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S-Y AND CONCLUSIONS 

In 2000 the Metropolitan Water Reclamation District of 

Greater Chicago (District) began developing a database con- 

taining the results of Escherichia coli (EC) and fecal coli- 

f o m  (FC) analyses conducted on chlorinated and unchlorj nated 

water reclamation plant (WRP) effluent samples and ambisnt wa- 

ter samples from the Des Plaines River, Chicago Ri.vesr and 

Calumet River watersheds, and Lake Michigan. It was hoped 

that this database would facilitate the comparison of E@ den- 

sities with the District's historical database of FC densi- 

ties. Tlzis  would be useful as upcoming United Staces 

Environmental Protection Agency (USEPA) regulations mandate 

the use of EC for assessing bacterial water quality, The re- 

sults of 2,910 analyses from 91 sample points were entered 

into the database between 2000 and 2003. 

Six different statistical approaches were considered to 

determine the best estimator of the EC/FC ratio, referred to 

as R, for each sample type, including the quotient sf the 

arithmetic means of measured EC and FC densities, the meacs of 

the qtrotients of individual EC/FC values, regression analysis, 

rnaximuT likelihood estimators (based on the joint $distribution 

of the random variables EC and FC), the quoti.ent of the 



geometric means (GMs) of measured EC and FC densities, and 

uniformly minimum variance unbiased (UMW) estimators. These 

estimators are referred to as R1, Rq, R3, Rq, R5, and R6, re- 

spectively, in this report. Values of R calculated for the 

different sample types were compared statistically. The find- 

ings of this study are listed below. 

1. The results of this and other studies to date 

indicate that the EC to FC ratio in polluted am- 

bient water is not constant. The ratio of EC to 

FC in polluted ambient water is variable and 

would be influenced by a number of factors, in- 

cluding the type of water body and the source of 

pollution. 

2. The EC/FC ratio, R, was shown to be lognormally 

distributed. Therefore, the UMVU estimator of R 

was derived from the data using the method of 

Shimuzu (1988) . The values of R calculated with 

the UMW estimator ( R g )  are 0.84 (WRP unchlori- 

nated effluent), 0.97 (WRP chlorinated efflu- 

ent), 0.93 (Calumet River Watershed), 0.83 

(Chicago River Watershed), 0.92 (Des Plaines 

River Watershed) , and 0.56 (Lake Michigan) . In 

terms of MSE, R6 is as good an estimator as any 



of the other estimators used. As discussed 

later, the UMVU estimator is unique, and there 

is no other estimator which will be unbia.sed and 

have less variance. Since there is an UMW esti- 

mator for the lognormal distribution, it should 

be used when possible, as it is the best estima- 

tor of R. 

3. The statistical methods and criteria used in 

this study may be appropriate in finding other 

ratios, for example, specific pathogen to FC o r  

EC ratios, especially those used in risk analy- 

sis studies, where the best estimate of the ra-- 

tic3 would be necessary. 

4 The use of the quotient of the arithmetic means 

of EC and FC to find R (R1) is not appropriate 

far this data set. 

5. The mean of the quotients of the individual 

EC/FC values (R2) , in terms of mean square error 

(MSE), is as good an estimator as any of the 

other estimators used. Using this estimator the 

values of R were calculated to be 0.134 (FnlRP 

unchlorinated effluent), 0.97 (WRP chlorinated 

effluent), 1.04 (Calumet River Watershed), 0.84 



(Chicago River Watershed), 0.93 (Des Plaines 

River Watershed) , and 0.53 (Lake Michigan) . 

These values are in close agreement with those 

obtained using the maximum likelihood estimator, 

(Re) , and the UMW estimator (R6) . These results 

indicate that Rz can be a useful estimator for 

certain purposes. 

6. Regression analysis (R3) , in terms of MSE, is not 

the best estimator of R (the EC/FC ratio), but 

high R~ (the sample coefficient of determination) 

values (ranging from 0.84 for the Des Plaines 

River Watershed and Lake Michigan to 0.98 for 

the Calumet River Watershed) indicate that it 

can be a useful estimator, especially for pre- 

dicting EC densities from known FC densities. 

