1 S 
5 2 5 5 4 5 6 3 5 5 2 6 
5 2 4 5 3 5 5 4 5 5 1 6 
5 3 5 3 5 5 7 4 5 5 3 6 
0 0 1 0 0 0 3 0 3 2 
0 0 1 1 3 4 4 1 5 2 
0 0 1 2 1 3 1 0 3 5 
0 0 0 0 0 1 1 0 4 4 
9 8 8 10 12 14 7 9 9 10 
6 9 7 12 13 14 6 10 8 10 
5 9 5 6 10 10 5 6 6 10 
5 7 5 5 5 6 5 5 5 10 
3 4 4 5 6 7 2 5 5 7 
3 5 3 3 5 5 2 5 5 7 
4 6 5 6 7 12 9 5 7 
5 9 7 10 13 13 4 11 6 9 
8 9 7 13 13 16 5 8 I 9 
6 9 6 16 17 17 4 9 5 9 
6 10 8 15 13 16 5 14 I 9 
7 10 5 16 15 1.5 5 14 6 9 

- --- - -- - - - - 

The precision esrimates are taken from the ANOVA table in Appendix B-3. The within-observer com- 
ponent is estimated by: 

a -2 = 4.51 

which has 232 df associated with it. This gives an estimated within-observer standard deviation of 

= 2.12 percent opacity 

The observer term for these data is shown in Appendix B.3 to be significantly different from zero. The 
observer bias variance, ai, is estimated from the ANOVA table as 

. 
6; = 0.93 

with 8 df. This gives an estimated observer bias standard deviation of 

e sl, =&E 

= 0.96 percent opacity 
I 
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TABLE 14. DEVIATIONS FROM METER AVERAGE, STAUFFER CHEMICAL 

Run 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

T 
(Percent Opacity) 

-i- 2 
- - 
-2 -6 
-3 -7 
-3 -8 
-. 3 -8 
-1 -6 
-3 -5 
-3 -5 
-3 -5 

4 -4 
0 -2 

4 -5 
-1 -4 
-1 -4 
-1 -3 
-2 -2 
-2 -2 
-5 -5 
-4 -4 
-1 -2 
-4 -1 
-5 -1 
-5 -3 
-4 -3 
-4 -2 
-3 -I 
-4 0 
-1 0 
-3 0 
-3 1 
-2 1 
- - 

3 
- 
-2 
-1 
-1 
-2 
-2 
-2 
-2 
-2 

1 
1 

-2 
-1 
-2 
-1 
-1 
-1 
-4 
-4 
-2 
-3 
-5 
-5 
-3 
-4 
-2 
-2 
-2 
-3 
-1 
-4 
- 

4 
- 
-3 
-3 
-4 
-5 
-3 
-3 
-3 
-3 

1 
0 

-4 
-1 
-1 
-3 
-- 2 
-1 
-3 
-4 

0 
2 

-4 
-5 
-2 
-4 
-1 

1 
4 
7 
6 
I 

- 

5 
- 
-4 
-3 
-5 
-7 
-4 
-6 
-3 
-3 
-2 

3 
-1 
-2 
-3 
-1 
-2 

1 
-4 
-4 

2 
3 
0 

-5 
-1 
-2 

0 
4 
4 
8 
4 
6 

- 

-4 
-3 
-3 
-3 
-3 
-3 
-3 
-3 

0 
1 

-1 
-1 
-1 
-1 
-2 

2 
-2 
-3 

4 
4 
0 

-4 
0 

-2 
0 
4 
I 
8 
7 
6 

8 
- 
-4 
-4 
-4 
-5 
-3 
-5 
-5 
-4 
-5 
-2 
-5 
-3 
-2 
-2 
-2 
-1 
-5 
-4 
-1 

0 
4 
-5 
-2 
-2 

2 
2 

-1 
0 
5 
5 

- 

9 
- 
-4 
-4 
-4 
-4 
-2 
-2 
-2 
-2 

0 
1 
0 

-1 
-1 
-1 

1 
3 

-2 
0 

-2 
-2 
-4 
-5 
-2 
-2 
-2 
-3 
-2 
4 
-2 
-3 
- 

10 ii- 
- - 
-2 -6 
-1 -6 
-5 -5 
-5 -6 
-2 -4 
-2 -4 
-2 -6 
-3 -6 
-2 -1 

2 1 
-1 -4 
-1 -4 
-1 -5 
-1 -3 

Meter 

9 
8 
8 
8 
8 
8 
8 
8 

14 
7 
5 
6 
6 
6 
2 
2 
5 
4 

10 
10 
10 
10 

7 
7 
7 
9 
9 
9 
9 
9 

The between-observer variance, ui , is the sum of the within-observer and observer bias components. 
The estimated value is 

ig =$ + 62 

= 0.93 + 4.51 

= 5.44. 

This results in a between-observer standard deviation of 

= 2.33 percent opacity. 

C. Predicted Results 

The above results can be used to make statements concerning the results that would be obtained by an 
independent observer. The range of opacities that could be expected is calculated by using the best estimate 
of the deviation, along with the variation that could be expec,ted. 
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At k percent opacity. the expected result would be 

fk --2)s f (1.96p 

. 

at the OS-percent cont‘idencr level. The factor I .96 is used since with 232 df, the distribution of the f statistic 
is essentially a standard normal curve. Substituting in the value of irgives: 

expected range : (k - 2)% ?r (1.96)(2.12) 

: (&2)+4.16 

: k-6.16tok+2.16 

for plumes of from 2 to 15 percent average opacity. For selected values, the expected range is calculated and 
shown in Table 15. 

TABLE 15. PREDICTED DETERMINATIONS, The maximum expected difference between deter- 
SULFURIC ACID PLANT minations by two independent observers is calculated using 

the between-observer variance term. As before, the difference 
Avg Opacity Expected Range is 

1 
5 0*-7.16 

10 3.84.-12.16 
15 8.84-17.16 

maximumdifference = (2.306) &?$- 

= (3.26)&, 
*Truncated to zero. 

I at the 95-percent confidence level. The factor 2.306 comes 
from Student’s t distribution with 8 df, due to the observer 

TABLE 16. OBSERVER MEANS, 
bias term. Substituting gives 

SULFURIC ACID PLANT 
maximumdifference = (3.26)(2.33) 

Observer Mean 

1 5.00 
= 7.60 percent opacity 

2 4.40 
3 5.47 D. Comparison of Enforcement and Private Observers 

*4 6.47 
*5 6.60 The test personnel were chosen from both an enforcement 
*cl 7.63 

I 4.51 
agency and from private concerns to allow the determinations 

*8 5.40 
by each group to be compared. The nine collaborators who 

9 5.73 completed all 30 runs are used, and the mean over the 30 runs 
is computed. The observer means are shown in Table 16. 

