




























































































































5 Statistical Analysis of Water Quality Data: Choosing Methods and Analyzing Results 

Table 5-1. Estimators of distributional properties. 

mean 

median 

standard deviation 

interquartile range 

coefficien t 
of skewness 

quartile skew 
coefficient 

quantiles 

proportions 

measure of 
location 

measure of 
location 

measure of 
spread 

measure of 
spread 

measure of 
symmetry 

measure of 
symmetry 

Appropriate for computing units of 
mass. 

Resistant to outliers. 

Unstable and inflated in the presence 
of outliers. 

Resistant to outliers. 

Outliers can produce misleading 
results. 

Resistant to outliers. Uses only central 
50 percent of data. 

Xr, the pth quantile = that value below 
which lies 100p% of the population. 
Percentile = 100 x quantile 

p" = the proportion of the population 
which exceeds the value X.' 

Table 5-2. Estimators of difference in location based on two samples. 

Estimator or 
Property To Be 

Estimated· .. ·. 

difference 
between mean 
values 

Hodges-Lehmann 
estimator 

mean difference 

Hodges-Lehmann 
estimator 

median difference 

.. ,::':::',:.:':::':,:,::,::,:,: ... ', 

• Comments ................ .... ... .' . .., . 

independent 
samples Used with the two-sample t-test. 

independent The median of all possible pairwise 

samples differences between the two samples. 
Nonparametric. Used with the rank-sum test. 

dependent' 
samples 

Applicable where differences are 
symmetric and normally distributed. Used 
with the paired t-test. 

dependent' 
The median of all allowable pairwise 

samples avera8es. Nonparametric. Used with the 
signe -rank test. 

dependent' Used with the sign test. 
samples Nonparametric. 

• "Dependent" refers to samples which can be paired. 
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Helsel and 
Hirsch, 1992 

" 

" 

" 

Gilbert, 1987 
Berthouex and 
Hau, 1991 

Gilbert, 1987 

••••••••••• 
> ••.....•..••.. 

Helsel and 
Hirsch, 1992 

Hollander and 
Wolfe, 1973 

Helsel and 
Hirsch, 1992 

Hollander and 
Wolfe, 1973 

Helsel and 
Hirsch, 1992 
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Table 5-3. Estimators of linear dependence and monotonic trend. 

Ildm;¢i)r9r i · .•.•..••.•....•.•..•..•..•..•..•........•..•. ··.·.·.·.··i ..•.•.•••.•.•.•..•..•..•.....•.....•.....•.....•......•.....•. 
P ............. ········Tb a ~ ....... ···Ikad .•. ·. O.··.R.·.· .• • .•.•. ···· •.. ·········>··c66161.6q···· 
r£1m'~drrL .... Jt· ....•......•... 

The following can be estimated: 
ordinary least 
squares (OiS) 
regression' 

linear 
dependence 

slope, intercept, y given Xi' residuals for 
observation i, and mean square error. 
Assumes that residuals are normally 
distributed. 

Helsel and 
Hirsch, 1992 

Theil slope 
estimator'" 

linear 
dependence 

More efficient than the OiS estimator when 
residuals are nonnormal. Nonparametric. 
Used with the Theil test for slope. 

Helsel and 
Hirsch, 1992 
Dietz, 1989 
Hollander and 
Wolfe, 1973 

Sen slope 
estimator 

monotonic 
trend 

Measures monotonic relationships. 
Nonparametric. Allows missing values. 
Used with the Mann-Kendall test. 

Gilbert, 1987 

Seasonal Kendall 
slope estimator 

monotonic 
trend 

Similar to the Sen slope estimator. 
Accounts for seasonality. Used with the 
Seasonal Kendall test. 

Gilbert, 1987 

II- Can be used as a measure of trend magnitude if explanatory variable is time_ 

a hypotheSis test accompanied by the appro­
priate operating characteristic curve (Natrella, 
1972). Confidence intervals, however, are much 
easier to construct and interpret than operating 
characteristic curves. Another important 
advantage is that confidence intervals, unlike 
operation characteristic curves, are presented 
in the same units as the original observations 
(Natrella, 1972). 

Confidence intervals are also used to detect 
outliers, for constructing quality control charts, 
and for determining sample sizes necessary to 
achieve a stated level of precision (Helsel and 
Hirsch, 1992). Control charts are discussed in 
the IBM data analysis protocol. 

Tolerance Intervals and Prediction Intervals. 
Tolerance and prediction intervals are both used 
in ground water data analysis to determine 
whether a new monitoring result is consistent 
with background levels. These two methods 
allow concentration values to be considered 
individually while still keeping the false posi-
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tive rate at a reasonable level (Gibbons, 1991a). 
Contrary to what is stated in the RCRA sta­

tistical guidance document (U.s. EPA, 1989), 
there are important differences between toler­
ance intervals and prediction intervals. These 
differences should be considered when decid­
ing which of the two procedures to use. 

Tolerance and prediction intervals can be 
either one-side or two-sided. For the purposes 
of this discussion, one-sided intervals will be 
assumed because they are appropriate for 
determining if a ground water contaminant is 
higher than background levels. The following 
discussion is based primarily on a paper by 
Gibbons (1991a). 

A tolerance interval states that a given per­
centage of all future measurements will fall in 
the interval with a specified level of confidence, 
if in fact, there is no difference from back­
ground levels. Therefore, a one-sided, 95 per­
cent tolerance interval with 99 percent coverage 
means that a data analyst can be 95 percent 
confident that 99 percent of all future measure-
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ments in an uncontaminated well will fall in (or 
below) the interval. 

There are two key points in the definition of 
tolerance intervals. First, tolerance intervals 
allow a specified number of false positives. In 
the example given above, the analyst could be 
95 percent confident that 1 of the next 100 mea­
surements will be a false positive. Secondly, tol­
erance intervals are independent of the future 
number of measurements. The "coverage" (99 
percent in the above example) refers to a speci­
fied proportion of the entire population. 

A prediction interval states that all of a 
given number of future measurements will 
fall in the interval with a specified level of con­
fidence, if in fact, there is no difference from 
background levels. Therefore, a one-sided, 95 
percent prediction interval constructed for the 
case of k = 20, means that the analyst can be 95 
percent confident that all of the next 20 mea­
surements from an uncontaminated well will 
fall in (or below) the interval. 

There are two important pOints in the defin­
ition of prediction intervals. The first is that no 
false positives are allowed. The price which is 
paid for this 100 percent coverage (i.e., no false 
positives) is an elevated false negative rate. In 
other words, important differences may not be 
detected. The second key point is that the 
width of the prediction interval depends on 
the number of future measurements for which 
it was constructed. The interval is narrower 
for fewer measurements. This feature makes 
prediction intervals appropriate for small 
monitoring programs. 

Gibbons (1991a) developed a procedure 
using both tolerance and prediction limits 
which is particularly useful for situations where 
a large number of statistical comparisons are 
conducted on a regular basis. The procedure 
takes advantage of the strong points of both 
approaches and minimizes their weaknesses. 
Basically, Gibbons recommends that a tolerance 
interval be used initially, followed by the use of 
a prediction interval on results obtained from 
wells which failed the initial analysis. 

Additional references on tolerance and pre-
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diction intervals which may be useful to the 
DAP writer include: Gibbons (1987a, 1987b, 
1990, 1991b), Gibbons and Baker (1991), Helsel 
and Hirsch (1992), Loftis et al. (1987), Mee 
(1990), and Sara and Gibbons (1991). 

HYPOTHESIS TESTING 

Introduction 
Hypothesis testing is used extensively in the 

analysis of water quality data. Like estimation, 
hypothesis testing provides a means for con­
sistency. Each analyst who uses the same data 
and the same test will come up with identical 
answers. Unlike estimation, hypothesis testing 
provides yes/ no answers regarding the statis­
tical significance of the evidence. "P-values" 
are a measure of strength of that evidence. 

Hypothesis testing has historically been the 
basis for statistical inference. Researchers from 
many disciplines, however, are beginning to 
question the value of hypothesis tests (e.g. 
Graybill and Iyer, 1993). A few authors recom­
mend abandoning them altogether in favor of 
interval estimation procedures. The most com­
mon opinion, though, seems to be that 
hypothesis tests are important tools if they are 
applied correctly. 

The following discussion is organized 
around the steps involved in conducting a 
hypothesis test. These steps are: 

1. Choose the appropriate test. 
2. Establish the null and alternative 

hypotheses. 
3. Decide on an acceptable value for <1.. 

4. Compute the test statistic from the data. 
5. Compute the p-value. 
6. Reject the null hypothesis if p ~ <1.. 

7. Report the results. 
8. Interpret the results. 

Choose the Appropriate Test 
The general principles involved in choosing a 

statistical analysis method were reviewed at the 
start of this chapter. Specific hypothesis tests 
which are used to analyze water quality data 
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are presented in Tables 5-4 thru 5-8. Although 
the tables are not exhaustive, they do contain 
the majority of hypothesis tests routinely used 
for water quality data analysis. 

data and then choose a one-sided or two-sided 
test. Typical alternative hypotheses are: 

• The difference in means", 0 (two-sided). 
• The correlation coefficient", 0 (tWO-Sided). 

Establish the Null and Alternative 
Hypotheses 

• The slope coefficient> 0 (one-sided). 
• The lag 1 serial correlation coefficient > 0 

(one-sided). 
The null hypothesis, Ho' is the hypothesis 

which is being tested. It is generally formulat­
ed to represent the status quo of no change or 
differenceY Some examples of typical null 
hypotheses are: 

27 There has been some debate over the validity of 
formulating the null hypothesis to represent the sta­
tus quo of no change or difference. Usually. the real 
hypothesis of interest in water quality is whether a 
particular variable falls inside or outside a range of 
practical importance (McBride et al.. 1992). A similar 
situation occurs in the area of bioequivalence testing. 
Several authors in that field have criticized tradition­
al hypothesis testing methods and have suggested 
alternatives such as the eqUivalence test (Anderson 
and Hauck, 1983 and Patel and Gupta.19M). McBride 
et al. (1992) discuss the use of equivalence tests to 
analyze water quality data. 

• The difference in means = O. 
• The correlation coefficient = O. 
• The slope coefficient = O. 
• The lag 1 serial correlation coefficient = O. 
The alternative hypothesis, H" represents a 

deviation from the status quo. H, can be either 
one-sided or two-sided depending on the 
information goal. It is not valid to look at the 

Table 5-4. Tests for goodness of fit. 

skewness test 

Lillefors test 

Shapiro-Wilk test 

probability plot 
correlation 
coefficient 
(PPCC) test 

chi-square test 

Kolmogorov test 

'. '.Applkation 

normality 

normality 

normality 

normality 

goodness­
of-fit 

goodness­
of-fit 

Comments' 

A simple test which works well for 
groundwater quality data analysis. 
Higher power than the chi-square test. 

Similar to the Kolmogorov test. Test statistic 
can be found graphically. 

A powerful test which is related to the 
PPCC test and normal probability plot. 
More complex than the skewness test. 

Results can be visually illustrated on a 
probability plot, the graphic analog to the 
PPCC test. 

Well known and versatile test. Less 
powerful at detecting nonnormality than 
most tests specifically designed for that 
purpose. 

Preferable to chi-square test when dealing 
with continuous data and/ or small sample 
sizes. 
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Harris et ai., 
1987 
Snedecor and 
Cochran, 1989 

Conover, 1980 

Conover, 1980 
Harris et aI., 
1987 

Helsel and 
Hirsch, 1992 

Harris et aI., 
1987 
Conover, 1980 

Conover, 1980 
Zar,1984 
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Table 5-5. Tests for location-two samples. 

······•·· •• ·•· •• ··.·.··TeSt\ .• ••·•···•·•· .•• • •• APpileijjQI'I.·····i····· ..........• ·········e~mm"'I1~····· ·.·····.····.···~ .... c~ .... ·· 
t-test independent Properties have been widely studied. Less 

powerful than the rank-sum test when samples data are nonnormally distributed. 

independent Also called the Wilcoxon rank sum, Mann-
Whitney, or Wilcoxon-Mann-Whitney test. samples Nonparametric. 

rank-sum test 

paired !-test dependent* 
samples 

More powerful than the t-test when there is 
pairwise correlation. Assumes that 
differences are normally distributed. 

dependent' Assumes that the differences are 
samples symmetrically distributed. Nonparametric. signed-rank test 

sign test dependent> 
samples 

More generally a'llicable than the paired 
t-test or the signe -rank test. Easy to 
compute. Less powerful than the signed 
rank test. Nonparametric . 

• "Dependent" refers to samples which can be paired. 

Table 5-6. Tests for location-more than two samples. 

one-factor 
ANOVA 

Kruskal-Wallis 
test 

two-factor 
ANOVA without 
replication 

median aligned 
ranksANOVA 
(MARA) 

Friedman test 

multiple 
comparisons 
procedures 

Application 

independent 
samples 

independent 
samples 

dependent" 
samples 

dependent" 
samples 

dependent" 
samples 

Comments 

Widely used test. Assumes that all data 
groups have identical variances and are 
normally distributed. 

N0I6arametric equivalent of the one-factor 
AN VA. Extension of the rank-sum test. 
Distributions of each data set are assumed to 
be identical in shape. 

The traditional parametric test for 
randomized complete block design. 

An extension of the signed ranks test. 
N onparametric. 

The most common nonparametric test used 
for the randomized complete block design. 
An extension of the sign test. 

Used only after an ANOVA-type test has 
been run which indicates a significant 
difference. Parametric and nonparametric 
versions are available . 

• "Dependent" refers to samples which can be paired. 
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Helsel and 
Hirsch, 1988 
Zar,1984 

Conover, 1980 
Hollander and 
Wolfe, 1973 

Helsel and 
Hirsch, 1992 
Zar, 1984 

Conover, 1980 
Hollander and 
Wolfe, 1973 

Conover, 1980 
Gilbert, 1987 

Refer'ence···.····· 
Helsel and 
Hirsch, 1992 
Zar, 1984 

Hollander and 
Wolfe, 1973 
Gilbert, 1987 

Helsel and 
Hirsch, 1992 
Zar,1984 

Helsel and 
Hirsch, 1992 

Conover, 1980 
Hollander and 
Wolfe, 1973 

Helsel and 
Hirsch, 1992 
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Table 5·7 . Tests for linear dependence and monotonic trend. 

•..• ?~ .. · .. ·~··.i ............... ·i···· .. · . ... ····i ••• ...... 
ordinary least linear The slope and intercept can be tested for Helsel and squares (OLS) dependence departure from zero. Assumes that Hirsch, 1992 residuals are., Iy distributed. 

Unlike the 015, the Theil test is not strongly Helsel and 
Theil test for linear affected by outliers, and residuals can be Hirsch,1992 
slope dependence nonnonnally distributed. Nonparametric. Hollander and 

Wolfe. 1973 

Mann·Kendall monotonic Missin~ values and non-detects are 
Gilbert, 1987 
Helsel and test trend allowe . Nonparametric. Hirsch, 1992 

Seasonal Kendall monotonic An adaption of the Mann-Kendall test Gilbert, 1987 

test trend which accounts for seasonality. Widely Hirsch et aI., 
used for water data .1. i~ 1982 

Multivariate tests are more powerful than 
repeated applications of univariate tests. 
MANOVA best for independent data with 

multivariate monotonic nonnal errors and Sen-Puri test best for Loftis et aI., 

trend tests trend independent data with lognonnal errors. 1991b and 
CS test best for serially dependent data 1991c 
with homogenous trends. CE test best for 
serially depend~!'t data with trends in both 
directions. See 4 . 