Using this estimator the values of R were calcu- 

lated to be 0.75 ( m P  unchlorinated effluent), 

1.03 (WRP chlorinated effluent) , 0.76 (Calumet 

River Watershed), 0.43 (Chicago River Water- 

shed), 0.68 (Des Plaines River Watershed), and 

0.78 (Lake Michigan) . 

7. The maximum likelihood estimate of R is obtained 

from the properties of the lognormal distribution 



( R , $ ) .  Using this estimator the values of R were 

calculated to be 0.84 (WRP unchlorinated efflc- 

e r i L )  , 0.97 (WRP chlorinated effluent) , 0.93 

(Calumet River Watershed), 0.83 (Chicago River 

Watershed), 0.92 (Des Plaines River Watershed) 

and 0.57 (Lake Michigan) . The lower and upper 95 

percent con£ idence intervals for the respective 

sample types were calculated to be 0.79 to 0.90,  

0 . 9 5  to 1.00, 0.83 to 1.00, 0.79 to 0.88, 0.87 

to 0.98, and 0.45 to 0.69. In terms of MSE, Rr, ;s 

as good an estimator as any of the other estima- 

tors used. 

8. Using the ratio of the geometric mean of EC to 

the geometric mean of FC (R5) to estimate R for 

this data set was found to be inappropriate be- 

cause it ignores the variance of R calcul.ated 

from the lognormal distribution, and it usually 

results in an underestimation of R. 

9 *  As discussed later, for ease of calculation it 

may be appropriate in many cases to use the 

maximum likelihood estimator (%)  to determine R,  

but the KJMW estimator should be used when the 

best estimate of R is required because there is 



no other estimator which will be unbiased and 

have less variance. For ease of calculation it 

may also be appropriate in some cases to use R2 

to calculate R, if the joint distribution of the 

random variables EC and FC is unknown. 

10. The value of R calculated from the data for Lake 

Michigan samples, using both R4 and Rs, is sig- 

nificantly lower (p = 0.05) than the values of R 

for all of the other sample types. There is no 

significant difference between the R values cal- 

culated for the other sample types. 

11. The best estimates of R i . e , calculated using 

UMWE or Rg) reported here for District WRP ef- 

fluents and river samples are relatively high, 

ranging from 0.84 to 0.97, indicating that pro- 

posed effluent and ambient water quality stan- 

dards based upon EC may be more difficult to 

meet than those currently based upon FC. For ex- 

ample, an FC limit of 400 cfu/100 mL is cur- 

rently used for a General Use water quality 

standard in Illinois. Current USEPA guidance 

recommends that it be replaced by an EC limit of 

xiv 



2 3 5  cfu/100 mL representing an assumed EC/FC sa- 

tio of 0 . 5 9 .  



INTRODUCTION 

Role of the District in the Prevention of Waterborne Disease - 
The District plays an important role in the prevention of 

waterborne disease. In fact, the District was created in 1889 

for this very purpose. The dramatic decrease in waterborne 

disease in Chicago as a result of the District's activities is 

a matter of public record (Lue-Hing, 1992). 

Monitoring WRP Effluent and Ambient Waters for FC 

Today the District owns and operates seven WPs. These 

WRPs remove pathogenic microorganisms as well as 1;oxins pro- 

duced by microorganisms from wastewater. The District moni- 

tors WRP effluents for FC as required by National Pollutant 

Discharge Elimination System (NPDES) Permits. Fecal cal;forms 

have been the generally used, although not always the gener- 

ally accepted, indicator of the sanitary quality of environ- 

mental waters since the mid-1970s (Fujioka, 2 0 0 2 j .  Their 

presence in water indicates fecal contamination axid that 

pathogens might be present. Historically, colifom bacteria 

(including FC) were used as the basis of water quality stan- 

dards in the United States. Other indicators proposed over 

the years included fecal streptococci, enterococci, C l o ~ t r i d i u m  

perf.ringens, Staphylococcus aureus, and Escherichia c ~ l i  (EC)  . 