*Observer from enforcement 
agency. The observers from the enforcement agency were num- 

bers 4,5,6 and 8. As can be seen, this group gives the three 
largest overall means and the sixth largest. The indication, then, is that these people tend to read a higher 
opacity than the private sector people. 

The hypothesis that the two groups read the same average opacity is tested in Appendix B.3. The 
test is a contrast among the means, and the test statistic follows Student’s t distribution. The statistic is 
t, = 5.69 with 232 df. This is a significant value and the conclusion is that the enforcement observers did 
indeed determine higher average opacities overall than the other group. 

The average opacity for all 30 runs, however, was 7.6, so that the enforcement observers were closer 
to the true opacity than those from other agencies. 
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VI. RIVERBEND STEAM STATION TEST 

The three tests at the Riverbend Steam Station are treated separately in the analysis since there were 
different groups of collaborators and varying sky conditions for the three tests. 

The original test plan was designed to allow the evaluation of the method as used for the determination 
of minutes of noncompliance with a particular standard.(2) A test run was set as 10 minutes of observation, 
and the reported variable was to be how many observations exceeded a certain standard. 

The experimental factors to be studied included the angle of observation and the relative experience 
of the observer. Variations to the method to be evaluated included reading in 1 percent rather than 5 percent 
increments and averaging the responses of two observers as opposed to a single observer’s result. 

In the third testing period, the test personnel were advised that the average opacity, based on 25 read- 
ings, was the test variable of interest. The other factors for the test remained unchanged. For purposes of 
comparison, average opacities were calculated from the first two data sets using the first 2.5 observations of 
each run. 

Due to the adverse sky and wind conditions during tests 1 and 2, not all of the planned evaluations are 
useful. There was an inability to read the low opacity plumes against the type of background that existed, 
and as a result, the determinations were generally well below the concurrent meter average. The precision 
estimated, however, is independent of the accuracy of the determination. 

The observers at each test were divided into two groups for the test, a control and an experimental. 
The control group observed the plume at all times from a position consistent with the method as written and 
read in increments of 5 percent. The experimental group either read the plume from a more extreme angle, 
in increments of 5 percent or from the same angle as the control but in increments of 1 percent. Each group 
was composed both of observers who had considerable field experience with the method and of observers 
who had relatively little such experience. 

A. Test 1 

There were 10 runs made at the first test by 10 observers. The determinations of average opacity 
calculated from the observer record sheets are shown in Table 17. These determinations will be evaluated 
with respect to their accuracy and precision. There are six missing determinations in the data set. These 

TABLE 17. AVERAGE OPACITY DETERMINATIONS, STEAM 
STATION TJST 1 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Control Gro 

*incomplete data sheet. 

‘UP 
4 5 

Meter 1 
Experimental Group 

2 3x4 5 

5.2 5.8 16.0 5.4 5.4 1.8 5.8 2.2 
9.6 12.8 23.5 6.6 6.2 3.8 6.4 4.4 

13.8 12.6 26.0 10.8 9.4 7.8 13.0 t8.8 

6.8 4.8 11.6 5.2 5.5 4.1 5.8 6.5 
6.6 11.4 15.7 7.6 5.8 5.9 5.9 9.5 

14.6 9.0 26.1 12.2 8.5 7.5 15.0 8.9 
14.2 11.4 24.4 7.5 9.4 4.6 8.6 7.0 

9.6 1.8 14.2 4.4 6.0 1.0 5.0 2.2 
5.6 0.6 13.0 1.6 3.0 0.2 1 .o 0.4 
* * 13.4 2.0 3.0 0.0 0.0 * 
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occur wllen due to sky arld wind conditions alld interference from another plume, the observer felt that at 
times he was unable to make a determination of the opacity, and in these instances, a direct comparison 
would not be valid. 

1. Accuracy 

It is apparent that these determinations are generally considerably lower than the meter average. 
The deviations from the meter average are shown in Table 18. 

TABLE 18. DEVIATIONS FROM METERED OPACITY, STEAM STATION TEST I 

L -- 
1 

CC ml __ 
2 

301 Grc 

3 
P 

4 

-9.6 -11.6 -9.8 -10.8 
.~lO.l 15.3 -12.3 - 13.9 
-14.4 -15.0 - 15.4 --12.2 

-6.2 -1.6 --5.6 -4.8 
-1.3 -9.3 -1.9 -9.1 

-11.3 18.5 13.7 - 11.5 
-6.8 -14.8 -12.0 -10.2 
-4.8 -~ll.O -10.2 -4.6 

-11.8 12.8 -10.6 -- 1.4 
* * * * 

plete D at; 1. Sheet. 

)Ul Exnerimental 

- 14.2 
-19.7 
-18.2 

--7.5 
-9.8 

m-18.6 
-19.8 
-13.2 
-12.8 
-13.4 

0”P 
4 5 

-10.2 ~ 13.8 
17.1 -~19.1 

-13.0 -17.2 
-5.8 5.1 

9.8 -6.2 
--il.1 -17.2 
-15.8 -17.4 

--9.2 -12.0 
-12.0 -1 2.6 
-13.4 * 

1 

J 
To assess the accuracy of the method under these conditions the control group data is used. 

These observers had taken the optimum viewing position consistent with the method, and thus are consid- 
ered to best represent the accuracy that could be expected of the method. 

The deviations are fit to a regression model as with the data from the previous tests. The least- 
squares fit to these points is given by 

deviation = -3.01 - 0.40 (meter average). 

The r statistic for this fit is C, = 5.89 with 43 df. This far exceeds the critical value of t.05 (43) 
z 2.02, and this equation may be said to be valid in the range up to about 25 percent opacity. 

TABLE 19. PREDICTED DEVIATION Substituting into this equation, it is possible to predict 
FROM METERED OPACITY, STEAM what the deviation would be at selected opacities in the applicable 

STATION TEST 1 range. This is done for the 5 percent increments and the results 

Percent Opacity Predicted Deviation 
shown in Table 19. As can be seen, a plume opacity up to 10 percent 
is barely distinguishable from zero under these conditions. 

5 -5.01 
10 -7.01 2. Precision 
15 -9.01 
20 --11.01 
25 -13.01 The precision estimates are obtained using both groups’ 

determinations from runs where the experimental group was read- 
ing in 5percent increments. The l-percent increment data were 

intended only to evaluate that variation as a possible improvement to the published method when working 
on low opacity plumes, and due to the viewing conditions, no evaluation using these data is performed. The 
precision estimation is shown in Appendix B.4, using runs 1, -, I. 7 3 7. 8 and 9, omitting run 10 where there 
were 6 incomplete determinations. 
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The estimated within-observer variance is 

c2 = 3.31 

with 45 df. This gives an estimated standard deviation of 

8 = 1.82 percent opacity 

The observers are determined to be a significant source of difference between observed values. The F-ratio 
is 4.50 which exceeds the critical value of 4.08 with 8 and 54 df. Thus, ui is estimated as 

8; = 1.93 

with 8 df. The estimated observer bias standard deviation is 

= 1.39 percent opacity. 