• Can be used as a test for trend if explanatory variable is time. 

If a one-sided test is chosen, the hypotheses 
should be written in a fonnat which is mutual­
ly exclusive. For example, if H, is: the slope 
coefficient is > 0, then Ho should be: the slope 
coefficient is ::; O. 

which management is willing to take of mak­
ing Type I and Type II errors. A larger value of 
a. will mean a larger number of false positives 
and a smaller number of false negatives. 

Decide on an Acceptable Value for a. 
The significance level, a., is the probability 

of making a Type I error. Type I error is the 
rejection of the null hypothesis when it is true. 
If the null hypothesis is true and a. is set equal 
to 0.05, the null hypothesis will be rejected 5 
times in 100 due to chance alone. 

Data analysts are free to set a. at whatever 
value they choose. The value of a., however, 
inversely affects the value of 13, the Type II 
error. Type II error is the acceptance of the null 
hypothesis when it is false. 

The choice of a. should be based on the risk 
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Compute the Test Statistic from the Data 
Calculation of the test statistic is dependent 

on the particular test which is chosen. There is 
usually only one way to calculate the test sta­
tistic for parametric procedures. Many non­
parametric procedures, however, have three 
versions, all of which have different equations 
for detennining the test statistic. 

The three versions of nonparametric tests 
are: 

1. Exact test. 
2. Large sample approximation. 
3. Rank transfonnation test. 

The exact version produces exact rather than 
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Table 5-8. Tests for correlation, equal variance and serial dependence. 

Pearson's r 

Kendall's tau 

Spearman's rho 

F-test 

squared ranks 
test 

rank von 
Neuman test 

confidence 
interval for r(k) 

correlation 

correlation 

correlation 

equal 
variances 

equal 
variances 

serial 
dependence 

serial 
dependence 

Measures linear relationships. Not 
resistant to outliers. Assumes constant 
variance. 

Measures monotonic relationships. 
Nonparametric. 

Measures monotonic relationships. 
Nonparametric. Exact p-values should be 
used for n < 20. Spearman's p tends to be a 
larger number than Kendall's t but the 
results of both tests are similar. 

Severely affected by nonnormal 
distributions. 

Nonparametric. Can be modified for use 
with more than two samples. 

Tests for the presence of lag 1 serial 
correlation. Nonparametric. 

Lag 1 serial correlation is significant if r(l) 
falls outside the confidence interval. 

Helsel and 
Hirsch,1992 

Conover, 1980 
Helsel and 
Hirsch, 1992 

Conover, 1980 
Helsel and 
Hirsch, 1992 

Zar, 1984 

Conover, 1980 

Gilbert, 1987 
Harris, 1988 

Harris et aI., 
1987 

approximate results. The test statistic is com­
pared to a table of quantiles which are calcu­
lated separately for every sample size or com­
bination of sample sizes. Exact tests should be 
used for small sample sizes. 

The large sample approximation can be 
used for large sample sizes (usually> 30). This 
test version assumes that the test statistic fol­
lows a particular distribution such as the nor­
mal distribution. The data analyst can com­
pare the calculated test statistic with a table for 
the assumed distribution, thus eliminating the 
need for huge tables which include exact val­
ues for large sample sizes. 

the rank transformation test. Equations devel­
oped for parametric procedures are used to 
calculate the test statistic from ranks of the 
data. P-values are then determined in the 
same manner as for the parametric test. The 
rank transformation version is useful in situa­
tions where a nonparametric analog is not 
available for a parametric test. This can occur 
if a nonparametric version has never been 
developed, such as for the multiple-factor 
ANOVA, or if the nonparametric version in 
not included in the statistical software which 
is being used. 

Most computer programs use large sample 
approximations for all sample sizes. This prac­
tice can introduce significant error. If sample 
sizes are small, the test statistic should be 
obtained from the program output and com­
pared manually to a table of exact p-values. 

The third version of non parametric tests is 
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Compute the P-value 
The p-value is the smallest level of signifi­

cance which would have allowed the null 
hypothesis to be rejected (Iman and Conover, 
1983). P-values are obtained from tables and 
are based on the value of the test statistic. 
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Reject the Null Hypothesis if p ::;; Ct. 

Once the p-value is detennined it should be 
compared to the significance level, Ct.. Reject Ho 
If p ::;; Ct.. Otherwise, accept Ho' 

Report the Resu Its 
The following infonnation should be includ­

ed when reporting the results of a hypothesis 
test: 

• The name of the test which was used. 
• The chosen significance level. 
• Whether Ho was accepted or rejected. 
• The p-value. 
• The sample size. 
• The data themselves or the location of the 

data. 
Some authors believe that an operating charac­
teristic curve should also be included when 
reporting the results of a hypothesis test. 

Interpret the Results 
When interpreting the results of hypothesis 

tests, it is helpful to know that five parameters 
are interrelated in such a way that the estab­
lishment of any four of them determines the 
fifth (O'Brien and Shapiro, 1972). These para­
meters are: 

1. Sample size. 
2. Significance level. 
3. Power. 
4. Magnitude of the differences. 
5. Population standard deviation. 

This information is also useful for designing a 
samplmg program (Smith and McBride, 1990). 
The relationship between these five parame­
ters can be best understood by examining 
operating characteristic curves like the ones 
shown in Ward et aI. (1990). 

There are four possible results which can be 
obtained from hypothesis testing. These are 
shown in Table 5-9 and discussed in the fol­
lowing paragraphs. 

If the results of a hypothesis test indicate 
that there is not a significant difference, this 
can mean one of two things: (1) small differ­
ences exist and they are not statistically signifi­
cant, or (2) large differences exist but they are 
not statistically significant. #1 represents a cor­
rect decision whereas #2 is incorrect. #2 usual­
ly occurs because the sample size is too small, 
the power of the test is too low, or the popula­
han standard deviation is too high. 

On the other hand, if results indicate that 
there is a significant difference, this can mean: 

Table 5-9. Decisions in hypothesis testing. Adapted from Iman and Conover (1983). 

correct decision 
probability of correct decision 

= 1 - Ct. 

Type I error 
probability of Type I error = Ct. 

(significance level) 

Type II error 
probability of Type II error = ~ 

correct decision 
probability of correct decision 

= 1 - ~ (power) 

• Ho is never exactly true for continuous variables. Some difference always exists. 
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(1) large differences exist and they are statisti­
cally Significant, or (2) small differences exist 
but they are statistically significant. Again, #1 
represents a correct decision whereas #2 is 
incorrect. #2 can occur if sample sizes are very 
large or the significance level has been set at a 
very low level. 

Another key point pertains to statistical ver­
sus practical significance. Even if the hypothe­
sis test is correct in declaring a large difference 
to be statistically significant, the difference is 
not necessarily significant or important from a 
water quality standpoint. This issue has been 
brought up by authors in a variety of disci­
plines including: pharmacy (Patel and Gupta, 
1984), biology (Jones and Matloff, 1986 and 
Perry, 1986) and public health (Brown and 
Mikkelsen, 1990 and Ononoff and Boden, 1987). 

The p-value is a critical component of 
hypothesis test results. Some authors recom­
mend that only the p-value be reported so that 
a reader can make his or her own decision 
regarding significance. For two samples of the 
same size, a smaller p-value indicates a higher 
probability that the observed effect is "real" 
(i.e., that it can be attributed to something 
other than chance). The p-value also provides 
an indication of the confidence with which the 
null hypothesis is accepted or rejected. For 
example, if the p-value is only slightly larger or 
smaller than the significance level, the decision 
to accept or reject Ho is somewhat borderline. 

CONCLUSIONS 

Three factors to consider when choosing 
methods to statistically analyze water quality 
data are: 

1. MOnitoring information goals. 
2. Data record attributes. 
3. Characteristics of the proposed data 

analysis method. 
Nonparametric methods for estimation and 
hypothesis testing are frequently chosen to 
statistically analyze water quaIi ty data. 
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Graphical methods can be included in a 
DAP to interpret statistical results, analyze 
data, or present information. Data should 
always be viewed in a graphical format 
regardless of how the data is analyzed. 

A point estimate is a single number "best 
guess" of some characteristic of the popula­
tion. Most point estimates can be transformed 
into interval estimates merely by adding confi­
dence intervals. 

The three main types of interval estimation 
procedures are confidence intervals, predic­
tion intervals, and tolerance intervals. There 
are important differences between prediction 
and tolerance intervals which should be 
understood by the DAP writer. 

The width of a confidence interval indicates 
how much reliance should be placed on the 
point estimate. Similar information can be 
obtained from the yes I no results of a hypothe­
sis test accompanied by the appropriate oper­
ating characteristic curve. Confidence inter­
vals, however, are easier to construct and 
interpret than operating characteristic curves. 

Hypothesis tests are conducted using the 
following steps: 

1. Choose the appropriate test. 
2. Establish the null and alternative 

hypotheses. 
3. Decide on an acceptable value for a.. 
4. Compute the test statistic from the data. 
5. Compute the p-value. 
6. Reject the null hypothesis if p :> a.. 
7. Report the results. 
8. Interpret the results. 
Although hypothesis tests have historically 

been the basis for statistical inference, there are 
many researchers who are beginning to ques­
tion their value. A few authors recommend 
abandoning them altogether in favor of inter­
val estimation procedures. The most common 
opinion, though, seems to be that hypothesis 
tests are important tools if they are applied 
correctly. 



Chapter 6 
A Framework for Development of 
Ground Water Quality 
Data Analysis Protocols 

INTRODUCTION 

The framework presented in this chapter is 
essentially a "how to" manual for DAP writ­
ers. Although the framework was developed 
for hazardous waste facilities, it can be modi­
fied for other situations such as municipal 
solid waste landfills. DAPs produced from the 
framework are to be written prior to sample 
collection. Existing data, however, can be used 
for characterization purposes or to confirm 
analytes. 

The DAP design framework was developed 
with simplicity in mind. It is intended to be 
brief and easy to use. For this reason, detailed 
background material was relegated to Chapters 
3,4andS. 

COMPONENTSOFTHEFRAM~ORK 

Define the Problem 
The first step towards writing a data analy­

sis protocol is to define the problem. Review 
all existing information on site hydrology, 
geology and water quality. Become familiar 
with current remediation activities and regula­
tory requirements. In some cases, a pilot study 
may be appropriate. 

Galn Support for the Protocol 
The support of users, management, and reg­

ulators is critical to the success of a DAP. 
Gaining support for the protocol is an ongoing 
process which begins prior to protocol devel-
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opment. Possible approaches for obtaining 
support are as follows: 

• Relate the advantages of a protocol. 
Mention that state and federal agencies, as 
well as private industry, are beginning to 
use water quality DAPs. 

• Involve others in the development process 
by arranging meetings and circulating 
draft copies of the protocol. 

• Include the DAP in the company's audit 
process. 

• Back up recommendations presented in 
the protocol with scientific evidence from 
the literature, and provide references for 
further information. 

Write the Introduction 
The introduction sets the stage for the proto­

col. It should include purpose, scope, intended 
users, and limitations. 

Include Procedures for Data Handling 
Data handling procedures address the com­

puterization of data, data validation, and 
preparation of data for analysis. If the DAP 
writer can verify that data handling proce­
dures are already well documented and rou­
tinely implemented, it may not be necessary to 
include them in the DAP. In most cases, how­
ever, data analysis procedures are poorly 
defined. 

State Information Goals 
Identifying information goals may well be 

the most crucial step in writing a data analysis 
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protocol. It is worth spending extra time on 
this task. The three types of information goals 
are: regulatory, monitoring, and statistical. 
Details on identifying information goals are 
presented in Chapter 3. 

Specify Procedures for Handling Data 
Record Attributes 

Viable options for dealing with data record 
attributes are presented below. Further details 
are available in Chapter 4. 

1. Multiple Observations 
• Average data. 
• Discard only if evidence is available to 

show that the observation is erroneous. 

2. Outliers 
• Use nonparametric methods. 
• Discard only if evidence is available to 

show that the observation is erroneous. 

3. Changing Sampling Frequencies 
• Prevent them from occurring! 
• Collapse data. 
• Exclude data. 

4. Missing Values 
• Prevent them from occurring! 
• Use methods which account for them. 
• Collapse data. 

5. Nonnormality 
• Use nonparametric methods! 
• Confirm normality prior to using para­

metric methods. 
• Use transformations to obtain normali­

ty prior to using parametric methods. 

6. Seasonality 
• Use methods which account for it! 
• Pair data values" 
• Disregard it and be aware of the conse­

quences (reduction of power). 

7. Censoring 
• Request that data from the laboratory 

not be censored .. 
• If data is censored, use procedures 

which are robust to the assumption of 
normality, appropriate for the infor-
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mation goal, and suitable for the per­
centage of censored values. 

8. Serial Correlation 
• Avoid it by sampling infrequently. 
• Disregard it and be aware of the conse­

quences (usually an increase in false 
positives). 

• Use methods which account for it. 

Choose Data Analysis Methods 
If statistical methods are chosen, base the 

choice on: 
• Information goals. 
• Data record attributes. 
• Characteristics of the statistical method. 

This topiC is addressed in detail in Chapter 5. 
Examples of graphical techniques, tables of 
estimators, and tables of hypothesis tests are 
provided. 

Describe How Statistical Results Should 
Be Interpreted 

Always recommend that data be viewed 
graphically to aid in the interpretation process. 
Also, describe the basic information contribu­
tion of each statistical method. For example, if 
tolerance intervals are chosen, explain their 
information contribution as follows: 

A tolerance interval states that a given percentage 
of all future measurements will fall in the interval 
with a specified level of confidence, if in fact, there 
is no difference from background levels. 

If hypothesis tests are used, explain their 
limitations. It may help to state that five para­
meters--sample size, significance level, power, 
the magnitude of the differences, and the pop­
ulation standard deviation-are interrelated in 
such a way that the establishment of any four 
of them determines the fifth. This relationship 
can be further defined by displaying an oper­
ating characteristic curve. The interpretation of 
statistical analysis results is further discussed 
in Chapter 5. 

• Preferred option for most applications. 
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Specify Reporting Procedures 
An effective way to specify reporting proce­

dures in a DAP is to present actual samples of 
how the data is to be reported. This approach 
was used in the case study. 

In many instances, it may be appropriate to 
recommend the use of graphical presentation 
methods. Many of the graphical analysis proce­
dures presented in Chapter 5 can also be used 
for presentation. 

If censoring terms, such as "less than MDL", 
are used to report data, the terms should be 
clearly defined. 

The statistical method should always be 
identified when statistical results are reported. 
Details on how to report the results of hypoth­
esis tests are presented in Chapter 5. 

Discuss How the Results of Statistical 
Analysis Should Be Utilized In Decision 
Making 

DAPs should include explanations of how 
the results of statistical analyses will be used to 
achieve the information goals. Examples of 
these types of explanations are provided in the 
case study for information goals #2, #3 and #7. 