Ambient water monitoring for bacteria is generally not 

required in NPDES permits, although in special cases it could 

be required. Ambient water monitoring for bacteria is not re- 

quired in the District's NPDES permits. Nevertheless, the 

District monitors receiving waters and other ambient waters in 

the District for FC. Arribient microbiological water quality 

standards in Illinois are currently based upon FC. The Illi- 

nois Swimming Pool and Bathing Beach Code (77 Illinois Admin- 

istrative Code 820) (Bathing Beach Code) presently allows for 

the monitoring of either EC or FC levels. The District moni- 

tors Lake Michigan for FC and EC following river reversals to 

the lake. 

USEPA Ambient Water Quality Criteria for Bacteria - 1986 

In the early 1970s the USEPA recognized that the use of 

coliforms, including FC, as a basis for water quality stan- 

dards had certain limitations. Therefore, the USEPA studied 

the relationships between swimming-associated illnesses and 

the ambient densities of indicator bacteria and published the 

results (Cabelli, 1983 and DuFour, 1984) . These studies dem- 

onstrated a direct relationship between the density of EC and 

enterococci in ambient waters and the incidence of swimrner- 

associated gastroenteritis. As a result of these studies the 



USEPA concluded that FC, the indicator group which it bad rec- 

ommended up until that time, was inadequate (Federal Register 

Volume 49 Number 102, May 24, 1984) . The USEPA concluded 

that : 

1. Enterococcus has a far better correlation with 

swiming-associated illnesses in both marine and 

fresh waters than does FC; and 

2. EC has a correlation in fresh waters equal to 

the enterococcus, but does not correlate as well 

in marine waters. 

As a result of the Cabelli and Dufour studies, the USEPA 

(1986) recommended EC or enterococci for monitoring the micro- 

bial quality of freshwaters. In 2000, the USEPA fannsmced the 

intention "to promulgate federal water quality standards, with 

the goal of assuring that the USEPA recommended 1956 bacteria 

water quality criteria apply in all States, Territories, and 

authorized Tribes, as appropriate, by 2003" (USEPA, 2000a). 

Parenthetically, a risk analysis study by Wade et al.. (2003) 

supports the USEPA conclusion that EC is a better predictor of 

gaszrointestinal illness than other bacterial indicators in- 

cludirtg FC, 



In 2000 ,  the USEPA published guidance to assist the 

states in the implementation of the ambient water quality cri- 

teria for bacteria which it recommended in 1986. Anticipating 

that the Illinois Pollution Control Board (IPCB) will eventu- 

ally adopt bacteriological water quality standards based up011 

EC, the District began developing a database of EC to FC ra- 

tios during 2000. It was hoped that this database would fa- 

cilitate the comparison of EC densities with the District's 

historical database of FC densities. The results of 2,910 

analyses from 91 sample points were entered into this database 

between 2000 and 2003. The data collected during that four- 

year period were analyzed statistically, and EC to FC ratios 

were calculated for WRP effluents, rivers/waterways, and Lake 

Michigan (post-river reversals). The results are presented in 

this report. 

Analytical Methods 

It is appropriate to discuss how the analytical methods 

were chosen for this study. The USEPA previously adopted 

methods for monitoring FC in effluents and ambient waters. 

These methods are shown in 40 CFR Part 136.  At the time this 

study began there were no USEPA approved methods for EC in 



ambient waters or wastewater. Guidance recommended m-TEC or 

modified m-TEC for EC in ambient waters (USEPA, 2000) . A . t  the 

time shis study was initiated the decision was made to use the 

rn-TEf: method ta measure EC concentrations in wastewater and 

ambient river waters, because this was the only method zecom- 

mended by the USEPA for ambient waters. As mentioned, there 

was r,o guidance published by the USEPA for measuring EC con- 

centrations in wastewater effluents, but it seemed prudent to 

use the same method used for the ambient waters. 