Combining the above estimates, the between-observer component can be estimated. The between-observer 
variance, $, , is estimated by 

g = 62 + 6; 

= 3.31 + 1.93 

= 5.24. 

Thus, the estimated between-observer standard deviation is 

3. Predicted Results 

= 2.29 percent opacity 

Using the results of the previous two sections, it is possible to estimate the range of opacities 
that could be expected from a qualified observer dete rmining average opacity under these conditions. 

The expected range at any level, k, of true opacity would be given by 

expected range: k + [a + bk] + (1.96) 0 

at the 95percent confidence level. Substituting gives 

expected range: k + [-3.01 + 0.4Ok] + 1.96 (1.82) 

: [0.6Ok - 3.011 + 3.57. 

The range is calculated for selected opacities and shown in Table 20. As expected, there are no 
instances where an accurate determination can be expected under these conditions. 

The maximum difference that could be expected between two observers is estimated using the 
between-observer standard deviation. The difference would not be expected to exceed 
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TABLE 20. PKI:DICTI:D DETEK- TABLE 21. OBSERWRMEANS 
MINATIONS,STEAMSTATION FOR WEAM ST?ITION 

TEST 1 TEST I 

Gt0llp Observer 

Control 1 
2 
3 
4 

maximum difference = to.05 (8) fi 

= (2.306)(1.414)(2.29) 

= 7.49 percent opacity 

Mean 
Determination 

9.93 
6.10 
7.80 
9.67 
7.50 

6.05 
6.57 
3.20 
6.63 
4.17 

at the 95-percent confidence level 

4. Experience Effect 

The means of the observers are shown in Table 21 and these are used to determine if there is any 
significant difference between the average opacity as determined by an experienced as opposed to an inex- 
perienced observer. The test statistic is a I-statistic based upon a contrast among the means. The details are 
shown in Appendix B.4. 

The calculated t-statistic is 

tc = 1.39 

with 45 df. There can be said to be a difference between the two groups at the 5-percent level only if t, 
exceeds the tabled value. Since f0.05 (45) z 2. 016, the difference is not significant at the 5-percent level. 
Thus, for these conditions, the relative experience of the observer had no noticeable effect. 

B. Test 2 

There were 18 runs made at the second test period with 10 collaborators participating. The personnel 
breakdown was identical to the first test, with 4 experienced and 6 relatively inexperienced observers. One 
run, run 10, could not be completed. During the course of the run, the opacity meter began its automatic 
calibration check. During this time, the meter displays only the calibration opacities, 0 and 95 percent, and 
no true value is available for comparison. Only ten readings were made before the run was halted, and thus 
no determinations could be calcu!ated. 

The determinations made by the observers are shown in Table 22. As in the previous test, missing 
determinations occur when an observer is unable to make a determination of the plume opacity due to wind 
and sky conditions. 
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TABLE 22. AVERAGE OPACITY DETERMINATIONS, STEAM STATION 
T’EST 2 

Run 

1 
2 
3 
4 
5 
6 
I 
8 
9 

t10 
11 
12 
13 
14 
15 
16 
17 
18 

l- 
cc 

2 
rol Cl roi 

3 
Ip 

4 

T 
-i- 5 

I 

Meter -i- 
Expe lental roup 

2 3 4 5 

11.2 5.8 
13.8 14.4 
10.0 9.2 

5.8 5.4 
20.0 15.0 

5.0 0.4 
13.8 11.4 

5.0 5.4 
14.4 10.6 

5.2 4.0 
5.6 2.2 
5.2 0.6 
9.4 7.0 

17.0 12.8 
7.8 7.0 

12.4 8.0 
7.6 6.0 

11.6 10.6 4.2 14.4 
13.2 14.8 5.6 13.2 

9.2 12.0 5.2 11.2 
5.6 6.2 3.4 5.6 

12.6 16.2 13.6 16.4 
4.4 1.0 0.0 6.2 
9.4 14.2 10.4 11.6 
6.6 5.2 0.8 9.5 

10.8 15.2 10.6 15.0 

8.0 
13.7 
13.0 

4.6 
20.0 

0.4 
* 

6.1 4.3 
1.2 9.4 
5.2 3.4 
1.4 0.2 

13.8 11.4 
1.6 0.0 
8.0 6.6 
5.6 0.6 
6.0 5.4 

11.7 
11.3 

4.2 
3.4 

17.8 
0.0 

* 

1.8 
8.6 

4.2 
9.4 

8.3 
8.6 
9.0 
4.0 

19.0 
3.0 

10.6 
3.8 
8.8 

5.0 7.6 4.4 7.5 4.4 5.0 0.1 2.6 3.6 
7.8 6.4 2.6 10.8 2.7 3.4 0.0 2.5 1.8 
5.0 0.0 0.0 4.7 0.0 0.0 0.0 0.0 0.0 
7.6 11.8 7.4 10.1 6.6 4.8 0.6 6.4 2.0 

16.8 21.8 15.2 23.6 13.6 13.0 9.8 15.6 12.3 
10.8 9.8 3.2 13.5 7.0 6.0 2.3 5.4 4.0 
10.0 12.4 8.2 13.4 8.4 7.6 1.8 10.0 7.0 

6.4 1.6 5.0 13.6 5.0 6.0 2.2 7.8 6.6 

*Incomplete data sheet. 
tRun 10 could not he completed. 

1. Accuracy 

The deviations of the determinations from the meter average are shown in Table 23. As before, 
the determinations are generally below the meter due in large part to the viewing conditions. A linear regres- 
sion of the deviations is used to assess the accuracy, and as in the first test, only the control group data is 
used. 

The best fit to these points is given by 

deviation = -1.02 - 0.19 (meter average) 

for the range from 5 to 25 percent average opacity. The t statistic for this model is t, = 2.56 with 83 df. 
which is significant at the S-percent level. 

Using the above equation, it is possible to predict what deviation would be expected at various 

opacity levels. This is done in Table 24 for selected values in the applicable range. These are somewhat better 
than those from the first test, but still have a strong negative bias at the low range of opacities. 

2. Precision 

The precision components for this test will be estimated using runs 3-9, 13, 14, I7 and 18. The 
remaining runs were those where the experimental group was reading in l-percent increments, and a direct 
comparison between the two sets of readings is not proper. 