It is important to emphasize in the informa­
tion utilization section that statistical results 
should not be tied directly to decision making. 
Statistical results should be considered in con­
junction with many other factors such as 
hydrogeology, flow patterns, and contaminant 
transport behavior. 

Prepare a Summary Sheet for Each 
Information Goal 

A practical strategy for organizing data 
analysis protocols is to prepare a summary 
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sheet for each information goal. This approach 
was very effective for the case study. Details 
which are specific to each information goal, 
such as sampling frequencies, wells to be sam­
pled and compounds to be analyzed, can be 
included in the summary sheets. 

State Procedures for Reviewing the 
Protocol 

Data analysis protocols should be reviewed 
periodically by the DAP writer (or a worthy 
successor) and revised if necessary. Procedures 
for reviewing the protocol could address: 

• Period of time between reviews. 
• Special situations which would warrant a 

review. 
• Format for documenting revisions. 
• Qualifications required of the reviewer. 
• Factors to consider during the review such 

as current research, amended regulations, 
and new information obtained from recent 
monitoring data. 

Include Items to Clarify the Protocol 
Numerous items can be added to data analy-

sis protocols to enhance their clarity, such as: 
• Calculation procedures (see case study). 
• Glossary of terms used in protocol. 
• Flow chart showing organization of protocol. 
• Procedures for utilizing existing data. 

SUMMARY 

The main subject headings for the DAP 
framework are listed in Figure 6-1. The figure 
allows the overall structure of the framework 
to be seen at a glance. 
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• Define the problem 

• Gain support for the protocol 

• Write the introduction 

• Include procedures for data handling 

• State information goals 

• Specify procedures for handling data record attributes 

• Choose data analysis methods 

• Describe how statistical results should be interpreted 

• Specify reporting procedures 

• Discuss how the results of statistical analysis should be 
utilized in decision making 

• Prepare a summary sheet for each information goal 

• State procedures for reviewing the protocol 

• Include items to clarify the protocol 

Figure 6-1. Main components of the framework for development of data analysis protocols for ground 
water quality monitoring systems. 
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Chapter 7 
Appl ication of the 
Design Framework­
A Case Study 

INTRODUCTION 

The framework presented in Chapter 6 has 
been used to develop a data analysis protocol 
for the IBM semiconductor manufacturing 
facility in Hopewell J unction,28 New York. The 
protocol will be included as an appendix to 
IBM's NYS (New York State) 373 permit which 
is currently being written. Development of the 
DAP represents part of IBM's continuing effort 
to design and operate a state-of-the-art ground 
water quality monitoring program. 

Objectives of this chapter are as follows: 
1. Provide background information which 

pertains to IBM's ground water monitor­
ing program. 

2. Discuss the 373 permitting process and its 
relationship to the DAP. 

3. Describe how each step of the framework 
was used to write the DAP. 

The IBM data analysis protocol is presented 
at the back of this report. 

BACKGROUND 

Site Description (Ward et al., 1990) 
The IBM facility is one of the largest semi­

conductor manufacturing plants in the world. 
The plant began operations in 1963. Currently, 
there are about 4 million square feet of build­
ings and 10,000 employees at the site. The site 
covers 750 acres in a semi-rural area in south­
eastern New York. It is surrounded on three 
sides by homes and a high school. 
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ApproXimately 2 million gallons of water 
are used per day at the IBM site. The water 
comes entirely from ground water sources 
because there is no nearby municipal water 
supply. IBM treats all of its own water both 
before and after use. 

Ground water contamination problems at the 
site are due primarily to the presence of chlori­
nated hydrocarbons including Di-, Tri- and 
Tetra-chloroethenes. 1,l,2,2-tetrachloroethene is 
the most commonly occurring compound. 
Chlorinated hydrocarbons are solvents which 
are heavily used in the manufacturing of semi­
conductors. 

Most of the contaminants are assumed to 
have entered the ground water between 1963 
and 1978. Sources of the contaminants have 
been identified as leaks from buried solvent 
storage tanks and transporter pipes, seepage 
from a former construction debris landfill and 
two former fire brigade training areas, and 
spills associated with solvent handling. 

IBM has virtually eliminated further ground 
water contamination from the above sources. 
Solvents are stored in double-walled tanks 
which are located above ground in concrete 
catch basins. Many of the pipes have been 
replaced with double-walled pipes on trestles. 
Solvent handling areas are underlain with con­
crete, and fire training practices are environ-

28 Although the IBM facility is located in Hopewell 
Junction, it is known as the IBM East Fishkill facility. 
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mentally safe. Also, 20,000 yards of material 
from the former construction debris landfill 
have been excavated and placed in a secure 
hazardous waste depository. The area is now 
filled with clean soils and capped with clay. 

IBM currently operates a state-of-the-art 
ground water remediation program. Contaminat­
ed water is pumped from the ground and treated 
with air stripping and/ or granulated carbon. 
Approximately one million gallons of water are 
pumped and treated daily. 

Monitoring Program 
Ground water at the IBM site has been mon­

itored regularly since 1979. Major changes 
occurred in the monitoring system in 1982 and 
1986. The initial monitoring program, the 1982 
and 1986 modifications, and the monitoring 
system as it exists today are briefly discussed 
in the following paragraphs. 

The initial monitoring effort which began in 
1979 produced data of low quality. The data 
record contained many missing values and 
non-detects. In addition, sampling frequencies 
were inconsistent and data variability was 
high. The monitoring system design was not 
documented. Sampling and laboratory analy­
sis were conducted by contractors. 

IBM closely evaluated the monitoring sys­
tem design and operation in 1982. The follow­
ing modifications were made: 

• IBM took over the field sampling and lab­
oratory analysis. 

• The monitoring system design was docu­
mented. 

• Computerization of data was improved. 
• Sampling points were grouped according 

to information goal (Le. site perimeter, con­
taminated areas, and general coverage). 

• Emphasis was placed on analyzing com­
pounds associated with IBM's prior activi­
ties at the site. 

• Sampling frequencies were determined 
based on importance of location and his­
torical variability. 

• A data verification protocol was imple­
mented to identify outliers and confirm 
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their validity. 
• Reporting formats were specified. 
• Quality control in the laboratory and field 

was given high priority. 
• The monitoring system design document 

specified that data should be periodically 
evaluated to substantiate the original 
assumptions used in the design. 

Additional refinements were made to the 
monitoring system in 1986 to increase the 
information content of the water quality data. 

Although the 1982 modifications resulted in 
higher quality data with fewer missing values, 
more consistent sampling frequencies and less 
variability, the problem of nondetects still 
existed. IBM decided to follow the recommen­
dations provided by Porter (1986) and ASTM 
04210-83, and not censor their data. The labo­
ratory was asked to report all the readings 
together with an estimate of the measurement 
error. 

Data variability was further reduced at 
some of the key wells. Dedicated pumps were 
installed and a bladder system was used to 
seal off the portion of the aquifer which was 
being sampled. 

Data analysis revealed that additional wells 
were needed at some locations. New wells 
were added to fill in knowledge gaps, to 
address new concerns, and to monitor proper­
ty which was added to the site. 

The ground water monitoring system today 
includes over 550 wells and piezometers. 
Approximately 100 of the wells are routinely 
sampled for water quality. More than 2000 
samples are analyzed yearly for volatile organ­
ic compounds. Priority pollutant, inorganic, 
radiological, and bacteriological analyses are 
conducted on some of the samples. Ground 
water level measurements are taken at all 
monitoring wells and piezometers. 

Regulatory Requirements 
The site's ground water monitoring and 

remediation activities have been conducted 
under an "Order-on-Consent" signed by IBM 
and the New York State Department of 
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Environmental Conservation (NYSDEC) in 
1981. IBM is currently in the process of obtain­
ing a permit under Part 373, Title 6 of the New 
York Code of Rules and Regulations. The Part 373 
permit, once granted, will regulate ground 
water activities at the site. 

Specifically, section 373-2.6.k.4 of 6NYCRR 
requires that: "In conjunction with a corrective 
action program, the owner or operator must 
establish and implement a ground-water mon­
itoring program to demonstrate the effective­
ness of the corrective action program." The 
regulatory basis for IBM's ground water moni­
toring program is further explained in the data 
analysis protocol at the back of this report. 

373 PERMITTING PROCESS 

Initial Submittal of the Ground Water 
Monitoring Proposal 

IBM submitted the first draft of their ground 
water monitoring proposal on June 5, 1992. At 
that time, the data analysis protocol had not 
yet been developed. 

The ground water monitoring proposal con-
tained information on the following: 

• Well locations. 
• Sampling frequencies. 
• Information objectives. 
• Statistical approaches. 
• Reporting procedures. 
• Actions to be taken based on laboratory 

and statistical results. 
Similar information was later incorporated 
into the DAP in a more detailed format. 

The initial submittal was written primarily 
by IBM with minimal input from NYSDEC. 

Negotiations Between NYSOeC and IBM 
Regarding Modifications to the Initial 
Ground Water Monitoring Proposal 

Several meetings were held between IBM 
and NYSDEC to discuss modifications to the 
initial submittal of the ground water monitor­
ing proposal. Those negotiations are summa­
rized below: 
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• Nomenclature of wells was one of the main 
topics of discussion. In their initial submittal, 
IBM labeled several wells as "detection mon­
itoring" wells. Although the name accurate­
ly describes the function of the wells, it con­
flicts with the regulatory definition of detec­
tion monitoring. To avoid future confusion 
over nomenclature, IBM agreed to rename 
the wells. On a similar note, IBM agreed to 
rename the "West Complex" wells as the 
"West Complex Detection Monitoring" 
wells, because they meet the regulatory defi­
nition of detection monitoring. 

• Sampling frequencies were also a matter of 
debate. Frequencies proposed by IBM in the 
initial submittal ranged from monthly at the 
more critical wells to yearly for AppendiX 33 
sampling. NYSDEC agreed that Appendix 
33 sampling should occur annually as per 
regulations. They felt, however, that the 
semi-annual sampling frequencies proposed 
by IBM should be changed to quarterly. 

IBM explained their philosophy of choosing 
sampling frequencies which are consistent 
with regulatory requirements and meet 
information goals. They also conducted a 
detailed study to examine the information 
content of data collected at various sam­
pling frequencies. NYSDEC agreed that it is 
better to have a combination of monthly, 
quarterly, and semi-annual frequencies 
which are based on factors such as risk and 
historical water quality, than to have across­
the-board quarterly sampling. 

• NYSDEC was of the opinion that a few wells 
should be added to the monitoring system. 
IBM agreed to add some of the wells. 

• NYSDEC was undecided on whether infor­
mation concerning wells in areas undergo­
ing active investigation should be located in 
the body of the pennit or in the appendices. 
Their most recent decision was that it should 
be placed in the body. 
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• NYSDEC wanted IBM to write a summary 
report of the areas under investigation. IBM 
agreed to write the report. 

The DAP design framework was used to 
write a data analysis protocol during the time 
that NYSDEC and IBM were negotiating the 
ground water monitoring proposal. The proto­
col proved to be a useful tool for the negotia­
tions because it is quite specific. Also, the DAP 
helped focus attention on information goals 
rather than on data quantity. 

Another tool used for negotiations was a 
spreadsheet which compared sampling fre­
quencies and locations initially proposed by 
IBM to those preferred by NYSDEC. The 
spreadsheet is presented in Adkins (1992). 

Final Submittal of the Ground Water 
Monitoring Proposal 

The final ground water monitoring proposal 
had not yet been submitted at the time this 
report was published. It is expected that the 
final proposal will be similar in format to the 
initial proposal. The content will reflect results 
of negotiations between IBM and NYSDEC. 

The final ground water monitoring proposal 
will be placed in the body of the 373 permit, 
and the DAP will be included as an appendix. 
The DAP is quite detailed and may require 
periodic revision. It is much easier to revise 
information in the appendices than in the 
body of the permit. 

EVALUATION OF THE FRAMEWORK 

The framework provided valuable guidance 
for writing a data analYSis protocol for the 
IBM facility. The combination of flexibility in 
the basic framework and detailed background 
information was quite effective. It allowed the 
DAP to be site specific and scientifically defen­
sible. 

Use of the framework to develop the IBM 
ground water quality data analysis protocol is 
briefly described in the following paragraphs. 
The discussion is structured around the main 
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components of the DAP framework which are 
listed in Figure 6-1. 

Define the Problem. Extensive work had 
already been conducted at the IBM site to 
define the problem, so very little additional 
work was required for this first step. 

Gain Support for the Protocol. Support for the 
protocol was gained by holding company 
meetings. The concept of a DAP was intro­
duced and potential advantages were out­
lined. Participants included field samplers, 
water quality staff and managers, and labora­
tory personnel. Many practical suggestions 
were offered at the meetings. 

Support was also attained by circulating 
rough drafts of the DAP during various stages 
of the development process. 

Write the Introduction. Topics addressed in 
the introduction include: 

• purpose 
• advantages 
• authors 
• scope 
• intended users 
• organization 

Limitations were not discussed in the intro­
duction because they were addressed in other 
sections of the protocol. 

Include Procedures for Data Handling. Data 
handling procedures are well established at the 
IBM site. Additional guidance and documenta­
tion in this area is unnecessary. Therefore, data 
handling procedures were not included in the 
DAP. 

State Information Goals. Regulatory informa­
tion goals were defined by reviewing legisla­
tion and by conversing with regulators. An 
outline of applicable laws and regulations was 
included in the protocol to guide the reader 
through the legislative maze. 

A considerable amount of effort was devot­
ed to formulating monitoring information 
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goals. The effort paid off. Regulators and 
water quality managers were able to get a 
clear picture of what information would be 
obtained from the monitoring program. This 
enabled them to identify concerns which had 
been overlooked or improperly emphasized. 
Also, monitoring information goals proved to 
be a convenient basis for organizing the proto­
col. 

Details of the protocol such as sampling fre­
quencies and data analysis methods were 
specified on a summary sheet for each moni­
toring information goal. The goals were num­
bered so they could be easily referenced 
throughout the protocol. 

Detailed statistical information goals were 
stated on the sample calculation sheets. 

Specify Procedures for Handling Data Record 
Attributes. Background information provided 
in the framework was very useful for writing 
this section of the protocol. 

Choose Data Analysis Methods. Statistical pro­
cedures were chosen for only four of the 
twelve monitOring information goals. (One of 
the four procedures was graphical.) This 
rather surprising lack of emphasis on statistics 
can be partially attributed to the regulators' 
concerns. Regulators are primarily concerned 
that contaminated ground water is contained, 
collected and treated. Direct comparison with 
fixed limits is often all that is needed to ensure 
that contaminated water is being contained. 
Pump readings and calculations of contami­
nant mass provide information regarding col­
lection and treatment. 

Another reason for not using statistical 
methods is the potential for misinterpretation 
of results by those not directly involved in the 
monitoring program. For example, upward 
trends in contaminant levels may be associated 
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with unsuccessful remediation efforts when, in 
fact, they could actually be indicative of effec­
tive remediation. 

In situations where statistical analysis meth­
ods were chosen, the recommendations pro­
vided by the framework were closely followed. 

Describe How Statistical Results Should Be 
Interpreted. Interpretation of results was 
described for each statistical method. Difficul­
ties related to interpretation of hypothesis tests 
were not an issue because estimation was cho­
sen instead of hypothesis testing. 