The Quanti-Tray 2000 (IDEXX Laboratories, Westbrook, 

Maine) met3od was used to measure EC in samples of Lake Michi- 

gan because this is the method used by the Illinois Department 

of Public Health ( I D P H )  and the Chicago Park District for Lake 

Michigan beach monitoring. Fecal colifoms in Lake Michigan 

were measured using the 7-hour test (APHA, 1992a) . This method 

was adopted many years ago by the District to monitor Lake 

Michigan beaches for microbial contamination following river 

revessals because results are available after 7 hours as com- 

pared to 24  hours for the standard test with m-FC agar (APHA, 

1992b). The 7-hour test is not a USEPA approved method. 

The USEPA approved test methods for EC for ambierar; water 

quality monitoring after the data for this study were col- 

lected [Federal Register July 21, 2003, (Volume 6 8 ,  Number 



139) pages 43271-432833. The analytical methods approved for 

monitoring EC in ambient waters include the m-TEC, modified 

m-TEC, and the Quanti-Tray 2000. The USEPA is currently in 

the process of trying to validate EC methods for use with 

wastewater effluent and plans to propose them by the end of 

2004 [Federal Register July 21, 2003, (Volume 68, Number 139) 

pages 43271-432831. 

The analytical methods used could theoretically effect 

the EC/FC ratio. It was not the purpose of this study to de- 

termine how methods would effect this ratio. However, some 

parallel data were collected using different methods to meas- 

ure both EC and FC concentrations. 

Statistical Approach 

Standard Methods (1992d) states that "the preferred sta- 

tistic for summarizing microbiological data is the geometric 

mean (GM) . '  This recommendation is based upon the fact that 

bacterial counts are often lognormally distributed. Standard 

Methods (1992d) also states that "the best estimate of central 

tendency of lognormal data is the GM." This statement is not 

always true, and it is discussed in the Results and Discussion 

section of the report. For most purposes the use of the GM to 

express microbial density is appropriate. However, this is 



not always the case. In this study no assumptions about the 

distribution of the data or the best way to estimate the cen- 

tral tendency were made. 

In this study six different approaches were considered to 

determine che best estimator of the EC/FC ratio, cz R ,  for 

each sample type, including the use of the arithmetic means of 

measured EC and FC densities, the means of the quotients of 

individual EC/FC values, regression estimate, maxirnun Likeli- 

hood estimators (based on the joint distribution of the random 

varxables EC and FC), GMs of measured EC and FC densities, and 

UMVTZ estimators. These estimators, referred to as Ri, R2, R3, 

R4, R5, and Rs, respectively, are described in the Materials 

and Methods section of this report. All of these approaches 

are discussed in the Results and Discussion section of this 

report. 



OBJECTIVES 

This study was undertaken in 2000 with the overall objec- 

tive of developing a database of EC to FC ratios to facilitate 

the comparison of EC and FC data collected in the District. 

The following specific objectives were identified in the plan- 

ning to meet the overall objective: 

1. To determine both the EC and FC densities in the 

following types of samples: effluent from the 

District's seven WRPs; ambient water samples 

from the District's man-made waterways; ambient 

water samples from other rivers in the Chicago- 

land area; ambient water samples collected from 

Lake Michigan following river reversals to Lake 

Michigan. 

2. To determine the best statistical approach, from 

an analysis of the collected data, for determin- 

ing the EC to FC ratios, and to calculate the EC 

to FC ratios for the various sample types listed 

above. 

3. To compare the EC to FC ratios computed from the 

data for the various sample types listed above. 



MATERIALS AND METHODS 

Sampling Sites and Number of Samples 

The sampling sites and the number of samples collected at 

each site are listed in Table 1. The locations of t h e  sites 

are shown in Figures 1, 2, and - 3. 