The precision components are estimated by an ANOVA procedure comparable to that for the 
first test. The details and ANOVA table are shown in .4ppendix B.S. The within-observer component is 
estimated from the error term of the ANOVA. 
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TABLl: 23. DEVIATlONS FROM .METE:KED OPACITY, STEAM STATION TEST 2 

(Percent Opacity) 

. 

r 

t 

1 

- 

iun 
Control Group 

I 2 3 4 5 
Meter 

I 3.2 -8.6 -2.8 -3.8 -10.2 14.4 
2 0.6 1.2 0.0 1.6 -7.6 13.2 
3 1.2 2.0 2.0 0.8 --6.0 11.2 
4 0.2 0.2 0.0 0.6 --2.2 5.6 
5 3.6 1.4 -3.8 -0.2 -2.8 16.4 
6 1.2 -5.8 1.8 -5.2 -6.2 6.2 
I 2.2 -0.2 -2.2 2.6 -1.2 11.6 
8 -4.5 -4.1 -2.9 -4.3 -8.7 9.5 
9 -0.6 --4.4 ---4.2 0.2 -4.4 15.0 

11 -2.3 m-3.5 -2.5 0.1 -3.1 7.5 
12 -5.2 -8.6 -3.0 -4.4 -8.2 10.8 
13 0.5 -4.1 0.3 -4.7 -4.7 4.7 
14 -0.7 --3.1 -2.5 1.7 -2.1 10.1 
15 -6.6 -10.8 -6.8 --1.8 -8.4 23.6 
16 -5.7 -6.5 -2.7 -3.7 -10.3 13.5 
17 -1.0 -5.4 -3.4 -1.0 -5.2 13.4 
18 -6.0 -7.6 -7.2 -6.0 -8.6 13.6 

%tcomplete Data Sheet 

Experimental Group 
1 2 3 4 5 

-6.4 ~-8.3 -10.1 -2.7 -6.1 

0.5 --6.0 -3.8 --1.9 -4.6 
1.8 -6.0 -7.8 m-7.0 -2.2 

-1.0 --4.2 -5.4 -2.2 -- 1.6 
3.6 -2.6 -5.0 1.4 2.6 

-5.8 --4.6 -6.2 -6.2 -~3.2 
* -3.6 -5.0 * -1 .(I 

-1.7 -3.9 -8.9 -5.3 -5.1 

-6.4 -9.0 -9.6 -5.6 -6.2 
-3.1 -2.5 -1.4 -4.9 -3.9 
-8.1 -7.4 -10.8 --8.3 -9.0 
-4.7 -4.7 -4.7 -4.7 -4.7 
-3.5 --5.3 -9.5 -3.7 -8.1 

-10.0 -10.6 -13.8 -8.0 -11.3 
-6.5 -7.5 -11.2 -8.1 ---9.5 
-5.0 -5.8 -11.6 -3.4 -6.4 
-8.6 -7.6 -11.4 -5.8 -7.0 

TABLE 24. PREDICTED DEVIATION The within-observer variance, o* , is estimated by 
FROM METERED OPACITY, STEAM 

STATION TEST 2 62 = 3.31 

- 
Percent Opacity Predicted Deviation 

with 88 df. This gives an estimated standard deviation of 

a=&37 
5 -1.97 

10 -2.92 = 1.84 percent opacity 
15 -3.87 
20 -4.82 The observer-within-group term is used to determine 
25 -5.77 if there is a significant observer bias component. The F-ratio is 

* F, = 8.37, which is significant at the S-percent level. This is 
equivalent to saying that the observer bias component, ui, is greater than zero. The observer bias variance 
is estimated from the observer mean square as 

&* =226 L . 

with 8 df. The observer bias standard deviation is estimated by 

OL =a 

= 1 SO percent opacity 

The between-observer component is estimated from the above. The between-observer variance, 
CJ~. is estimated as 

0; = a2 + &* 

= 2.26 + 3.37 

= 5.63. 

This gives an estimated standard deviation of 

66 =a 

= 2.37 percent opacity 
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3. Predicted Results 

The accuracy and precision statements above can be combined to predict the performance that 
could be expected when using Method 9 under these conditions. 

The range of opacities that could be expected from a qualified observer at k-percent opacity, at 
the 95percent confidence level, is given by 

expected range: k + [a + bk] + 1.96 b 

TABLE 25. PREDICTED DETER- 
MINATIONS, STEAM STATION 

TEST 2 

Percent Opacity Expected Range 

5 O* -6.64 
10 3.47- 10.69 
15 1.52- 14.74 
20 11.57-18.79 
2s 15.62-22.84 

*Truncated to zero. 

: k + [-1.02 - O.l9k] + 1.96 (1.84j 

: [0.81k - 1.021 f 3.61 

Values for this expected range are shown in Table 25 for 
the range of opacities studied. As can be seen, the observer would be 
expected to be biased on the low side above 10 percent opacity. 

The between-observer standard deviation can be used to 
estimate the difference that could be expected between two observers. 
The maximum expected difference is calculated as 

maximum difference = to.o5(8) m 

at the 9.5percent confidence level. The 8 df comes from the observer 
bias term. Substituting gives 

expected difference = (2.306)(1.414)(2.37) 

= 7.73 percent opacity 

4. Experience Effect 

The relative experience of an observer is investigated using the data from the ANOVA in Appendix 
B.5. The means of the observers over the 11 runs are calculated, and these are shown in Table 26. 

TABLE 26. OBSERVER MEANS FOR STEAM 
STATION TEST 2 

1 Experimental 

Group 

Control 

Observer 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

T 

Mean 
Determinatior 

9.48 
6.76 
7.82 
8.76 
5.42 

6.84 
5.20 
2.56 
6.32 
6.32 

The 1% variation runs are excluded to avoid the 
possibility of this variation influencing the results. Run 7 is 
also excluded, due to the two missing observations. 

The details of the test for significance are presented 
in Appendix B.S. The value of the test statistic is Tc = 3.19. 
From a Student’s t distribution with 88 df, the critical value 
is approximately 1.99. and the hypothesis of equality between 
experienced and nonexperienced observers is rejected since 
tc exceeds 1.99. 

C. Test3 

There were 8 collaborators for the third test. Of these, 
4 were from state and county agencies, 2 were from EPA 

offices and 2 were from a private contractor. The observers were divided into two equal groups as in the two 
previous tests. There were 10 observation runs on the first day and 14 on the second for a total of 192 indi- 
vidual determinations. These are shown in Table 27, along with the meter average concurrently obtained. 
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TABLE 27. AVERAGE OPACITY DETERMINATIONS. STEAM STATION 
TEST 3 