Specify Reporting Procedures. Reporting pro­
cedures were specified by including samples 
of reporting formats. 

DisCllss How the ReSllItS of Statistical Analysis 
Should Be Utilized in Decision Making. 
Information utilization was addressed primar­
ily in the DAP summary sheets. It was also 
discussed in Appendix E which describes the 
data analysis methods in detail. 

Prepare a Summary Sheet Jor Each Information 
Goal. Summary sheets were an effective means 
of organizing and conveying the myriad of 
details associated with each of the twelve 
monitoring information goals. 

State Procedures for Reviewing the Protocol. 
Procedures were given for reviewing and 
updating the protocol. Recommendations pro­
vided by the DAP framework were closely fol­
lowed. 

Include Items to Clarify the Data Analysis 
Protocol. Calculation procedures were clearly 
presented in the protocol, and forms were pro­
vided for implementing statistical procedures. 
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SUMMARY 

In response to rising environmental concern, 
the number of ground water quality monitor­
ing systems in the United States is steadily 
increasing. Large amounts of money are spent 
collecting water samples and analyzing them 
in the laboratory. Despite these expenditures, 
however, managers often find that water quali­
ty data does not provide them with the infor­
mation they need for decision making. 

The inability of water quality data to pro­
vide information can usually be traced to a 
lack of planning in the early stages of monitor­
ing system design. Data is frequently collected 
without a clear definition of program goals, 
data analysis procedures, reporting formats or 
types of decisions to be made. 

It is now apparent that more information 
can be obtained at a lower cost if documented 
strategies for data analysis are developed prior 
to sample collection. These documented strate­
gies, known as "data analysis protocols," help 
to ensure that all data obtained from monitor­
ing programs can be translated into useful 
information which meets program goals. 

Due to the wide variety of information 
needs and field conditions which are encoun­
tered in ground water monitoring, a generic 
data analysis protocol (DAP) would be of lim­
ited use. What is really needed is a design 
framework for developing DAPs which are 
program specific. There are currently no gen­
erally accepted guidelines on how to write 
water quality data analysis protocols. 
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The primary objective of this report is to 
present a framework for the development of 
ground water quality DAPs. Protocols devel­
oped using this framework are intended to be 
program specific and should be written during 
the initial stages of monitoring system design. 

The design framework emphasizes statisti­
cal data analysis, which uses the laws of prob­
~bility in conjunction with information regard-
109 the random nature of water quality vari­
ab les to provide an understanding of current 
water quality conditions. 

Four main components of the framework 
include: 

1. Identification of information goals. 
2. Handling of data record attributes. 
3. Choice of statistical analysis methods. 
4. Interpretation of statistical results. 
The development of DAPs should be driven 

by the information goals. Decisions on how to 
handle data attributes, which statistical meth­
ods to use, and how to interpret and report 
results should be consistent with information 
goals. 

Identification of information goals is a three 
step process. First, regulatory information 
goals are identified by meeting with regulators 
and by reviewing regulations. Then, monitor­
ing information goals are established. Finally, 
if statistical methods are used to achieve the 
monitoring goals, specific statistical informa­
tion goals are developed. 

Data record attributes are characteristics of 
data which can complicate statistical analysis. 
These include: 



• multiple observations 
• outliers 
• changing sampling frequencies 
• missing values 
• nonnormality 
• seasonality 
• censoring 
• serial correlation 
Three factors to consider when choosing 

methods to analyze water quality data are: 
1. Monitoring information goals. 
2. Data record attributes. 
3. Characteristics of the proposed data 

analysis method. 
Nonparametric methods for estimation and 
hypothesis testing are frequently chosen to 
statistically analyze water quality data. 

Graphical methods can be included in a 
DAP to interpret statistical results, analyze 
data, or present information. Data should 
always be viewed in a graphical format 
regardless of how the data is analyzed. 

A point estimate is a Single number "best 
guess" of some characteristic of the popula­
tion. Most point estimates can be transformed 
into interval estimates merely by adding confi­
dence intervals. 

The three main types of interval estimation 
procedures are prediction intervals, tolerance 
intervals, and confidence intervals. There are 
important differences between prediction and 
tolerance intervals which should be under­
stood by the DAP writer. The width of a confi­
dence interval indicates how much reliance 
should be placed on the point estimate. 
Similar information can be obtained from the 
yes/no results of a hypotheSis test accompa­
nied by the appropriate operating characteris­
tic curve. Confidence intervals, however, are 
easier to construct and interpret than operat­
ing characteristic curves. 

Historically, hypothesis tests have been the 
basis for statistical inference; however, many 
researchers are beginning to question their 
value. A few authors recommend abandoning 
them altogether in favor of interval estimation 
procedures. The most common opinion, 
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though, seems to be that hypotheses tests are 
important tools if they are applied correctly. 

The DAP design framework presented in 
Chapter 6 is essentially a "how-to" manual 
providing clear and concise guidelines for pro­
tocol writers. 

The DAP design framework was used to 
develop a data analysis protocol for the IBM 
semiconductor manufacturing facility in 
Hopewell Junction, New York. The framework 
provided valuable guidance for writing the 
IBM data analysis protocol. The combination 
of flexibility in the basic framework and 
detailed background information was quite 
effective. It allowed the DAP to be site specific 
and scientifically defensible. 

CONCLUSIONS 

A framework for the development of 
ground water quality data analysis protocols 
is presented in this report. The framework 
describes the thought processes which should 
be followed when writing a DAP. Background 
information for the framework is presented in 
an organized and readable fashion. 

Practical application of the framework is 
demonstrated by using it to write a DAP for 
the IBM semiconductor manufacturing plant 
in Hopewell Junction, New York. The IBM 
case study shows that DAPs can be an effec­
tive means for ensuring that required informa­
tion is obtained from monitoring programs. 
The IBM data analysis protocol focuses atten­
tion on information goals, and emphasizes the 
information content of data rather than data 
quantity. 

RECOMMENDATIONS FOR FURTHER 
WORK 

1. hnprove the framework which is 
presented here by: 
•. Refining it when additional informa­

tion on the statistical analysis of water 
quality data becomes available. 
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• Conducting more case studies. 
• Coding it as a computerized expert sys­

tem. 

2. Develop frameworks for writing proto­
cols which address: 
• Analysis of existing data. 
• Analysis of poor quality data. 
• Information utilization. 
• Information presentation. 

3. Expand research on these topics: 
• The validity of hypothesis tests. 
• The validity of sampling quarterly to 

avoid serial correlation. 
• The relationship between serial corre­

lation and time scale. 
• Estimation of short-term versus long-
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term parameters. 
• Data visualization and spatial relation­

ships. 

4. Explore additional statistical data analysis 
methods such as equivalence tests. 

CONCLUDING REMARKS 

It is hoped that the framework presented in 
this report will elicit discussions among water 
quality professionals regarding standardization 
and use of statistical procedures. The frame­
work is intended to be a sound starting point 
rather than the final word on how to write 
ground water quality data analysis protocols. 
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Data Analysis Protocol for Ground Water Quality Monitoring: IBM East Fishkill Facility 

I. INTRODUCTION 

A. Purpose 
A protocol for using data analysis methods 

to obtain information from IBM's ground water 
monitoring program is presented in this docu­
ment. The data analySiS protocol (DAP) will 
help to ensure that all collected c;lata has a spec­
ified purpose, and that statistics is properly 
used in both a theoretical and practical sense. 

It is anticipated that the DAP will provide 
numerous benefits including: 

1. Those involved in data collection will 
develop a better understanding of the 
importance of producing high quality data. 

2. The subjectivity of statistical analysis will 
be attenuated because statistical methods 
will be specified prior to data collection. 

3. Economic benefits will be realized 
because only data which contributes to 
useful information will be collected. 

4. Continuity of data analysis in the event of 
employee turnover will be facilitated. 

5. Data analysis methods will be correctly 
applied, resulting in reliable information. 

6. Because they are well documented, data 
analysis procedures will be auditable. 

7. Individuals who are involved with man­
agement and operation of the monitoring 
program will have a basis for communi­
cation. 

8. Water quality information will be extract­
ed from the data as soon as possible. 

9. Monitoring system operation will be dri­
ven by information goals rather than by 
politiCS or short term crises. 

The DAP was written by Colorado State 
University researchers and IBM ground water 
staff using a framework developed by Adkins 
(1992). The protocol represents IBM's philoso­
phy to "meet or exceed all regulatory require­
ments." It also meets RCRA goals of being pro­
tective of human health and the environment. 

a.Scope 
The original intent of the DAP was to pro­

vide guidelines for using statistical methods to 
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analyze ground water quality data. Soon after 
development of the protocol started, however, 
it become apparent that the scope should be 
expanded to include non-statistical methods. 
It also became evident that certain aspects of 
network deSign, such as sampling frequ~cies 
and compounds to be analyzed, should be 
included in the protocol. 

The primary intended users of the DAP are 
ground water professionals at the IBM East 
Fishkill Facility. General managers, field sam­
plers and laboratory personnel should also 
find the protocol useful. 

The DAP addresses monitoring primarily 
from a long-term management point of view. 
DAPs for investigative studies will be written 
separately. 

C. Organization 
The majority of detailed information in the 

protocol is presented as appendices. Appendix 
A consists of DAP summary sheets which 
comprise the supporting structure for the rest 
of the protocol. Protocol organization is clearly 
shown in the table of contents. 

II. INFORMATION GOALS 

A. Regulatory Infonnation Goals 
Regulatory information goals were identi­

fied by reviewing legislation and by convers­
ing with regulators. An outline of applicable 
laws and regulations is presented in Figure 1. 
The regulatory information goals which were 
identified are as follows: 

• Preserve and enhance the quality of water 
resources. 

• Protect human health and the environment. 
• Determine background water quality. 
• Characterize the extent, composition, con­

centration and movement of contaminant 
releases. 

• Prevent eontaminants from migrating off­
site. 

• Demonstrate the effectiveness of corrective 
action. 
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U.S. Code 
Title 42: The Public Health and Welfare 

Chapter 82: Solid Waste Disposal 
Subchapter III: Hazardous Waste Management 

Section 6924: Standards applicable to owners and operators of hazardous waste 
treatment, storage, and disposal facilities 

(p) Ground water monitoring 
Section 6926: Authorized State hazardous waste programs 

(b) Authorization of State programs 

The State of New York was given authorization to manage their own hazardous waste 
program on May 15, 1986 (51 Federal Register 17737). 

Code of Federal Regulations 
Title 40: Protection of Environment 

Chapter 1: Environmental Protection Agency 
Subchapter I: Solid Wastes 

Part 264: Standards for owners and operators of hazardous waste treatment, 
storage, and disposal facilities 

Part 271: Requirements for authorization of State hazardous waste programs 

New York Environmental Conservation Law 
Article Zl: Waste and Refuse 

Title 9: Industrial Hazardous Waste Management 
Section 27-0911: Standards applicable to owners and operators of hazardous waste 

treatment, storage, and disposal facilities 

New York Code of Rules and Regulations 
Title 6: Environmental Conservation 

Subpart 373-2: Final status standards for owners and operators of hazardous waste 
treatment, storage, and disposal facilities 

Section 373-26: Releases from solid waste management units 
(I) Corrective action for solid waste management units 

New York Permit Writers' Guide 
373 Generic (5/14/91) 

Module III: Corrective Action Requirements for Solid Waste Management Units and 
Areas of Concern 

E.: Corrective Action Requirements 

Figure I. Laws and regulations governing ground water quality monitoring at the IBM East Fishkill facillt)c 
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B. Monitoring Information Goals 
Monitoring information goals which were 

identified for the data analysis protocol are 
listed here. Summary sheets for each informa­
tion goal are presented in Appendix A. 

#1. Ensure adequacy of the treatment facility 
by screening for the presence of new 
compounds. 

#2. Ensure adequacy of the treatment facility 
by detecting changes in input concentra­
tions. 

#3. Determine the lateral extent of contami­
nation plumes. 

#4. Determine the mass of contaminants 
removed at each remediation area. 

#5. Characterize contaminant concentrations 
over time within the plumes. 

#6. Determine the hydraulic effectiveness of 
remediation. 

#7. Measure water quality down-gradient of 
AOCs where flow may pass across a site 
boundary. 

#8. Confirm previous monitoring results 
which indicate that contaminants are not 
migrating offsite from onsite. 

#9. Confirm previous monitoring results 
which indicate that contaminants are not 
migrating onsite from offsite. 

#10. Ensure that all chemicals of concern are 
properly identified and monitored. 

# 11. Provide a qualitative basis for compari­
son with data from "Appendix 33" moni­
toring of contaminated wells. 

#12. Provide data for investigative studies 
associated with the NYS Part 373 
Corrective Action Program. 

C. Statistical Information Goals 
Statistical methods were chosen to analyze 

data for three of the monitOring information 
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goals. Those methods are described in detail in 
Appendix E. Statistical information goals are 
restated here for monitoring goals #2, #3 and 
#7 respectively. 

• Immediately detect concentrations which 
are ~ 4cr above the target mean. Quickly 
detect perSistent changes in concentration 
which are ~ 1.50 above the target mean. 

• Estimate the magnitude of the difference 
between the current two years of concen­
tration data and the previous two years of 
concentration data. Determine a 90 percent 
confidence interval for the estimate. 

• On an annual basis, estimate the 95 per­
cent confidence interval of the true popu­
lation median concentration. 

III. DATA RECORD ATTRIBUTES 

A. General 
Data record attributes are characteristics of 

data which can complicate statistical analysis 
(Bell and Delong, 1988). The following data 
record attributes are addressed in this protocol: 

• multiple observations 
• outliers 
• changing sampling frequencies 
• missing values 
• nonnormality 
• seasonality 
• censoring 
• serial correlation 

B. Hultiple Observations 
Multiple observations occur when replicate 

samples are collected for QA/\X:. purposes. If 
a single value is needed for statistical analysis, 
the multiple values will be averaged. 

C. Outliers 
Outliers are values which are obviously 

higher or lower than the majority of the data 
set. Unless there is evidence to show that they 
are erroneous, outliers will be retained and 
analyzed with the rest of the data. 
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D. Changing Sampling Frequencies 
Most statistical methods which examine the 

behavior of water quality data over time 
require equally spaced samples. Consistency 
of sampling intervals with past data was con­
sidered when frequencies were chosen for the 
OAP. Future information needs were also 
appraised. Although some changing sampling 
frequencies are anticipated at the IBM site, 
they are not expected to affect any of the data 
analysis procedures recommended in the OAP. 

E. Missing Values 
Some statistical analysis techniques which 

require equal sample sizes or regularly spaced 
samples in time, cannot be applied to data 
records which have missing values. A great 
deal of effort is made at the East Fishkill facili­
ty to avoid missing values because of the inter­
ference they cause with data analysis methods. 
It is IBM's policy to not replace missing values 
with any type of numerical response. If miss­
ing values appear to have a significant impact 
on a particular data analysis method, an 
appropriate note will accompany the results. 

F. Nonnormality 
Nonnormality is a common characteristic of 

water quality variables. Water quality data is 
often right-skewed because it has a lower 
bound of zero, many values near the detection 
limit, and infrequent high values. 