Sample C:ollecti on, Transport, and Receiving 

FJater samples were collected in sterile 175 mL capacity 

polypropylene plastic bottles containing the following sterile 

reagents: 0.30  ml; of a 15 percent solution of the disodium 

salt of ethylenediaiminetetraacetic acid, and 0.1 ml; of a 10 

percent solution of sodium thiosulfate. Samples of WRP efflu- 

ent were collected by Maintenance and Operations personnel 

( m C ,  2003a, b, c, dl e) . Water samples from rivers, creeks, 

and man-made waterways were collected by Industrial Waste Di- 

vision persormel as part of the District's Ambient Water Qual- 

ity Study (MltJRDGC, 2002) . All water samples from Lake Ehchigan 
were collected after heavy storms by Industrial Waste Division 

personnel (MCVRDGC, 1994) . 

After collection, all samples were placed on ice  and 

transported to the District's Analytical Microbiology Eabora- 

tory. 1 samples collected for purposes of NPDES Permit 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 1 

SAMPLE SOURCES AND NUMBERS 

Sample Source 
Number of 
Samples 

UNCHLORINATED WRP EFFLUENT 

North Side WRP (final outfall) 
Stickney WRP (final outfall) 
John E. Egan WRP (final outfall) 

C.l 
o Hanover Park WRP (final outfall) 

James C. Kirie WRP (final outfall) 

CHLORINATED WRP EFFLUENT 

John E. Egan WRP (de-chlorinated final outfall) 
Hanover Park WRP (de-chlorinated final outfall) 
James C. Kirie WRP (de-chlorinated final outfall) 

DES PLAINES RIVER WATERSHED 

Station 12 / Buffalo Creek at Lake-Cook Rd. 
Station 13 / Des Plaines River at Lake-Cook Rd. 
Station 17 / Des Plaines River at Oakton St. 
Station 18 / Salt Creek at Devon Ave. 
Station 19 / Des Plaines River at Belmont Ave. 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 1 (Continued) 

SAMPLE SOURCES AND NUMBERS 

Sample Source 
Number of 
Samples 

Station 20 / Des Plaines River at Roosevelt Rd. 
Station 21 / Salt Creek at Brookfield Ave. 
Station 22 / Des Plaines River at Ogden Ave. 
Station 23 / Des Plaines River at Willow Springs Rd. 
Station 24 / Salt Creek at Wolf Rd. 

v 
P Station 29 / Des Plaines River at Stephen St. 

Station 63 / West Branch DuPage River at Longmeadow Lane 
Station 64 / West Branch DuPage River at Lake St. 
Station 77 / Higgins Creek at Elmhurst Rd. 
Station 78 / Higgins Creek at Willie Rd. 
Station 79 / Salt Creek at Higgins Rd. 
Station 80 / Salt Creek at Arlington Heights Rd. 
Station 89 / West Branch DuPage River at Walnut Ave. 
Station 90 / Poplar Creek at Route 19 
Station 91 / Des Plaines River at Material Services Rd. 

CHICAGO RIVER WATERSHED AND SANITARY AND SHIP CANAL 

S t a t i o n  PO8 i Ghicwgo R i v e r  ae Wells St, 
Station 101 / North Shore Channel at F ' o s k e r  A v e .  
Station 102 / North Shore Channel at Oakton St. 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 1 (Continued) 

SAMPLE SOURCES AND NUMBERS 

Sample Source 
Number of 
Samples 

Station 103 / West Fork North Branch Chicago River at Golf Rd. 
Station 104 / North Branch Chicago River at Glenview Rd. 
Station 105 / Skokie River at Frontage Rd. 
Station 106 / West Fork North Branch Chicago River at Dundee Rd. 
Station 107 / Chicago Sanitary and Ship Canal at Western Ave. 
Station 108 / South Branch Chicago River at Loomis St. 
Station 31 / Middle Fork North Branch Chicago River at Lake-Cook Rd. 
Station 32 / Skokie River at Lake-Cook Rd. 
Station 34 / North Branch Chicago River at Dempster St. 
Station 35 / North Shore Channel at Central Ave. 
Station 36 / North Shore Channel at Touhy Ave. 
Station 37 / North Branch Chicago River at Wilson Ave. 
Station 39 / South Branch Chicago River at Madison St. 
Station 41 / Chicago Sanitary and Ship Canal at Harlem Ave. 
Station 42 / Chicago Sanitary and Ship Canal at Route 83 
Station 46 / North Branch Chicago River at Grand Ave. 
Station 48 / Chicago Sanitary and Ship Canal at Stephen St. 
Station 73 / North Branch Chicago River at Diversey Parkway 
Station 74 / Chicago River at Lake Shore Drive 
Station 75 / Chicago Sanitary and Ship Canal at Cicero Ave. 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 1 (Continued! 