Meter 
l- -?--- 

Kun 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

- 

l- E 
1 1 

( 
l- 

3ntrol Group 
2 3 1 

:rimel 
2 

1 Gro 
3 

5.0 5.2 3.0 5.0 3.1 4.2 4.6 2.1 3.1 
13.6 13.6 15.4 5.4 7.5 12.2 8.6 6.1 10.8 

5.0 5.0 4.0 5.0 4.2 4.2 3.0 2.4 5.0 
9.0 a.4 8.6 5.2 7.2 7.8 7.0 1.8 6.8 

10.4 6.8 8.8 5.2 6.7 9.2 6.4 3.8 7.8 
6.6 6.6 5.4 5.0 5.0 5.6 6.0 4.0 4.8 

11.0 10.2 8.4 5.6 5.4 5.4 5.6 4.0 6.0 
5.8 6.0 5.8 5.2 3.4 3.2 2.0 2.0 1.6 
7.6 5.0 5.4 5.0 4.2 3.0 1.6 3.3 4.5 
6.8 6.0 5.4 5.0 4.8 3.8 2.0 2.3 5.3 

25.0 23.0 36.2 16.8 21.2 15.3 13.5 16.5 10.2 
40.8 39.0 33.0 39.6 36.0 25.2 28.7 25.7 18.1 
11.2 9.8 5.6 6.2 10.3 10.2 9.0 8.6 7.4 
17.0 15.2 6.4 10.2 14.2 18.0 14.2 12.2 8.8 
12.8 10.8 7.8 10.8 12.2 14.4 16.6 9.6 12.8 
26.0 25.6 19.0 25.2 29.6 29.8 26.6 24.2 21.6 
13.4 12.4 11.2 7.6 14.6 16.6 16.4 10.0 12.8 
29.2 25.2 24.0 25.0 28.3 30.0 30.6 22.0 27.2 
23.8 23.0 18.4 21.2 34.6 21.8 25.6 15.8 21.6 
23.0 19.4 16.6 12.4 27.2 22.8 21.6 13.5 18.8 
33.8 34.6 30.0 33.2 36.9 34.6 40.2 31.6 31.8 
17.4 12.6 10.0 8.0 15.2 14.0 13.4 11.8 12.2 
23.8 19.8 18.0 19.2 27.8 21.2 25.2 22.2 24.8 
12.6 15.0 9.4 6.8 14.4 15.0 9.2 8.8 12.8 

I 

To evaluate the observer performance at this test, the accuracy and precision will be estimated as for 
the first two sites. In addition, the relative performance of the tested variations to the method will be evaluated 

1. Accuracy 

The evaluation of the accuracy of the method is performed using the deviations from the meter 
obtained from the control group data as shown in Table 28. These deviations were all from determinations 
made within the constraints of the method, and thus offer the most applicable information. 

TABLE 28. DEVIATIONS FROM METERED OPACITY, STEAM STATION TEST 3 

l- 
tun 

T T 
1 

Contra 
2 

;roup 
3 4 

Heter 1 
1 

1 1.9 2.1 -0.1 1.9 3.1 1.1 
2 6.1 6.1 7.9 -2.1 1.5 4.1 
3 0.8 0.8 -0.2 0.8 4.2 0.0 
4 1.8 1.2 1.4 -2.0 7.2 0.6 
5 3.7 0.1 2.1 -1.5 6.1 2.5 
6 1.6 1.6 0.4 0.0 5.0 0.6 
7 5.6 4.8 3.0 0.2 5.4 0.0 
a 2.4 2.6 2.4 1.8 3.4 -0.2 
9 3.4 0.8 1.2 0.8 4.2 -1.2 

10 2.0 1.2 0.6 0.2 4.8 -1.0 
11 3.8 1.8 15.0 A.4 21.2 -5.9 
12 4.8 3.0 -3.0 3.6 36.0 -10.8 
13 0.9 -0.5 -4.7 A.1 10.3 -0.1 
14 3.8 1 .o -7.8 -4.0 14.2 3.8 
15 0.6 -- 1.4 4.4 -1.4 12.2 2.2 
16 -3.6 -4.0 -10.6 A.4 29.6 0.2 
17 --1.2 -2.2 -3.4 -7.0 14.6 2.0 
18 0.9 -3.1 -4.3 -3.3 28.3 1.7 
19 -- 10.8 -11.6 -16.2 -13.4 34.6 -12.8 
20 -4.2 -7.8 -10.6 -14.8 27.2 -4.4 
21 -3.1 -2.3 -6.9 -3.7 36.9 -2.3 
22 2.2 -2.6 -5.2 -7.2 15.2 -1.2 
23 -4.0 -8.0 -9.8 -8.6 27.8 -6.6 
24 --1.8 0.6 -5.0 -7.6 14.4 0.6 

1 x- 

I 

i 

mime - 
2 

al Grou 
3 4 

1.5 -1.0 0.0 
1.1 -1.4 3.3 

-1.2 -1.8 0.8 
-0.2 -5.4 -0.4 
-0.3 -2.9 1.1 

1.0 -1.0 -0.2 
0.2 -1.4 0.6 

-1.4 -1.4 -1.8 
-2.6 -0.9 0.3 
-2.8 -2.5 0.5 
-7.7 -4.7 -11.0 
-7.3 -10.3 -17.9 
-1.3 -1.7 -2.9 

0.0 -2.0 -5.4 
4.4 -2.6 0.6 

-3.0 -5.4 -8.0 
1.8 -4.6 -1.8 
2.3 -6.3 -1.1 

-9.0 -18.8 -13.0 
-5.6 -13.7 -8.4 

3.3 -5.3 -5.1 
-1.8 -3.4 -3.0 
-2.6 -5.6 3.0 
-5.2 -5.6 -1.6 

. 
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As was the case with the smoke generator test, there appears to be a relationship between the 
magnitude and direction of the deviation and the meter average. To test this, a linear regression model is fit 

in the manner of Appendix B. 1. The least-squares line obtained is 

deviation = 2.27 - (0.24)(meter average). 

The t statistic for this test is fC = 6.10 with 94 df, which is significant at the S-percent level. This equation 
is valid in the range from 5 to 35 percent average opacity. 

By substituting into the equation, it is possible to predict what the deviation would be at 
different levels of true average opacity. This is done in Table 29. These predicted deviations are 
comparable to those obtained in the smoke generator test. The observers are fairly accurate in the low 
opacity ranges, but acquire a low bias as the opacity increases. 

For comparison, the deviations from the meter are calculated for the experimental group as 
well. The three cases, 45”, 90”, and 1 percent are treated separately and regression lines calculated for 

TABLE 29. PREDKTED DEVIATION 
FROM METERED OPACITY, 

STEAM STATION TEST 3 

Percent Opacity Predicted Deviation 

5 1.07 
10 -0.13 
15 1.33 
20 -2.53 
25 -3.73 
30 4.93 
35 4.13 

each case. These are: 

deviation = -0.68 - 0.03 (opacity) 

deviation = 1.34 - 0.19 (opacity) 

deviation = 1.76 - 0.39 (opacity) 

respectively, for the three cases. The first line does not 
have a significant slope, while the second two do. However, 
it is easy to see that the three slopes are different, and 
thus that the observers’ determinations differed when the man- 
ner and position of observation differed. 