Characterization studies conducted on 
ground water quality data from the IBM East 
Fishkill site indicate that the data has slight to 
moderate nonnormality. Specific information 
on how nonnormality will be handled when 
statistically analyzing ground water quality 
data is presented in section N.E. 

G. Seasonality 
Seasonality is the change in distribution of 

water quality variables which can be attrib­
uted to the time of year. A "season" can be any 
specified period of time but is generally one 
month (twelve seasons per year) or three 
months (four seasons per year). Seasonality 
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mayor may not occur as a consistent pattern. 
Characterization studies conducted on ground 
water quality data from the IBM East Fishkill 
site indicate that moderate seasonality is pre­
sent in data collected from the shallow aquifer. 
In general, IBM has dealt with seasonality 
according to recommendations provided in 
Ward et al. (1988). Specific information on how 
seasonality will be handled when statistically 
analyzing ground water quality data is pre­
sented in section N. E. 

H. Censoring 
IBM has not censored laboratory data 

since 1986. This noncensoring approach is 
recommended by Porter (1986), Porter et al. 
(1988), Ward et al. {1988}, and ASTM Method 
04210-83. IBM's laboratory reports the actual 
readings together with an estimate of mea­
surement error. The uncensored laboratory 
measurements are used for all data calcula­
tions, and the results are rounded to the 
appropriate number of significant figures 
prior to reporting. 

I. Serial correlation 
Serial correlation is generally thought of as 

redundancy of information between adjacent 
observations in a time series. Serial correlation 
causes data to violate the assumption of inde­
pendence which underlies most statistical 
methods. 

Characterization studies conducted on 
ground water quality data from the IBM East 
Fishkill site indicate that serial correlation is 
minimal for quarterly sampling frequencies. 
Specific information on how serial correlation 
will be handled is presented in section N.E. 

1'1. DATA ANALYSIS METHODS 

A. General 
Several questions dealing with information 

goals, data characteristics, and data analysis 
method characteristics' were addressed during 
the process of choosing data analysis methods. 
Some of the questions are listed here: 
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Information Goals 
• What do we want to know? 
• How soon do we need to know it? 
• What degree of accuracy is appropriate? 

Data Record Attributes 
• What can historical data tell us about data 

record attributes? 
• How should we deal with data record 

attributes? 
• How can we prevent missing values and 

changing sampling frequencies? 
Characteristics of the Data Analysis Method 

• Is the data analysis method easy to under-
stand? 

• Is it widely accepted? 
• Does it tell us what we need to know? 
Data analysis methods which were chosen 

are discussed below. Advantages and limita­
tions of the techniques are summarized, and 
the rationale used to choose them is described. 
Technical details, such as calculation proce­
dures, are presented in Appendix E. For pur­
poses of the following discussion, the methods 
are divided into four categories: 

• Computational. 
• Graphical. 
• Direct comparison with fixed limits. 
• Statistical. 

IS- Computational Methods 
Strictly computational procedures (Le., 

those involving calculations but not statistics) 
were chosen for information goal #4: determine 
the 7IUlS5 of contaminants removed at each remedia­
tion area. 

C. Graphical Methods 
Plots of concentration versus time were 

selected to analyze data for information goal 
#5: characterize contaminant concentrations over 
time within the plumes. This qualitative, graphi­
cal approach was chosen because it provides 
information on general patterns of contami­
nant behavior. Quantitative trend analysis, 
such as estimation of trend magnitude or 
determination of statistical significance, is not 
needed at this time. It may, however, be appro-
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priate in the future when data records are 
longer, and when the relationship between 
remediation effectiveness and trend is better 
understood. Current data collection prac­
tices-fixed interval sampling, no censoring 
and virtually no missing values-produce the 
type of data which is needed for quantitative 
trend analysis should the need arise. 

Data collected for information goal #6: deter­
mine the hydraulic effectiveness of remediation, 
will be converted into information by plotting 
the water levels on a site map and construct­
ing contours of the water table. 

D. Direct Comparison With Fixed Limits 
Direct comparison with fixed limits was 

selected as a technique to analyze data for five 
of the twelve information goals. The method 
involves comparison of individual concentra­
tion values to fixed limits without the use of 
statistics. 

The five information goals for. which direct 
comparison will be used are listed in Table 1. 
Fixed limits which have been set for each goal 
are also listed. 

The method of direct comparison with fixed 
limits was chosen for the information goals 
listed in Table 1 because it was felt that action 
should be taken if a single verified value falls 
above the specified limits. Recommended 
action for each information goal is described 
in Appendix A. 

E. Statistical Methods 
E.I Control Charts 

Control chart methods were chosen to ana­
lyze data for information goal #2: ensure ade­
quacy of the treatment facility by detecting changes 
in input concentrations. 

Control charts are graphical representations 
of statistical quality control procedures. They 
consist of a horizontal line corresponding to 
the average value of the characteristic in ques­
tion, together with upper and/ or lower con­
trol limits (Marriott, 1990). Most commonly, 
the horizontal axis is in units of time and the 
vertical axis is in units of standard deviation. 

• 
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Table I. Information goals and flxed limits for direct comparison. 

#1: Ensure adequacy of the treatment facility by screening for 
MOL the presence of new compounds. 

#7: Measure water quality down-gradient of AOC's where flow 
2xMOL may pass across a site boundary.' 

#8: Confirm previous monitoring results which indicate that 
GWPS contaminants are not migrating offsite from onsite. 

#9: Confirm previous monitoring results which indicate that GWPS 
contaminants are not migrating onsite from offsite. 

#10: Ensure that all chemicals of concern are properly identified MOL 
and monitored. 

"Interval estimation is the primary procedure chosen for information goal #7 (see the "statistical methods" 
section). Comparison with fixed limits was chosen as a secondary method to ensure that very high values are 
dealt with immediately. 

Sampling results or statistics of sampling 
results are plotted sequentially on the chart. If 
a plotted point falls outside the limits, the 
process is said to be out of control. 

"Out of control" simply means that statisti­
cally unusual variation from normal perfor­
mance has been detected (Berthouex et aI., 
1978). Action taken in response to an out of 
control signal may consist of increasing the 
retention time in a clarifier, adjusting manu­
facturing equipment, or just taking a closer 
look at the data. 

Control charts have traditionally been used 
for process quality control in the manufactur­
ing industry. In the field of water quality man­
agement, control charts are used to monitor 
sewage treatment plant effluent (Berthouex 
and Hunter, 1975; Berthouex et ai., 1978; and 
Vaughan and Russell, 1983) and to analyze 
water quality data at RCRA sites (U.S. EPA, 
1989 and Starks and Flatman, 1991). 

Environmental quality data often violates 
the underlying assumptions of control charts 
by exhibiting serial correlation, seasonality, 
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nonconstant variance and nonnormal distribu­
tions (Berthouex et aI., 1978). Complications 
arising from "messy" data are exacerbated by 
the small sample sizes encountered in ground 
water quality monitoring. Research which 
addresses these issues is still in its early stages. 
The results of control chart analysis of ground 
water quality data are therefore subject to a 
high degree of uncertainty and should be used 
accordingly. It would be inappropriate to base 
major environmental decisions on the results 
of control chart analyses. 

If their limitations are acknowledged, how­
ever, control charts can be an effective tool for 
quickly detecting shifts in water quality. They 
are versatile and easy to use. Most important­
ly, they proVide an ongoing visual account of 
water quality. Research has shown that shifts 
in quality are often more readily apparent on 
CUSUM control charts than on time series 
plots (Hockman and Lucas, 1987). 

Results of control chart analyses will be used 
as a tool to optimize the efficiency of IBM's 
ground water treatment facilities. Results will 
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not be used as the basis for regulatory action. 
The decision was made to employ a control 

chart procedure known as the "combined 
Shewart-CUSUM method" (Lucas, 1982) to 
analyze data for information goal #2. Large 
shifts in concentration values are detected by 
Shewart limits, whereas small changes which 
persist are detected by CUSUM limits. The 
combined Shewart-CUSUM method is easier 
to apply than other control chart methods 
which provide similar results (Lucas, 1982). 
Details of the procedure are presented in 
Appendix E-t. 

Evaluation of existing data indicates that 
low to moderate amounts of serial correlation, 
seasonality and nonnormality should be 
expected in the data which is to be analyzed 
by control chart methods. Serial correlation 
and seasonality increase the probability of 
Type I error (i.e., false positives) (Loftis et aI., 
1987 and U.s. EPA, 1989). The effects of non­
normality depend on the actual distribution 
which is present (Schilling and Nelson, 1976). 

No special adjustments will be made to the 
combined Shewart-CUSUM method to 
account for serial correlation, seasonality or 
non normality. This decision was based on 
three factors: 

1. Adjustments may complicate the method 
thereby making it more difficult to under­
stand from an intuitive point of view. 

2. Modifications which involve data trans­
formations can decrease information con­
tent of the data and/or make visual 
inspection of the data less effective. 

3. Modifications to account for data record 
attributes may affect the results of control 
charts in ways which are not well under­
stood. 

E.2 Interval Estimation of the Difference in 
Medians 

Interval estimation was one of the methods 
chosen to determine the lateral extent of contamina­
tion plumes (information goal #3). An interval 
estimate of the difference between medians for 
the current two years of data and the previous 
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two years of data will be made for each key com­
pound (or for each sum of key compounds). The 
estimates will indicate whether or not concentra­
tions have changed enough in the well to war­
rant relocation of the plume boundary. (A more 
detailed explanation of how plume boundaries 
will be drawn is given in the summary sheet for 
information goal #3.) 

An interval estimate is an intuitively 
appealing way of presenting information. The 
width of the confidence interval indicates how 
much reliance should be placed on the esti­
mate. Similar information can be obtained 
from the yes/no results of a hypothesis test 
accompanied by the appropriate operating 
characteristic curve (Natrella, 1972). Operating 
characteristics curves, however, are difficult to 
construct and interpret. 

The particular estimator chosen for informa­
tion goal #3 is the Hodges-Lehmann estimator 
(Hodges and Lehmann, 1963). It is simply the 
median of all pairwise differences between the 
two groups. The Hodges-Lehmann estimator 
was chosen because it is robust in the presence 
of serial correlation, seasonality and nonnor­
mality, all of which may be present in small to 
moderate amounts (Hirsch, 1988). Details of 
the procedure are given in Appendix E-2. 

E.J Interval Estimation of the Median 
Interval estimation of the median was the 

method selected to analyze data for informa­
tion goal #7: measure water quality down-gradi­
ent of AGes where flow may pass across a site 
boundary. Interval estimates of the median will 
be made on a yearly basis and compared to 
the ground water protection standard (GWPS). 
Action will be taken if the entire interval is 
above the GWPS. 

A statistical approach was chosen instead of 
direct comparison because some of the com­
pounds are expected to be present at levels 
above the MOL. Direct comparison is appro­
priate when the main objective is to detect 
compounds which have not previously been 
found in a particular well. The objective here, 
however, is to determine if any compounds 
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are present at levels above the GWPS, while 
accounting for distributional variability. 

Details of the interval estimation procedure 
are presented in Appendix E-3. 

V. CRITERIA FOR CHOOSING 
COMPOUNDS FOR LABORATORY 
ANALYSIS, DATA SUMMARIZATION AND 
DATA ANALYSIS 

A. Routinely Monitored Compounds 
All samples will be analyzed for the "rou­

tinely monitored compounds" which are listed 
in Table C-2. Results will be reported as raw 
data. 

B. Selected Compounds 
A procedure which employed boxplots was 

used to decide which of the routinely moni­
tored compounds should be designated as 
"selected compounds." Boxplots were con­
structed for data from the second quarter of 
1989 through the first quarter of 1991. The data 
represented either single compounds or 
groups of compounds. Compounds (or groups 
of compounds) whose upper fence fell above 
the ground water protection standard (usually 
SJ.l/L) were designated as selected com­
pounds. 

Selected compounds are listed in Table C-3. 
Results of analyses of selected compounds will 
be reported as summary statistics. 

C. Key Compounds 
Key compounds are those routinely moni­

tored compounds which are examined by spe­
cial data analysis techniques. Key compounds 
vary according to area as shown in Table C-4. 
They were chosen based on concentration, 
importance, and their ability to meet informa­
tion goals. 

VI. CRITERIA FOR CHOOSING 
SAMPLING INTERVALS 

Factors which were considered when choos­
ing sampling intervals for the data analysis 
protocol included: 
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• Regulatory requirements and guidance, 
which generally recommended a minimum 
of semi-annual sampling. 

• Monitoring and statistical information 
goals. 

• Historical water quality records for the well 
and adjacent points. 

• Location of the well and direction of ground 
water flow. 

• Risk to human health and the environment. 

VII. PROCEDURES FOR REVIEWING THE 
DATA ANALYSIS PROTOCQL 

The data analysis protocol will be reviewed 
once every two years. It will be reviewed more 
frequently if any of the following occur: 

• New regulations are promulgated which 
affect the content of the DAP. 

• It becomes evident that a section of the 
DAP is invalid. 

• A particular revision would greatly 
improve the effectiveness of the DAP. 

Minor revisions will be saved for the next 
scheduled review. 

Protocol review will be overseen by the 
ground water quality program manager. The 
manager will sign-off on all revisions. 

Factors which will be considered during the 
reviews include current research, amended 
regulations, and new information obtained 
from recent monitoring data. 

All revisions made to the data analysis pro­
tocol will be thoroughly documented and, if 
necessary, reported to NYSDEC. Each revision 
will have the following heading: 

GROUND WATER QUALITY DATA 
ANALYSIS PROTOCOL REVISION 
Date: 
Author: 
Approved by: 
Summary of Revision: 

All copies of the DAP will be kept in loose­
leaf notebooks to facilitate the revision 
process. Revision sheets will be placed at the 
back of the protocol. Sections of the protocol 
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which are no longer applicable will be crossed 
outbutnot~oved. 

With a loose-leaf format, the potential exists 
for sheets to be lost or disorganized. To remedy 
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Appendix A Data Analysis Protocol Summary Sheets 

INFORMATION GOAL #1: Ensure adequacy of the treatment facility by screening for the pres­
ence of new' compounds. 

Compounds To Be Analyzed: "Appendix 33" compounds (Table C -1). 

Well Type: Extraction wells 

Number of Wells To Be Sampled: 7 

Sampling Frequency: 1 per year for 3 years 

Data Analysis Procedures: 

Concentrations will be compared with the method detection limit (MOL). 

Actions To Be Taken Based On Laboratory Results: 

If a new compound is detected at or above the MOL, the well will be resampled. If the concen­
tration is still at or above the MOL, then the presence of the compound is confirmed', and: 

(1) The pertinent well, compound and concentration will be reported to the New York State 
Department of Environmental Conservation (NYSDEq within seven days of confirmation. 

(2) If necessary, adjustments will be made to the treatment system to account for the presence of 
the new compound. 

(3) If the new compound is not already included in the list of routinely monitored compounds 
(Table C-2), a decision will be made regarding whether or not to add it to the list. The deci­
sion will be based on several factors including the concentration of the compound in relation 
to the GWPS, and the location and direction of ground water flow. 

Reporting: 

Results will be presented in the first semi-annual report which is written subsequent to 
sampling as follows: 

(1) Results of all laboratory analyses will be reported in a raw data format. 