SAMPLE SOURCES AND NUE4BERS 

Sample Source 
Number of 
Samples 

Station 92 / Chicago Sanitary and Ship Canal at Lockport Locks 
Station 96 / North Branch Chicago R i v e s  at Albany Ave. 
Station 99  / South Fork South Branch Chicago River at Archer Ave. 
Station 40 / Chicago Sanitary and Ship Canal at Damen Ave. 

CALUMET RIVER WATERSHED 

Station 43 / Cal-Sag Channel at Route 83 
Station 49  / Calumet River at Ewing A v e .  
Station 50 / Wolf Lake at Burnham Ave. 
Station 52 / Little Calumet River at Wentworth A v e .  
Station 54 / Thorn Creek at Joe Orr Rd. 
Station 55 / Calumet River at 130th St. 
Station 56 / Little Calumet River at Indiana Ave. 
Station 57 / Little Calumet River at Ashland Ave. 
Station 58 / Cal-Sag Channel at Ashland Ave. 
Station 59 i Cal-Sag Channel at Cicero Ave. 
Seation 76 / Little Calumet at Malsted St, 
Station 86 J Grand Callmet River at Burrihaxn Avb- 
Station 97 / Thorn Creek at 170" h ~ t .  



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 1 (Continued) 

SAMPLE SOURCES AND NUMBERS 

Sample Source 
Number of 
Samples 

CHICAGO AREA LAKE MICHIGAN BEACHES 

Calumet Beach 
Rainbow Beach 
North Ave. Beach 

v 
IP Oak Street Beach 

31st Street Beach 
Kenilworth Beach 
Wilmette Beach 
Gillson Beach 
Lighthouse Beach 
Dempster Beach 

CHICAGO AREA LAKE MICHIGAN SHORELINE (NOT BEACHES) 

Iroquois Landing 
Monroe Harbor Mouth 
Adler Planetarium 
Wilmette Harbor Mouth 
Northwestern University Observatory 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 1 (Continued) 

SAMPLE SOURCES AND NUMBERS 

Sample Source 
Number of 
Samples 

CHICAGO AREA LAKE MICHIGAN OPEN WATER 

Calumet River Mouth 
1 mile north of Calumet River Mouth 
1 mile northeast of Calumet River Mouth 

P 1 mile east of Calumet River Mouth 
u1 % mile southeast of Calumet River Mouth 

1 mile south of Calumet River Mouth 
Howard Slip 
Chicago River Mouth 
1 mile north of Chicago River Mouth 
1 mile northeast of Chicago River Mouth 
1 mile east of Chicago River Mouth 
1 mile southeast of Chicago River Mouth 
1 mile south of Chicago River Mouth 
North Shore Channel Mouth 
1 mile north of North Shore Channel Mouth 
1 mile northeast of North Shore Channel Mouth 
1 mile east of North Shore Channel Mouth 
1 mile southeast of North Shore Channel Mouth 
1 mile south of North Shore Channel Mouth 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

FIGURE 1 

MAP OF COOK COUNTY SHOWING WATER RECLAMATION PLANTS 

a*.mm.* 
r = Seasonally chlorinating WRPs. *.....* 

= Non chlorinating WRPs. 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CI;-IICAGO 

FIGURE 2 

MAP SHOWING COOK COUNTY WATERSHED AREAS SAMPLED 

Des Plaines R i v e r  Watershed 

Chicago R i v e r  Watershed and Sanitary & Ship Canal 
**-a? 