It is interesting to note that the most accurate readings were made when the group was at an 
approximate 45” angle to the sun. The mean deviation was -1.18 over the range from 5-32 percent average 
opacity. 

2. Precision 

The model used for estimating the precision of the method is similar to that used in the two previous 
tests. The variance components are estimated from an ANOVA of all determinations made by both groups 
on the 45” and 90” runs. The ANOVA is presented in detail in Appendix B.6. Precision estimation using the 
1 percent variation runs is contained in a separate evaluation. 

The estimated within-observer variance is 

5= = 3.57 

with 90 df. The estimated within-observer standard deviation, then, is 

6=m 

= 1.89 percent opacity 

The F-ratio for observers/groups is F, = 14.99. From a table of the F distribution, the critical 
Vahe at the 5-percent significance level is F0.05 (6,90) z 2.30, Thus, the observer/group term is significant. 
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wtrich is equivalent to saying that an observer bias variance term, 2~ , does exist. The observer bias variance is 
estimated by 

6-j = 3.12 

with 6 df’. The estimated observer standard deviation, then, is 

= 1.77 percent opacity. 

The between-observer variance is estimated from the above two terms as 

= 3.12 + 3.57 

= 6.69. 

This gives a between-observer standard deviation of 

= 2.59 percent opacity. 

3. Predicted Results 

The above results can be combined to give estimates of the type of average opacities that would 
be expected from field use of the method. The expected range of opacities that would be reported by an 
independent observer are obtained by using the predicted deviation and the within-observer standard deviation. 

The range of opacities, at k percent opacity, is defined as 

expected range: [k + predicted deviation] * (1.96)6 

at the 95-percent confidence level. The normal variate 1.96 is used since there are 69 df for the within-observer 
component. Substituting gives 

expected range: ko/o + 2.27 - (0.24)k f (1.96X1.89) 

(0.76)k + 2.27 + (3.70) percent opacity 

TABLE 30. PREDICTED DETERMINATIONS, 
STEAM STATION TEST 3 

Percent Opacity Expected Range 

5 2.31-9.11 
10 6.17-13.57 
15 9.97-17.37 
20 13.77-21.17 
25 17.57-24.97 
30 21.37-28.77 
35 25.13-32.57 

Values for the expected range are given in Table 30 for 5-per- 
cent increments in the applicable range. Similar to the pre- 
vious results, these ranges contain the true opacities at the 
low end, but acquire a negative bias beginning at the 25-per- 
cent level. 

The between-observer component is used to 
estimate the difference that would be expected between 
two observers making independent observations of the plume 
opacity. The maximum difference that would be expected 
is 
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maximum difference = to .05 (6) a 

= (2.447)(1.414)(2.59) 

= 8.96 percent opacity 

at the 95percent confidence level. 

The r value has 6 df from the observer bias variance term. This maximum difference is slightly 
larger than the numbers previously obtained. 

4. Experience Effect 

The observer means shown in Table 31, are used to test thehypothesis that the experienced 
observers read the same average opacity as the inexperienced. The test is a contrast among the means, and 
the details are given in Appendix B. 6. 

TABLE 31. OBSERVER MEANS FOR 
STEAM STATION TEST 3 

Group / Observer / Ibiean 
Determination 

The test statistic is based on Student’s f distribution, 
and compares the difference between the four experienced ob- 
servers, 1,2,5, and 6, and the four inexperienced, 3,4, 7, and 
8. The value of the statistic is fc = 8.89 with 69 df. The tabled 
value is to,us(69) = 2.00, and thus the hypothesis is clearly re- 
jected. The conclusion, then, is that the experience observers 
read different, and in this case higher, average opacities than the 
inexperienced. By inspection of the deviations, it appears that 
this difference occurs mainly in the high opacity range ( > 25%) 
where the inexperienced observers read much lower than the 
experienced. As it was previously, though, the experienced 
observers compare more favorably to the meter average. 

5. 1Percent increment8 

On runs 1,2,9, 10, 11, 12, 19 and 20, the experi- 
mental group read From the same viewing position as the con- 

trol, but recorded their observations to the nearest 1 percent opacity rather than the nearest 5 percent. These 
runs are considered separately from the others in terms of their accuracy and precision. 

a. Accuracy 

As the regression line in Section vI.C.1 above indicates, there was a negative bias in the deter- 
minations. Using that line, predicted deviations are calculated for the applicable range, and these are calculated 
and presented in Table 32. 

TABLE 32. PREDICTED DEVIATIONS, 
l-PERCENT INCREMENT DATA 

r opacity 

5 

10 10 
15 15 

1 OPyY 

20 20 
25 25 
30 30 
35 35 

Expected Deviation 
-0.19 
-2.14 
-4.09 
-6.04 
-1.99 
-9.94 
-11.84 

In addition, the runs are broken down into 
single readings, and the opacity from the meter is used to group 
the observations. All observations made at the same opacity 
level are treated as a single sample, and the accuracy of each is 
calculated. The results are summarized in Table 33. 

The meter values ranged from 3 to 62 percent 
opacity. For each, a mean is calculated and a standard deviation. 
A 95percent confidence interval is calculated using the expression 

c10.95 : x * co.05 A-- 
J;; 
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, ---- 
Cl, 

Opacity T s n 
15 t 

UL LL 
- - - -- 

3 3.3 2.0 10X I .% 3.611 2.923 
4 3.2 2.0 100 1.96 3.592 2.808 
5 4.6 3.1 11: 1.96 5.174 4.026 
6 9.4 3.7 20 2.093 11.132 7.668 
7 6.0 3.3 28 2.052 7.280 4.720 
8 9.5 2.9 4 3.1 82 14.114 4.886 
9 9.8 5.0 8 2.365 13.981 5.619 

10 10.4 2.7 8 2.365 12.658 8.142 
Ii 11.0 2.3 8 2.365 12.923 9.077 
13 14.3 4.0 4 3.182 20.664 7.936 
17 13.3 2.2 4 3.182 16.800 9.800 
19 13.5 5.0 4 3.182 21.455 5.545 
20 13.9 3.8 24 2.069 15.505 12.295 
21 13.3 3.4 44 2.021 14.336 12.264 
22 15.1 4.5 16 2.131 17.497 12.703 
23 14.9 2.7 12 2.201 16.616 13.184 
24 20.0 1.6 4 3.182 22.546 17.454 
2s 18.3 4.0 16 2.131 20.431 16.169 
26 19.1 6.2 32 2.042 21.338 16.862 
21 17.3 4.2 20 2.093 19.266 15.334 
28 18.6 4.6 32 2.042 20.260 16.940 
29 20.0 4.2 12 2.201 22.669 17.331 
30 20.3 4.0 16 2.131 22.43 1 18.169 
31 20.3 6.6 8 2.365 25.819 14.78 1 
32 21.4 3.9 16 2.131 23.478 19.322 
33 22.2 6.7 20 2.093 25.336 19.064 
34 20.7 6.8 32 2.042 23.155 18.245 
35 20.4 6.1 36 2.031 22.465 18.335 
36 22.8 3.6 8 2.365 25.810 19.790 
37 23.5 4.4 4 3.182 30.500 16.500 
38 27.0 8.8 4 3.182 41.001 12.999 
39 21.3 6.1 8 2.365 26.401 16.199 
40 22.8 1.7 4 3.182 25.505 20.095 
44 32.3 5.4 4 3.182 40.891 23.709 
45 31.0 4.7 4 3.182 38.478 23.522 
46 30.5 4.9 4 3.182 38.296 22.104 
50 32.0 5.4 4 3.182 40.591 23.409 
58 36.3 4.8 4 3.182 43.937 28.663 
62 36.5 6.6 4 3.182 47.001 25.999 