(2) If a resample is conducted and the compound of interest is no longer at or above the MOL, 
then the original analysis will be labeled "invalid." 

(3) If a resample is conducted and the presence of the compound is confirmed, both analyses 
will be considered valid and the pertinent well, compound and concentrations will be report­
ed separately from the raw data. 

1 "New" compounds are those which have not been previously detected and confirmed in a particular well. 

, Organics will be analyzed by GC/MS where applicable in order to yield positive qualitative identification. 
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INFORMATION GOAL #2: Ensure adequacy of the treatment fatility by detecting changes in 
input concentrations. 

Compounds To Be Analyzed: Routinely monitored compounds (Table C-2). 

Well Type: Extraction wells 

Number Of Wells To Be Sampled: 12 

Sampling Frequency: 12 per year 

Data Analysis Procedures: 

All key compounds (Table C-4) will be tracked by control chart methods3 subsequent to each 
sampling episode (i.e., 12 times per year). If concentrations are found to be "out of control," the 
data will be inspected more closely and, if necessary, adjustments will be made to the treatment 
system to account for increased concentrations of the compound. 

Actions To Be Taken Based On Laboratory Results: 

Concentrations of all key compounds will be tracked by control chart methods as described 
above. 

Reporting: 

Results will be presented in the first semi-annual report which is written subsequent to sam­
pling as follows: 

(1) Results of all laboratory analyses will be reported as raw data. 

(2) Summary statistics from analyses of selected compounds (Table C-3) will be presented. 

(3) Control charts constructed from concentrations of key compounds will be presented as 
shown in Figure 0-1. 

(4) Any adjustments made to the treatment system resulting from the presence of "out of con­
trol" compounds will be discussed. 

(5) If any compounds are added to the list of key compounds, the data and rationale which sup­
port the addition will be supplied. 

3 Details of control chart methods which will be used to track concentrations for process control are presented 
in Appendix E-l. 
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INFORMATION GOAL #3: Detennine the lateral extent of contamination plumes. 

Compounds To Be Analyzed: Routinely monitored compounds (Table C-2). 

Well Type: Wells near plume perimeters. 

Number Of Wells To Be Sampled: 87 

Sampling Frequency: 2,4 or 12 per year. 

Data Analysis Procedures: 

The following procedures will be conducted on a yearly basis: 

(1) Annual medians of key compounds (Table C-4) (or sums of key compounds) will be plotted 
on a site map. 

(2) An interval estimate of the difference between medians for the current two years of data and 
the previous two years of data will be made for each key compound (or for each sum of key 
compounds). The estimates will indicate whether or not concentrations have changed 
enough in the well to warrant relocation of the plume boundary. Details of this statistical 
procedure are presented in Appendix E-2 

(3) Plume boundaries will be drawn based on personal judgment and the above information. 
Knowledge of flow direction, site hydrogeology, and contaminant transport behavior will 
support "personal judgment" decisions. 

Actions To Be Taken Based On Laboratory Results: 

None 

Reporting: 

Results will be presented in each annual report as follows: 

(1) Results of all laboratory analyses will be reported as raw data. 

(2) Summary statistics from analyses of selected compounds (Table C-3) will be presented. 

(3) Annual medians of key compounds (or sums of key compounds) will be plotted on a site 
map. 

(4) Interval estimates of the differences in medians between the current two years data and the 
previous two years data will be given for each key compound (or for each sum of key com­
pounds) (see Figure 0-2). 

(5) Plume boundaries for all six Areas of Concern (AOCs) will be drawn on a site map. Plume 
boundaries are defined as an annual median concentration equal to 5!l/L of one key com­
pound or sum of key compounds. 
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INFORMATION GOAL #4: Determine the mass of contaminants removed at each remediation 
area. 

Compounds To Be Analyzed: Routinely monitored compounds (Table C-2). 

WelllYPe To Be Sampled: Extraction wells 

Number Of Wells To Be Sampled: 11 

Sampling Frequency: 12 per year 

Data Analysis Procedures: 

The volume of water pumped will be multiplied by the concentrations of each key compound 
(Table C-4) to obtain the mass of contaminants removed. 

Actions To Be Taken Based On Laboratory Results: 

None 

Reporting: 

Results will be presented in each annual report as follows: 

(1) Results of all laboratory analyses will be reported as raw data. 

(2) Summary statistics from analyses of selected compounds (Table C-3) will be presented. 

(3) Masses of contaminants removed, as well as volume and concentration data used calculate 
the masses, will be reported. 
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INFORMATION GOAL IS: Characterize contaminant concentrations over time within the 
plumes. 

Compounds To Be Analyzed: Routinely monitored compounds (Table C-2). 

Well Type To Be Sampled: Wells within the plumes. 

Number Of Wells To Be Sampled: 11 

Sampling Frequency. 2 or 12 per year. 

Data Analysis Procedures: 

Plots of time versus concentration will be constructed for all key compounds (Table C-4). The 
plots will be observed in order to improve current understanding of the relationship between 
remediation efforts and contaminant behavior. 

Actions To Be Taken Based On Laboratory Results: 

None 

Reporting: 

Results will be presented in each annual report as follows: 

(1) Results of all laboratory analyses will be reported as raw data. 

(2) Summary statistics from analyses of selected compounds (Table C-3) will be presented. 

(3) Plots of time versus concentration for key compounds will be provided (see Figure D-3). 
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INFORMATION GOAL #6: Determine the hydraulic effectiveness of remediation. 

Compounds To Be Analyzed: Not applicable because only water elevations will be 
measured. 

Well Type To Be Sampled: All onsite (i.e., main site and west complex) monitoring wells. 

Number Of Wells To Be Sampled.: 149 

Sampling Frequency: 4 per year 

Data Analysis Procedures: 

Water elevations will be used to construct contour maps of the water table. If necessary, pump­
ing will be adjusted based information provided by the contour maps. 

Actions To Be Taken Based On Laboratory Results: 

None 

Reporting: 

Results will be presented in each annual report as follows: 

(1) All water elevations measured in monitoring wells will be reported in a raw data format. 

(2) Contour plots of water table elevations will be provided. 
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INFORMATION GOAL #7: Measure water quality down-gradient of AOCs where flow may 
pass across a site boundary. 

Compounds To Be Analyzed: Routinely monitored compounds (Table C-2). 

Well Type To Be Sampled: Wells which are both near the property boundary and down­
gradient of an AOC. 

Number Of Wells To Be Sampled: 6 

Sampling Frequency: 4 or 12 per year. 

Data Analysis Procedures: 

On a yearly basis, concentrations will be compared to the Ground Water Protection Standard 
(GWPS) using interval estimation. Details of the estimation procedure are presented in 
Appendix E-3. 

If data analysis procedures indicate that the GWPS has been exceeded, IBM will attempt to 
determine the reason for the change in ground water quality, as well as implications of the 
change in terms of protection of human health and the environment. Corrective action will be 
taken if necessary. 

Actions To Be Taken Based On Laboratory Results: 

If a compound is detected which is at least twice the level of the GWPS, the well will be resam­
pled. If the concentration is still at or above twice the GWPS, then the concentration is con­
firmed, and: 

(1) The pertinent well, compound and concentration will be reported to NYSDEC within seven 
days of confirmation. 

(2) IBM will attempt to determine the reason for the change in ground water quality, as well as 
implications of the change in terms of protection of human health and the environment. 
Corrective action will be taken if necessary. 

Reporting: 

Results will be presented in each annual report as follows: 

(1) Results of all laboratory analyses will be reported as raw data. 

(2) Summary statistics from analyses of selected compounds (Table C-3) will be presented. 

(3) If a resampie is conducted and the compound of interest is no longer at or above twice the 
GWPS, then the original analysis will be labeled "invalid." 

(4) If a resample is conducted and the concentration is confirmed, both analyses will be consid­
ered valid and the pertinent well, compound and concentrations will be reported separately 
from the raw data. 

(5) Interval estimates of annual concentration medians will be given for all routinely monitored 
compounds (see Figure D-4). 

(6) Documentation will be provided regarding actions, decisions or observations made as the 
result of either: (a) the discovery of interval estimates of annual medians which exceed the 
GWPS, or (b) the discovery of concentrations above twice the GWPS. 
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INFORMATION GOAL #8: Confirm previous monitoring results which indicate that contami­
nants are not migrating offsite from onsite. 

Compounds To Be Analyzed: Routinely monitored compounds (Table C-2). 

Well Type To Be Sampled: Clean wells located near the property boundary. 

Number Of Wells To Be Sampled: 14 

Sampling Frequency: 2 per year 

Data Analysis Procedures: 

Concentrations will be compared with the GWPS. 

Actions To Be Taken Based On Laboratory Results: 

If a compound is detected at or above the GWPS, the well will be resampled. If the concentra­
tion is still at or above the GWPS, then the concentration is confirmed, and: 

(1) The pertinent well, compound and concentration will be reported to NYSDEC within seven 
days of confirmation. 

(2) IBM will immediately attempt to determine the reason for the change in ground water quali­
ty, as well as implications of the change in terms of protection of human nealth and the envi­
ronment. Corrective action will be taken if necessary. 

(3) If appropriate, the well may be redesignated as a well for meeting goal #7. 

Reporting: 

Results will be presented in each semi-annual report as follows: 

(1) Results of all laboratory analyses will be reported as raw data. 

(2) If a resample is conducted and the compound of interest is no longer at or above the GWPS, 
then the original analysis will be labeled "invalid." 

(3) If a resample is conducted and the presence of the compound is confirmed, both analyses 
will be considered valid and the pertinent well, compound and concentrations will be report­
ed separately from the raw data. 

(4) Any actions, decisions or observations made as the result of discovery of concentrations 
above the GWPS will be reported. 

(5) Summary statistics from analyses of selected compounds (Table C-3) will be presented. 
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INFORMATION GOAL #9: Confirm previous monitoring results which indicate that contami­
nants are not migrating onsite from offsite. 

Compounds To Be Analyzed: Routinely monitored compounds (Table C-2). 

Well Type To Be Sampled: Clean wells located near the property boundary. 

Number Of Wells To Be Sampled: 8 

Sampling Frequency: 2 per year 

Data Analysis Procedures: 

Concentrations will be compared with the GWPS. 

Actions To Be Taken Based On Laboratory Results: 

If a compound is detected at or above the GWPS, the well will be resampled. If the concentra­
tion is still at or above the GWPS, then the concentration is confirmed, and: 

(1) The pertinent well, compound and concentration will be reported to NYSDEC within seven 
days of confirmation. 

(2) IBM will immediately attempt to determine the reason for the change in ground water quali­
ty, as well as implications of the change in terms of protection of human health and the envi­
ronment. 

Reporting: 

Results will be presented in each semi-annual report as follows: 

(1) Results of all laboratory analyses will be reported as raw data. 

(2) If a resample is conducted and the compound of interest is no longer at or above the GWPS, 
then the original analysis will be labeled "invalid." 

(3) If a resample is conducted and the presence of the compound is confirmed, both analyses 
will be considered valid and the pertinent well, compound and concentrations will be report­
ed separately from the raw data. 

(4) Any actions, decisions or observations made as the result of discovery of concentrations 
above the GWPS will be reported. 

(5) Summary statistics from analyses of selected compounds (Table C-3) will be presented. 
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INFORMATION GOAL #10: Ensure that all chemicals of concern are properly identified and 
monitored. 

Compounds To Be Analyzed: "Appendix 33" compounds (Table C-1). 

Well Type To Be Sampled: Wells within the plumes. 

Number Of Wells To Be Sampled: 8 

Sampling Frequency: 1 per year for 3 years. 

Data Analysis Procedures: 

Concentrations will be compared with the MOL. 

Actions To Be Taken Based On Laboratory Results: 

If an additional' compound is detected at or above the MOL, the well will be resampled. If the 
concentration is still at or above the MOL, then the presence of the compound is confirmed, and: 

(1) The pertinent well, compound and concentration will be reported to NYSDEC within seven 
days of confirmation. 

(2) The well will be sampled for two quarters following the original confirmation. Laboratory 
results will be reported to NYSDEC. 

(3) A decision will be made regarding whether or not to place the additional compound on the 
list of routinely monitored compounds (i.e., Table C-2). The decision will be based on several 
factors including the concentration of the compound in relation to the GWPS, and the loca­
tion and direction of ground water flow. 

Reporting: 

Results will be presented in the first semi-annual report which is written subsequent to sam­
pling as follows: 

(1) Results of all laboratory analyses will be reported in a raw data format. 

(2) If a resample is conducted and the compound of interest is no longer at or above the MOL, 
then the original analysis will be labeled "invalid." 

(3) If a resample is conducted and the presence of the compound is confirmed, both analyses 
will be considered valid and the pertinent well, compound and concentrations will be report­
ed separately from the raw data. 

4 "Additional" refers to compounds other than those which are routinely monitored (i.~. other than those 
compounds listed in Table C-2). 
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INFORMATION GOAL #11: Provide a qualitative basis for comparison with data from 
"Appendix 33" monitoring of contaminated wells. 

Compounds To Be Analyzed: "Appendix 33" compounds (Table C-l). 

Well Type To Be Sampled: Clean wells located away from AOCs. 

Number Of Wells To Be Sampled: 2 

Sampling Frequency: 1 per year for 3 years. 

Data Analysis Procedures: 

To be determined. 

Actions To Be Taken Based On Laboratory Results: 

None 

Reporting: 

Results will be presented in the first semi-annual report which is written subsequent to sam­
pling as follows: 

(1) Results of all laboratory analyses will be reported in a raw data format. 

22 



Data Analysis Protocol Summary Sheets Appendix A 

INFORMATION GOAL #12: Provide data for investigative studies associated with the NYS Part 
373 Corrective Action Program. 

Compounds To Be Analyzed: Routinely monitored compounds (Table C-2). 

Well Type To Be Sampled: Wells in areas under investigation. 

Number Of Wells To Be Sampled: 64 

Sampling Frequency: 4 per year 

Data Analysis Procedures: 

To be detennined.' 

Actions To Be Taken Based On Laboratory Results: 

None 

Reporting: 

Results will be presented in the first semi-annual report which is written subsequent to sam­
pling as follows: 

(1) Results of all laboratory analyses will be reported as raw data. 

(2) Summary statistics from analyses of selected compounds (Table C-3) will be presented. 

(3) A summary of project status will be provided. 

(4) Annual medians of key compound(s) will be plotted on a site map. 

S A separate data analysis protocol will be written for each Remedial Facilities Investigation (RFI) work 
plan. 
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Appendix B Sampling Frequencies 

Table B-1. Sampling frequencies (per year)--<lrea A remediation area. 

007 4 

998 2 4 

999 2 4 

720 2 4 

761 2 4 

99 2 4 

763 2 4 

204 2 4 

714 4 1 

1 12 4 

16 2 2 4 

103 2 2 4 

104 2 2 4 

744 4 4 

745 4 

15 4 

706 4 1 
5W 4 12 

Table B-2. Sampling frequencies (per year)-9rea B remediation area. 

064 4 4 4 
065 4 4 4 

863 GAC 
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Table B-3. Sampling frequencies (per year}-area C remediation area. 

561 2 4 

4 1 

053 2 4 

054 2 4 

932 2 4 

944 2 4 

943 2 4 

Table B-4. Sampling frequencies (per year}-area D remediation area. 

1 4 

757 4 4 

067 4 

066 
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Table B·S. Sampling frequencies (per year)-SEQ remediation area. 

552 4 4 1 
543 4 4 

545 4 4 

990 12 4 12 
987 12 4 12 
520 4 4 

502 4 4 

503 4 

859 4 4 

860 4 4 

861 4 4 

4 
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Table 8-6. Sampling frequencies (per year)_rea C B/330 investigative area. 

_II 
574 4 1 

178 4 4 

576 4 4 

921 4 2 
922 4 _2_ 
923 4 2 
924 4 2 
954 4 2 
955 4 2 
956 4 2 
957 4 2 
965 4 2 
966 4 2 
941 4 2 

PW-7 1 12 12 12 12 4 

572 4 1 
181 4 1 4 

756 4 4 

062 4 4 

063 4 4 

061 4 4 

059 4 4 

060 4 4 

143 4 2 
145 ! 2 
146 4 2 
929 4 2 
930 4 2 
931 4 2 
953 4 2 
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Table B-7. Sampling frequencies (per year)-building 322 investigative area. 

740 4 4 

766 4 4 

767 4 4 

768 4 4 

769 4 4 

770 4 4 
771 4 4 

7n 4 4 
773 4 4 

754 4 4 

755 4 4 

792 4 4 

793 4 4 

781 4 4 

203 4 4 

151 4 4 

949 4 4 

743 4 4 
161 4 4 

35 4 4 
68 4 4 
774 4 4 
775 4 4 
791 4 4 
789 4 4 
202 4 4 
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Table B·8. Sampling frequencies (per year)-bedrock aquifer. 

1-PW·I _g 12 12 12 4 
PW·2 1 12 12 12 12 4 

PW-4 1 12 12 12 12 4 

PW.S/SA 12 12 12 12 4 

PW-6 12 12 4 

PW·7 1 12 12 12 12 4 

,PW.9 (when on) 12 12 12 12 4 

GAC.lnput 1 12 4 

113 4 4 

535 4 4 

958 4 4 

4 4 

963 4 4 

4 4 

521 4 4 

857 4 4 

858 4 4 

166 2 4 2 

167 2 4 2 . 

087 2 4 2 

085 2 4 2 
722 2 4 

711 2 4 

105 2 4 

106 2 4 

70-4 2 4 

108 2 4 

109 2 4 

2 4 1 
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Table B·8. Sampling frequencies (per year)-bedrock aquifer. continued. 

966 2 4 

564 2 4 

563 _2 4 

559 2 4 
932 2 4 

944 2 4 
943 2 4 

145 2 4 
146 2 4 

929 2 4 
930 2 4 

931 2 4 

941 2 4 1 

953 2 4 

143 2 4 

156 2 4 

945 2 4 
952 2 4 
737 2 4 

742 2 4 
173 2 4 

150 2 4 2 
n9 2 4 2 

na 2 4 2 
m 2 4 2 
739 2 4 
716 2 4 1 
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Table B·9. Sampling frequencies (per year)-west complex. 

407 1 
408 1 

Note: Monitoring wells for information goal #8 were selected after the initial submittal of the ground­
water monitoring proposal and are therefore not included in the Appendix B tables. 
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Appendix C Categories of Compounds 

Table C·I. Appendix 33 compounds. 

Appendix 33, found in 6 NYCRR Subpart 373-21
, is a list of 17 inorganic compounds 

and 202 organic compounds. Various sections of the Subpart 373-2 regulations require 
that ground water samples be analyzed for the presence of Appendix 33 compounds. The 
regulations also describe actions which should be taken if Appendix 33 compounds are 
confirmed to be present. 

Appendix 33 provides the compound's chemical name, the Chemical Abstracts Service 
Registry Number, the Chemical Abstracts Service Index Name, suggested analytical meth­
ods, and Practical Quantitation Limits (PQL's). Regulatory requirements pertain only to 
the list of substances. The analytical methods and PQL's are given solely for information 
purposes. 

t New York State Department of Environmental Conservation, Final Status StandJzrds for Owners and Operators of 
Hazardous Waste Treatment, Storage and Disposal Facilities, Albany, NY, January 31, 1992. 

Table C-2. Routinely monitored compounds. 

Ii i ................... . i? .. i····i·.···?· .. \ii •• · .•. ·•·.· --Acetone 67-64-1 

Benzene2 71-43-2 

Bromochloromethane 74-97-5 

Chlorobenzene2 108-90-7 

Chloroethane 75-00-3 

Chloroform 67-66-3 
Chloromethane 74-87-3 
Dibromochioromethane 124-48-1 

1,2-Dibromoethane 106-93-4 

l,2-Dichlorobenzene2 95-50-1 

l,3-Dichlorobenzene2 541-73-1 
1,4-Dichlorobenzene2 106-46-7 

Dichlorodifluoromethane 12)2 75-71-8 

11 LL _2 75-35-4 "v~~,~. 

ds-1,2-Dichloroethene2 156-59-2 
'1"_ '?-T)jchloL~::hcllc 156-60-5 
1~n;, 142-28-9 
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Table C-2. Routinely monitored compounds. continued. 

""." ... "".--, 
~, 

Trichlorotrifluoroethane \rr"UII 113 or Freon TF)' 

Hexachlorobutadiene 
T. .•• L 

.~~.~ 

~1 .. .,n., 

••• LL J lene Chloride2 

M<:thfl-t-Butyl Ether 

,.I"n" 

D. .It. nzene u-•• vt'! w"'., 
1,1,2,2-Tetrachloroethene' 

THF 
Toluene 

1,2,3-Trichlorobenzene2 

1,2,4-Trichlorobenzene' 

1,1,2-Trichloroethene 

Trichlorofluoromethane 

1,2,4-' 

l,3,5-'mm 

Vfnyl Chloride2 
m_)(v1.,n., 

n_)(v1"n" 

U,l-Trichloroethane 

"'" 

Ll_nir l. 
L""'O:: 

l'_nir l. 

1.'_ni, ".2,2-Triflu 

Chromium (total\' 

Fluoride2 

Zinc (tota]l' 

2 Listed in Table C-3. 

3 CAS # for F1ourine. 

11) 

(~reon ""'b\2 
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100-41-4 

76-13-1 

87-68-3 

98-82-8 

99-878-6 

75-09-2 

1634-04-4 

106-44-5 

103-65-1 

127-18-4 

109-99-9 

108-88-3 

95-63-6 

96-18-4 

79-01-6 

·75-69-4 

95-63-6 

108-67-8 

75-01-4 

108-38-3 

106-42-3 

95-47-6 

71-55-6 

104-51-8 

135-98-8 

75-34-3 

107-06-2 

354-23-4 

7440-47-3 

7782-41-43 

7440-66-6 
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Table C-3. Selected compounds. 

Benzene 8021 

Chlorobenzene 8021 

1,2-Dichlorobenzene6 8021 

1,2,3-Trichlorobenzene 8021 

1,2,4-Trichlorobenzene 8021 

1,3-Dichlorobenzene 8021 

1,4-Dichlorobenzene6 8021 

Dichlorodifluoromethane 8021 

1,1-Dichloroethene 8021 

Chloride 8021 

8021 

Chloride 8021 

1,2 -Dichloro-1 ,2,2-Trifl uoroethane 8021 

1,1,2,2-Tetrach loroethene 8021 

Trichlorotrifluoroethane (Freon 11 8021 

8021 

ds-1,2-Dichloroethene 8021 

Fluoride7 45OO-FC· 

Chromium 7191 

Zinc 6010 

• EPA Method SW-846. Method SOlO or S020 may be substituted for method 8021. 

5 Ground water protection concentrations for corrective measures. 

• The sum of 1,2-Dichlorobenzene and 1,4-Dichlorobenzene must be S 4.7 ~g/L. 

7 Area IIA" and Area lie". 

0.7 

5.0 

4.7 

5.0 

5.0 

5.0 

4.7 

5.0 

5.0 

5.0 

5.0 

2.0 

5.0 

5.0 

5.0 

5.0 

5.0 

1500.0 

SO.O 

300.0 

• APHA, AWWA, WPCF, American Public Health Association. 1989. Standard Methods for the Examination of 
Water and Wastewater. 17th ed., Washington, DC, p. 4.,<j7. 

10 Area "e". 
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Table C-4. Key compound •. 

Area A remediation area 

Area B remediation area 

Area C remediation area 

Area D remediation area 

SEQ remediation area 

Area C B/330 investigative area 

Building 322 investigative area 

Bedrock aquifer 
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Tetrachloroethene 

Trichloroethene 
cis-l,2-Dichloroethene 

Tetrachloroethene 

Tetrachloroethene 

Trichloroethene 
cis-1,2-Dichloroethene 

Vinyl Chloride 

Freon TF 

Tetrachloroethene 

Trichloroethene 

cis-1,2 -Dichloroethene 

Tetrachloroethene 

Trichloroethene 

cis-1,2-Dichloroethene 

Tetrachloroethene 

Trichloroethene 

cis-1,2-Dichloroethene 

Vinyl Chloride 
Freon TF 

Freon TF 

Freon 123a 

Tetrachloroethene 
Trichloroethene 

cis-1,2-Dichloroethene 

Freon TF 

Freon 123a 

Tetrachloroethene 

liichloroethene 

cis-1,2-Dichloroethene 
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Appendix D Reporting Formats 

Combined Shewart-CUSUM Control Chart 
TETRA concentrations (lJglL)measured at Well PW#4 from 1/92 to 9/92 

6.-----------------------------, 

.S; 
c: o 
'; -2 
~ -c: 
~ 
c: 

8-4 r---------------------------------~ 

Jan Mar May Jul 
Month 

Sep Nov 

mean=111.7 SO=18.5 k=O.75 h=4.5 SCL=4.0 

SCl 

h 

-- CUSUM High 

--.- CUSUM low 

-- Shewart 

Figure 0-1. Reporting format for combined Shewart-CUSUM control chart. 

· ••. /, ••. i0r •• ·.;·~ : .• ~.: •..•••.••••.••••.••••••••• ! ••••••••••••••••••••••..••••••.••............. ···········1 .• ·.( •• ••···•····•· ,J:_ 
016 CEOC 88-89 4 90-91 4 0.95 89 -0.5 2.4 

Figure 0-1. Reporting format for Hodges-Lehmann estimates and confidence intervals. 
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Time Series Plot 
TETRA concentrations measured at Well PW#4 during 1991 

180 ........................................................................................................................................................................... . 

160 ................................................................. . ............................................................................................................... . 

i 140 

.~ 
~ 120 -c: 
(]) 
to 8 100 ....... _ ............... - ... _- ................ _ ....... :;.> •• _-

1/1 211 3/1 4/1 5/1 611 7/1 8/1 9/1 10/1 11/1 1211 1/1 

Date (month/day) 

Figure 0-3. Reporting format for time series plots. 

PW#4 TRICE 1986 12 2.1 2.4 

Figure 0-4. Reporting format for Interval estimates of the median. 
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Appendix E-l 
Combined Shewart-CUSUM 
Control Charts 

INTRODUCTION 

The design and implementation of combined 
Shewart-CUSUM control charts is described in 
this appendix. Definitions of terms and para­
meters are presented first, followed by design 
procedures. The procedures are then used to 
design the control chart scheme for informa­
tion goal #2: ensure adequacy of the treatment 
facility by detecting changes in input concentra­
tions. Implementation procedures are outlined 
and then applied to data obtained from the 
IBM East Fishkill facility. Finally, a table of ref­
erences for control charts is given. 

It is assumed that each contaminant at each 
well will be tracked separately. It is also 
assumed that. for the most part, only one 
observation will be obtained per sampling 
event. Equations are provided, however, 
which accommodate average values obtained 
from multiple observations obtained for quali­
ty control purposes. 

DEFINITIONS OF TERMS 

ARL (average run length): The average num­
ber of samples before an out-of-control signal 
is obtained. The ARL should be large when 
the process is close to the target value and 
small when the process has shifted too far 
from the target value. 

FIR (fast initial response) feature: Assigning 
a value greater than 0 to the CUSUM "head­
start value", So' 
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out-of-control: The situation which exists 
when the process has shifted too far from the 
target value. 

two-in-a-row rule: A process is declared out­
of -control only if two out-of-control signals are 
obtained in succession. 

DEFINITIONS OF PARAMETERS 

J.I Estimate of the population mean. It is 
used as the target value for the Shewart­
CUSUM quality control scheme. 

Estimate of the population standard 
deviation. 

SCL Shewart control limit. 

k A parameter of the CUSUM scheme 
known as the "reference value." 

h A parameter of the CUSUM scheme 
known as the "decision interval." 

The deviation to be detected by the 
CUSUM scheme. 

Sn; The CUSUM statistic at time = i for 
positive shifts. 

5u The CUSUM statistic at time = i for 
negative shifts. 

50 The CUSUM statistic at time = O. Also 
known as the "headstart value." 
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The ith observation for both the 
Shewart and CUSUM schemes. It rep­
resents a single reading. 

The ith observation for both the 
Shewart and CUSUM schemes. It rep­
resents the average from a number of 
observations. 

The standardized value of the ith 
observation (or average of observa­
tions). It is plotted on the control chart 
and compared to the SCL. It is also 
used in calculating SHi and Su' 

DESIGN PROCEDURES 

1. Use the worksheet shown in Figure E-l to 
design the control chart. 

2. State the monitoring information goal, 
monitoring approach, and statistical infor­
mation goal. 

3. Decide whether to use one-sided or two­
sided charts. Two-sided control charts 
should be used if both increases and 
decreases in concentration are of interest. 

4. Choose a value for SCL. 

5. Choose a value for k. For a given in-con­
trol ARL, the quickest detection is obtained 
whenk=M2. 

6. Choose a value for h. h can be chosen 
from a table of average run lengths (ARLs). 
The value of h should be selected to give 
the desired ARL when the process is in­
control and when it is out-of-control. 

7. Choose a value for So' If the FIR feature is 
not used, S, = O. If the FIR feature is used, 
5, is frequently set at h/2. The FIR feature 
should be implemented if it is felt that the 
process is likely to be out-of-control at 
startup or after a restart following a control 
action. 

8. Decide whether or not to use the two-in­
a-row rule. The two-in-a-row rule is rec-
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ommended for situations where outliers 
are likely. It is particularly suitable if only 
single observations rather than an average 
of observations are used, because the 
effects of an outlier will be smoothed out if 
averages are taken. 

The two outliers do not have to be from the 
same side of the distribution. Although a 
suspected outlier on the high side followed 
by a suspected outlier on the low side may 
not indicate a shift in the process mean, it 
would indicate the need for closer exami­
nation of water quality data. 

APPLICATION OF DESIGN 
PROCEDURES 

The above procedures were used to design 
the control chart for information goal #2. The 
design is summarized in Figure E-2. 

IMPLEMENTATION PROCEDURES 

1. Use the worksheet in Figure E-3 to imple­
ment the control chart. 

2. Calculate f.l and G from historical data. 
Use data which was collected when the 
system was operating within desirable lim­
its. Outliers, as well as data which is part 
of an obvious trend, should not be used. 
Precision of the estimates will increase 
with increasing sample size. 