---- 

Max Min 

-- 

10 0 
9 0 

16 0 
17 4 
14 1 
13 6 
18 5 
15 8 
15 8 
19 10 
15 10 
19 7 
23 8 
26 8 
24 8 
20 12 
22 18 
28 12 
28 5 
25 11 
25 9 
25 12 
26 12 
28 8 
25 16 
30 7 
34 5 
36 5 
28 19 
28 18 
39 21 
28 12 
25 21 
38 25 
36 25 
37 25 
38 25 
40 30 
44 30 

where cu.05 is the tabled value, 
taken either from the standard 
normal or from Student’s I distribu- 
tion, and s is the calculated standard 
deviation. The observations are 
accurate when the “true value” lies 
within the interval. As can be seen 
from the table, the l-percent data 
are generally accurate up to 20 per- 
cent opacity, but beyond 20 percent 
the accuracy standard is met only 
once. Also included in the tables 
are the maximum and minimum ob- 
servations at each opacity level. 

b. Precision 

The precision of the 
l-percent variation is investigated 
using an ANOVA, as before. The 
details are contained in Appendix 
B.7. The estimated within-observer 
variance is 

6’ = 8.29 

with 21 df. This gives an estimated 
within-observer standard deviation 
of 

Cl=&79 

= 2.88 percent opacity. 

This value is somewhat 
larger than that obtained from the 
S-percent variation. To test whether 
or not these two variance terms are 

equivalent, an F-ratio is calculated comparing this estimate to the variance estimate f-rom the S-percent in- 
crement data. The statistic is Fe = 2.32 with 21 and 90 df. From the tables, the critical value for this test 
is F0.05 (21,90) e 1.75. Since the calculated F exceeds the tabled F, the two variances may be said to be 
different. 

The F-ratio for observers is F, = 1.84 with 3 df. This is not significant at the Spercent level, 
which indicates that there was no observer effect in these runs. Thus, c$ is taken to be zero, and 

6; = 8.29, 

with 2 1 df as above. 

C. Predicted Results 

Using the results obtained above, the range of opacities that would be expected from the use 
of this variation can be predicted. As before. the range is calculated as 
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expected range: k + predicted deviation + t,.,, (21) 6 

: k + (1.76 - 0.39k] i(2.080)(2.88) 

: [0.71k + 1.761 i (5.99) 

Values of this range are listed in Table 34 for selected opacity levels. The data indicate that there is fairly 
good agreement at the lower opacities, but that a negative bias appears above 25 percent. This is a com- 
parable result to the Spercent increment data. 

The maximum difference that would be expected between observations by two independent 
observers is estimated using the between-observer standard deviation. As before, the equation is 

maximum difference = to.05 (2 1) @ 

=(2.080)- 

=(2.080)(4.07) 

= 8.47 percent opacity 

As expected, this value is greater than that for the Cpercent increment data. The apparent 
conclusion is that there was more variability in the l-percent data than the 5 percent. A contributing factor 

to this was undoubtedly that the observers had not been trained to read to the nearest percent, but it is 
impossible to determine how much effect this actually had. From a second ANOVA shown in Appendix 
B.7, the two groups of observers cannot be shown to be reading different average opacities on these runs. 

TABLE 34. PREDICTED DEER- 
MINATIONS, l-PERCENT DATA 

Opacity 

5 
10 2.87-14.85 
15 6.42-18.40 
20 9.97-21.95 
25 13.52-25.50 
30 17.07-29.05 
35 20.62-32.60 
40 21.17-36.15 

*Truncated to zero. 

6. Two Observers 

A second variation to be 
studied involved taking the average 
of two observers results as opposed to 
a single observer’s average. The 6 
possible pairings among the control 
group are made. and the determinations 
are shown in Table 35 with the devia- 
tions shown in Table 36. 

T 
Run 

(192) (1,3) 
Obw IPair 
(1,4) W) (2,4) (3941 

Meter 

1 5.1 4.0 5.0 4.1 5.1 4.0 3.1 
2 13.6 14.5 9.5 14.5 9.5 10.4 7.5 
3 5.0 4.5 5.0 4.5 5.0 4.5 4.2 
4 8.7 8.8 7.1 8.5 6.8 6.9 7.2 
5 8.6 9.6 7.8 7.8 6.0 7.0 6.7 
6 6.6 6.0 5.8 6.0 5.8 5.2 5.0 
7 10.6 9.7 8.3 9.3 7.9 7.0 5.4 
8 5.9 5.8 5.5 5.9 5.6 5.5 3.4 
9 6.3 6.5 6.3 5.2 5.0 5.2 4.2 

10 6.4 6.1 5.9 5.7 5.5 5.2 4.8 
11 24.0 30.6 20.9 29.6 19.9 26.5 21.2 
12 39.9 36.9 40.2 36.0 39.3 36.3 36.0 
13 10.5 8.4 8.7 7.7 8.0 5.9 10.3 
14 16.1 11.7 13.6 10.8 12.7 8.3 14.2 
15 11.8 10.3 11.8 9.3 10.8 9.3 12.2 
16 25.8 22.5 25.6 22.3 25.4 22.1 29.6 
17 12.9 12.3 10.5 11.8 10.0 9.4 14.6 
18 27.2 26.6 27.1 24.6 25.1 24.5 28.3 
19 23.4 21.1 22.5 20.7 22.1 19.8 34.6 
20 21.2 19.8 17.7 18.0 15.9 14.5 27.2 
21 34.2 31.9 33.5 32.3 33.9 31.6 36.9 
22 15.0 13.7 12.7 11.3 10.3 9.0 15.2 
23 21.8 20.9 21.5 18.9 19.5 18.6 27.8 
24 13.8 11.0 9.7 12.2 10.9 8.1 14.4 

TABLE 35. OPACIIY DETERMINATIONS 
USING PAIRED OBSERVERS 
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There are 15 deviations of 
absolute magnitude greater than 7.5 per- 
cent out of the 144 pairings, and also 
15 out of the original 96 determinations. 
Thus, there was a decrease in the fre- 
quency of the large deviation. The per- 
centages are 0.10 as opposed to 0.16. 
In Appendix B.8, it is shown that this 
is a significant decrease in frequency. 