3. Construct the control chart. The horizon­
tal axis should be in units of time and the 
vertical axis in standardized concentration 
units. Draw in the upper Shewart limit at 
SCL, lower Shewart limit at -SCL, upper 
CUSUM limit at h, and lower CUSUM 
limit at -h. 

4. Calculate: 

Zi = (¥i - f.l)( G for a single observation 
Zi = (Yi - f.l)/ G for multiple observations 
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5. Calculate: 

SH; = max [0, (Z; - k) + SHO_!)] 
Su = max [0, (-Zi - k) + SLO_I)] 

6. Plot Z;, SHi and -Su on the control chart. 

7. An out-of-control signal is given if I Z, I <! 
SCL or if SHi or Su <! h. 

8. Declare the process out-of-control if two 
out-of-control signals occur in succession. 

9. If any parameters of the control chart are 
modified, SHi and Su should be reset to O. 

APPUCATION OF IMPLEMENTATION 
PROCEDURES 

The above procedures were used to imple­
ment the control chart which was designed for 
information goal #2. Implementation is sum­
marized in Figure E-4. 

UPDATING AND REVISING 
PROCEDURES 

There are three situations where the 
Shewart-CUSUM control chart may need to be 
updated or revised. 

1. Recalculate /J and u after the process is 
declared out-of-control. Control charts 
were traditionally used for industrial or 
manufacturing purposes. If a control chart 
indicated that a process was out-of-control, 
adjustments were made to the process itself. 

48 

The scenario is somewhat different for the 
information goal stated here because the 
"process" cannot be modified. Input con­
centrations are monitored to ensure ade­
quacy of the treatment system. If the con­
trol chart indicates that the process is out­
of-control, the treatment system or perhaps 
the flow are adjusted, not the input con­
centrations. 

For example, if the control chart indicates a 
persistent increase in TETRA concentra­
tions, the treatment system may have to be 
modified to handle the larger concentra­
tions. At that point it might be appropriate 
to revise /J (and perhaps a) prior to restart­
ing the control chart. 

For the information goal listed here, f.l and 
u will be examined and, if necessary, recal­
culated after each out-of-control episode. 

2. Improve the precision of /J and u as more 
data becomes available. New data should 
periodically be combined with the original 
data which was used to calculate /J and u. 
The parameters can then be updated. For 
the information goal listed here, /J and u 
will be updated annually. 

3. Revise control chart parameters to better 
serve information needs. There are many 
ways to revise Shewart-CUSUM control 
charts to meet information needs. For 
example, if the control chart is too sensi­
tive, values of SCL, hand/or k can be 
increased. This type of revision will be 
conducted according to section VII of the 
data analysis protocol. 
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Worksheet for Designing Shewart·CUSUM Control Charts 

Monitoring Information Goal: 

Monitoring Approach: 

Statistical Information Goal: 

One-sided or Two-sided? 

Decision Rule: 

Comments: 

Figure E·I. Worksheet for designing combined Shewart-CUSUM control charts. 
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Worksheet for Designing Shewart·CUSUM Control Charts 

Monitoring Information Goal: Ensure adequacy of the treatment facility by 

detecting increases in input concentrations. 

Monitoring Approach: Detect increases in mean concentration over time which 

are moderate and persistent or large and sudden. 

Statistical Information Goal: Irrmediately detect concentrat ions which are ~ 40" 
above the target mean. Quickly detect persistent changes in concentration 
which are ~ 1.50" above the target mean. 

One-sided or Two-sided? two-sided 

SCL 4.0 information goal 

k 0.75 k = 6./2: 6. = 1.5 as per 
information goal 

h 4.5 Part 1, Table 2 in Lucas (1982 ) 

So 0.0 process not likely to be out-
of-control at startup 

Decision Rule: two-in-a-row rule 

Comments: The two-in-a-row rule was chosen because outliers are likely. 

Figure E·2. Design of combined Shewart-CUSUM control chart for information goal #2. 
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Worksheet for Implementing Shewart·CUSUM Control Charts 

Well 1#: Compound: 

f.l= a= 

Feb 

Mar 

Apr 

May 

Jun 

Jul 
Aug 

Sep 

Oct 

Nov 

Dec 

Comments: 

Figure E·3. Worksheet for implementing combined Shewart-CUSUM control charts. 
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Worksheet for Implementing Shewart-CUSUM Control Charts 

Well #: EW#4 Compound: Tetrachloroethene (TETRA) 

Ii = 111. 7 j.lg/L (j = 18.5 j.lg/L 

01-28-91 115.5 06-24-91 100.5 11-20-91 97.2 

02-15-91 116.3 07-31-91 118.6 12-09-91 133.2 

03-11-91 95.1 08-29-91 115.6 

04-24-91 89.8 09-23-91 158.4 

05-29-91 99.4 10-23-91 100.3 

Jan 165.0 2 . 88 2 .13 2 . 1 - 3 . 63 0 

Feb 116.4 0.25 -0.50 1.6 -1.00 0 

Mar 137.0 1.36 0.61 2.2 -2.11 0 
Apr 112.0 0.02 -0.73 1.5 -0.77 0 

May 94.6 -0.92 -1.67 0 0.17 0.2 
Jun 133.1 1.16 0.41 0.4 -1.91 0 
Jul 115.8 0.22 -0.53 0 -0.97 a 

Aug 102.5 -=0.50 -1.25 0 -0.25 0 
Sep 145.4 1.82 1.07 1.1 -2.57 0 
Oct 

Nov 

Dec 

Comments: Z" SRi and -Sw are plotted on the control chart shown in 
Figure E-5. No out-of-control signals occurred. 

Figure E-4. Implementation of combined Shewart-CUSUM control chart for information goal #2. 
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Combined Shewart-CUSUM Control Chart 
TETRA concentrations (lJglL)measured at Well PW#4 from 1/92 to 9/92 

6.-----------------------------~ 

'" ''l§ 4 
:::l 
-c 
CD 
N 
'E 2 
{g 

! en 0 -H.--'-_~4~;::::::,;~_4_ ........ ----___.j 
.S 
6 
~ -2 
~ -c:: 
fl 
c:: 

8-4 r-------------------------------~ 

Jan Mar May Jul Sep Nov 
Month 

mean=111.7 SD=18.5 k=O.75 h=4.5 SCL=4.0 

Figure E·5. Plot of Shewart-CUSUM data from Figure E-4. 
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SCl 

h 

-- CUSUM High 

--.- CUSUM low 

-- Shewart 
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REFERENCES 

Berthouex and Hunter, 
1975 

Berthouex et aI., 1978 

Bissell, 1984 

Cheremisinoff, 1988 

Hockman and Lucas, 
1987 

Lucas, 1982 

Lucas, 1985 

Lucas and Crosier, 1982 

Page, 1954 and 1961 

Schilling and Nelson, 
1976 

Starks, 1989 

Starks and Flatman, 
1991 

U.S. EPA, 1989 

Vasilopoulos and 
Stamboulis, 1978 

Vaughan and Russell, 
1983 

Discusses the use of Shewart charts for monitoring sewage treatment 
plants. 

Examines the effect of data record attributes on the use of Shewart and 
CUSUM charts for monitoring sewage treatment plants. 

Evaluates the performance of control charts in the presence of serial 
correlation. 

Describes how to construct control charts using Lotus 1-2-3"'. 

A well-written explanation of CUSUM schemes. Also describes how 
use MINITAB'" to construct CUSUM charts. 

An excellent article on combined Shewart-CUSUM control charts. 

Discusses the FIR feature and the two-in-a-row rule. 

Discusses the two-in-a-row rule. 

Describes the development of the CUSUM scheme. 

Examines the effect of nonnormality on the control limits of Shewart 
charts. 

Evaluates the use of control chart methods for RCRA sites. 

Basically the same as Starks, 1989. 

Section 7 is devoted to the use of control charts at RCRA facilities. 

Describes how to modify control chart limits in the presence of data 
correlation. 

Discusses the use of control charts to monitor point source discharge. 
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Appendix E-2 
The Hodges-Lehmann Estimator 
and Confidence Interval 

INTRODUCTION 

The Hodges-Lehmann estimator, &, is a 
nonparametric estimate of the difference 
between two independent groups. & is the 
median of all possible pairwise differences 
between the x and y values. 

DEFINITIONS OF PARAMETERS 

A Hodges-Lehmann estimator: 
& = median [Xi - yJ 

Xi The ith observation of group 1. 

Yi The ith observation of group 2. 

n The number of observations in group 1. 

m The number of observations in group 2. 

N The number of pairwise differences: 
N=nxm. 

x· The critical value from a table for the 
rank sum test. Used to calculate R] and 
R. for small sample sizes. 

Zen The critical value from a table of stan­
dard normal quantiles. Used to calcu­
late R1 and R. for large sample sizes. 

The rank of the pairwise difference 
which is the lower confidence limit of 11. 

The rank of the pairwise difference 
which is the upper confidence limit of 11. 
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CLr The lower confidence limit of &. 

CL. The upper confidence limit of /:,.. 

INFORMATION GOALS 

Monitoring Information Goal: Determine the 
lateral extent of contamination plumes. 

Statistical Approach: Compare recent concen­
tration measurements to older measurements 
to see how much change there has been in 
contaminant concentration. 

Statistical Information Goal: Estimate the 
magnitude of the difference between the current 
two years of concentration data and the previ­
ous two years of concentration data. Determine 
a 90 percent confidence interval for the estimate. 

CALCULATION PROCEDURES 

1. Calculate all pairwise differences. 

2. Rank the pairwise differences from small­
est to largest. 

3. Calculate the median of the pairwise dif­
ferences. This is the Hodges-Lehmann esti­
mator. 

4. If m + n S; 20, go to step 5. Otherwise, go to 
step 7. 

5. Refer to a table of quantiles for the rank 
sum statistic. Find the critical value x· near­
est to al2. 
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6. Calculate: 

R 
• n(n+l) 

1=X- 2 

7. Refer to a table of standard normal quan­
tiles. Find Z a!2' 

EXAMPLE 

Well #: 016 

Compound: cis-1,2-Dichloroethene (CEDC) 

8. Calculate: 

N-Z J N(n+m+ 1) 
R _ a/2 3 

1- 2 

9. Find the pairwise differences which corre­
spond to R1 and R". These values are CLI 
and CL", the upper and lower bounds of 
the confidence interval. The true difference 
will lie between CLI and CL" an average of 
(100-a) percent of the time. 

...•........•.....•...•..•..•..•.. ~....................ri~I'C'.(lIg1Ll·· ... . .•...•.•...•..•.•.••.. clab! ....... ··.·»concW(pglt.ji· 
03-03-88 7.9 03-01-90 5.4 

09-08-88 6.4 09-06-90 5.8 

03-08-89 6.8 03-07-91 5.5 
09-14-89 5.5 09-09-91 6.9 

2.5 1.4 -1.4 1.0 

2.1 1.0 -0.5 1.0 

2.4 1.3 -0.3 1.0 

1.0 -0.1 -0.1 1.3 

1.0 0.1 0.0 1.4 

0.6 -0.3 0.1 2.1 

0.9 0.0 0.6 2.4 
-0.5 -1.4 0.9 2.5 
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median: (0.9 + 1.0)/2 = 0.95 pg/L 

x'= 12 (for €X = 0.114) 

R. = 15 

CLr= -0.5 pg/L CL.=2.4 pg/L 

A= 0.95 with an 89 percent confidence interval of -0.5 to 2.4. 

REFERENCES 

Ii··. ,::.\ >.:.'.:: •.• '.' .. . . ' .... ::.' ......... : .. '.' ....... : .... , ..... :. 

Helsel and Hirsch, 1992 Explains the Hodges-Lehmann estimator and confidence interval. 
Includes tables (Table B4). 

Hirsch, 1988 Examines robustness of the Hodges-Lehmann estimator. Develops the 
seasonal Hodges-lehmann estimator. 

Hodges and Lehmann, Presents the original development of the Hodges-lehmann estimator. 
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Hollander and Wolfe, Explains the Hodges-Lehmann estimator and confidence interval. 
1973 Includes tables (Table AS). 

57 



Appendix E-3 Interval Estimate of the Median 

INTRODUCTION 

A nonparametric interval estimate of the 
true population median is described here. The 
estimate is calculated using the binomial dis­
tribution. 

DEFINITIONS OF PARAMETERS 

Xi The ith observation of the sample. 

n The number of observations in the 
sample. 

x' The critical value from a table for the 
sign test (or a binomial table). Used to 
calculate Rl and R. for small sample 
sizes. 

Zan. The critical value from a table of stan­
dard normal quantiles. Used to calcu­
late Rl and R. for large sample sizes. 

Rl The rank of the observation which is 
the lower confidence limit of Co.s' 

The rank of the observation which is 
the upper confidence limit of Cos 

COos The true population median. 

CLI The lower confidence limit of Cos 

CLu The upper confidence limit of Cos 
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INFORMATION GOALS 

Monitoring Information Goal: Measure 
water quality down-gradient of AOCs where 
flow may pass across a site boundary. 

Statistical Approach: Determine the range of 
concentrations which will contain the true 
population median a large percent of the time. 

Statistical Information Goal: On an annual 
basis, estimate the 95 percent confidence inter­
val of the true population median concentra­
tion. 

CALCULATION PROCEDURES 

1. Rank the sample observations from small­
est to largest. 

2. If n :::; 20, go to step 3. Otherwise go to step 5. 

3. Refer to a table of quantiles for the sign test 
statistic. (If a binomial table is used, enter it 
at the p = 0.5 column). find the critical value 
x' nearest to a/2. 

4. Calculate: 

R =n-x'=x • 
5. Refer to a table of standard normal quantiles. 

FindZa12. 



r 

6. Calculate: 

EXAMPLE 

Well #: FW#4 

Compound: Trichloroethene (TRICE) 

01-13-86 2.4 

02-19-86 2.6 

03-11-86 2.1 

2.0 

05-14-86 2.3 
06-19-86 2.2 

2.0 2.4 

2.1 2.4 

2.1 2.4 

2.2 2.4 

2.2 2.6 

2.3 2.6 

Interval Estimate of the Median Appendix E-3 

7. Find the observations which correspond to 
Rl and R.. These values are CLI and CL", the 
upper and lower bounds of the confidence 
interval. The true population median will lie 
between CLI and CL. an average of (IOO-a) 
percent of the time. 

8. Declare the concentrations out of compliance 
if the entire confidence interval lies above the 
GWPS (see Figure E-6). 

07-02-86 2.4 

08-06-86 2.2 

09-25-86 2.6 

10-27-86 2.4 

11-24-86 2.4 

12-16-86 2.1 

x' = 2 (for a = 0.0193) 

R, = 3 R = 10 • 
CL I = 2.1 j.lg/L CL.= 2.4 j.lg!L 

The 96 percent confi&lnce interval of tlla true pcJp\Uation D*1ian is 2.1 to 2.4. 
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Appendix E-3 Interval Estimate of the Median 
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Figure E-6. Comparison of confidence intervals to the ground water protectlon standard (GWPS). 

REFERENCES 

Helsel and Hirsch, 1992 Explains how to obtain the nonparametric interval estimate of the 
median. Includes tables (Table BS). 
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