The precision that would be 
expected from this variation is esti- 
mated by taking one-half of the between- 
observer variance term from the previous 
analysis. The variance between two 
observations, then, would be 

6; = l/2 (6.69) 

= 3.35 

and a standard deviation of 

@ = 1.83 percent opacity. 

TABLE 36. DEVIATIONS FROM OPACITY, PAIRED OBSERVERS 

l- 
Run 

(132) 

1 2.0 
2 6.1 
3 0.8 
4 1.5 
5 1.9 
6 1.6 
7 5.2 
8 2.5 
9 2.1 

10 1.6 
11 2.8 
12 3.9 
13 0.2 
14 1.9 
15 --0.4 
16 -3.8 
17 -1.7 
18 --I.1 
19 -11.2 
20 -6.0 
21 -2.7 
22 -0.2 
23 -6.0 
24 -0.6 

(193) 
-- 

0.9 
7.0 
0.3 
1.6 
2.9 
1.0 
4.3 
2.4 
2.3 
1.3 
9.4 
0.9 

-1.9 
-2.5 
-1.9 
-7.1 
-2.3 
-1.7 

-13.5 
-7.4 
-5.0 
-1.5 
-6.9 
-3.4 

Obsen Pair 

(1,4) (2.3) 

1.9 1.0 2.0 0.9 3.1 
2.0 7.0 2.0 2.9 7.5 
0.8 0.3 0.8 0.3 4.2 

--0.1 1.3 -0.4 -0.3 7.2 
1.1 1.1 -0.7 0.3 6.7 
0.8 1.0 0.8 0.2 5.0 
2.9 3.9 2.5 1.6 5.4 
2.1 2.5 2.2 2.1 3.4 
2.1 1.0 0.8 1.0 4.2 
1.1 0.9 0.7 0.4 4.8 

-0.3 8.4 -1.3 5.3 21.2 
4.2 0.0 3.3 0.3 36.0 

--1.6 -2.6 -2.3 -4.4 10.3 
-0.6 -3.4 -1.5 -5.9 14.2 
-0.4 -2.9 -1.4 -2.9 12.2 
-4.0 -7.3 -4.2 -7.5 29.6 
-4.1 -2.8 -4.6 -5.2 14.6 
-1.2 -3.7 -3.2 -3.8 28.3 

-12.1 -13.9 -12.5 -14.8 34.6 
-9.5 -9.2 -11.3 -12.7 27.2 
-3.4 -4.6 -3.0 -5.3 36.9 
-2.5 -3.9 -4.9 -6.2 15.2 
-6.3 -8.9 -8.3 -9.2 27.8 
-4.1 -2.2 -3.5 -6.3 14.4 

l- 
Meter 

The 95percent confidence limit on the difference between two determinations made this way 
would be 

maximum difference: to.o5(6)fi 

(2.447)(1.414)(1.83) 

6.33 percent opacity. 

This is a 29-percent reduction from the single observer determination result. 
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VII. COMPOSITE ESTIMATION 

As a final evaluation, it is investigated whether the precision and accuracy from all the tests may be 
combined to produce statements that are applicable to any site. The accuracy statements are derived from 
the training generator and Steam Station Test 3 data, where good background was available. The sulfuric 
acid test data is not used since it applies to a much narrower range of opacities. 

A. Accuracy 

The slopes of the regression lines for the training generator and steam station test are tested for equal- 
ity. A test statistic is calculated for comparing the three estimated slopes using their standard deviations and 
an uncertainty factor. The details are given in Appendix B.9. 

The slopes can be said to be estimating the same true value if they differ from each other by no more 
than 0.12. As can be seen, the difference between the largest and the smallest slope estimate is 0.10, and 
thus the three values are insignificantly different from one another. 

Because of this, a composite line is calculated using all the points from the three sets of data. The 
equation thus calculated is 

deviation = 3.13 - (0.31) (percent opacity) 

for the range from 5 to 35 percent average opacity. The expected deviation calculated using this equation is 
shown in Table 37 for values in that range. 

TABLE 37. PREDICTED DEVIATION 
FROM METERED OPACITY, 

COMPOSITE ESTIMATE 

Opacity Expected Deviation 

5 1.58 
10 0.03 
15 -1.52 
20 -3.07 
25 -4.62 
30 -6.17 
35 -7.72 

B. Precision 

The six estimates of the within-observer variance, 02, are com- 
pared using Bartlett’s test (3). The test statistic is a &i-square, and is 
calculated to be 13.77 with 5 df, and the significance level for this 
value is approximately 0.02. Thii is sufficient to accept the hypoth- 
esis that all are estimating the same true variance. 

The combined estimate is obtained by “pooling” the variances, 
as described in Appendix B.9. The pooled variance is 

6 = 4.22 

with 693 df. This gives an estimated within-observer standard deviation of 

= 2.05 percent opacity. 

Similarly, the 6 values of 02 are tested for equality using Bartlett’s test. The test statistic is 4.72 with 
S df, which is not significant. Thus, for these components as well, the hypothesis of equality is accepted. 
The pooled estimate of the observer bias variance is 

with 44 df. This gives an estimated observer bias standard deviation of 

CL = 1.29 percent opacity. 
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Combining the above estimates, the between-observer variance is estimated as 

6; = 6; + 62 

= 4.22 + 1.66 

= 5.88. 

This gives a between-observer standard deviation of 

Bb =&ST 

= 2.42 percent opacity. 

C. Predicted Results 

Using the results of the previous two sections, the expected range and maximum expected difference 
can be calculated for the composite values. The expected range would be 

expected range: k + [3.13 - 0.3lk] f 1.96 8 

: (0.69k + 3.13) f 1.96 (2.05) 

: (0.69k + 3.13) f 4.02 

for any true opacity k, at the 95percent confidence level. The expected range is presented for selected 
values of k in Table 38. As before, the results show accuracy up to about 25 percent opacity, then acquire 
a low-side bias. 

TABLE 38. PREDICTED DETERMIN- The maximum difference that could be expected between two 
ATIONS OF AVERAGE OPACITY, 

COMPOSITE ESTIMATE 
independent observers is calculated using the between-observer standard 
deviation. At the 95 percent confidence level, the difference could not 

Percent Opacity Expected Range 

5 2.56- 10.60 
10 6.01-14.05 
15 9.46-17.50 
20 12.91-20.95 
25 16.36-24.40 
30 19.81-27.85 
35 23.26-31.30 

be expected to exceed 

maximum difference: to .0 5 (44) fi 

: (2.021) (1.414) (2.42) 

: 6.92 percent opacity. 

The 44 df are due to the observer bias term. 
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