,,s,* * Calumet River Watershed 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

FIGURE 3 

MAP SHOWING CHICAGO AREA LAKE MICHIGAN SAMPLE LOCATIONS 

I I 

@ Beach Sample 
@ Shoreline (not beach) Sample 
0 Open water (boat collected) Sample 



compliance or the District's Ambient Water Quality Study were 

processed within six hours. All other samples were processed 

within 24 hours. 

Microbiological Analysis 

Water reclamation plant effluents and samples fscm the 

Chicago area man--made waterways and river systems w e r e  ana- 

lyzed for EC using SM 9213 D.3, SM 1 8 ~ ~  ed., (APHA, 1992~1 (the 

m-Xec procedure). Fecal coliform densities in these samples 

were determined rising SM 9222 Dl SM 1 8 ~ ~  ed., (APHA, i992b) 

(the FC membrane filtration procedure). This'procedure is also 

referred to as the 24-hour FC method in this report. Water 

samples from Lake Michigan were analyzed for EC using the 

Quati-Tray 2000 method (IDEXX Laboratories, Inc., Westbrook, 

Maine! an6 for FC: using SM 9211 B, SM 1 8 ~ ~  ed. (APXA, 1.992a) 

(the "?-hour test). This procedure is also referred to as the 

7-hour FC method in this report. Data are expressed as the 

number of FC or EC per 100 mL sample except for the Quanti- 

Tray methad, for which the results are expressed as EC MFN per 

100 n& sample. 

CONFIREiLATION OF COLONIES 

After incubation for 24 - + 2 hours at 44.5 5 0.2"C, blue 



colonies on m-FC agar were considered presumptive for FC. Af- 

ter incubation for 7 hours at 41 - + 0.5OC, yellow colonies on 

7-hour FC agar were considered presumptive for FC. Presumptive 

FC colonies were transferred to EC medium for verification 

(APHA, 1992b). After incubation for 2 hours at 35 - + 0.5OC and 

22 hours at 44.5 + 0.2OC yellow colonies on m-TEC agar were 

tested for urease; urease negative yellow colonies were con- 

sidered presumptive for EC. Presumptive EC colonies were veri- 

fied as specified by the USEPA (2000b). 

Statistical Analysis 

PRECISION 

Sixteen samples were analyzed for EC using the m-TEC 

method and for FC using m-FC agar (the 24-hour FC method). 

Three samples were analyzed for EC using the Quanti-Tray 

method and for FC using the 7-hour FC method. Seven replicate 

analyses were conducted on each of these samples. Coeffi- 

cients of variation (CVs) were calculated from the results. 

COMPARISON OF METHODS 

EC densities were measured in three split samples using 

both the Quanti-Tray method and the m-TEC method. FC densities 

were measured in three split samples using both the 7-hour FC 



method and the 24-hour FC method. Seven replicate analyses 

were conducted on each of these samples. The EC values meas- 

ured with the Quanti-Tray were regressed against the EC valves 

measured w i t h  the m-TEC method. Similarly, the FC values 

measzred with the 7-hour FC method were regressed against the 

FC values measured with the 24-hour FC method. The F - t e s ~  was 

used La test the following hypotheses: 

ElO: P I= 0 and 

Ho: P := 1 

Paired t-test analyses were also used to test the equal- 

ity of the methods. 

TEST FOR 'PJ0RMALI'I"Y 

Raw and In transformed EC and FC concentrations were 

tested for normality with the Kolmogorov-Smirnov (K-S5  test 

(Gibbons and Chakraborti, 1992) . 

ESTIMWTION OF THE EC/FC RATIO 

Six candidate estimators of the EC/FC ratio, or R ,  were 

considered for each sample type. The efficacies of all six 

estimstors, referred to as R1, R2, R3, R4, R5, and F& in this 

report, were evaluated in terms of mean square error JMSE) 

criteria and other criteria discussed by Rao ( 2 0 0 2 ) ,  including 



sufficiency, consistency, completeness, and bias, to determine 

the best estimator of R. These estimators are described below: 

1. The mean of measured EC densities (E) was di- 

vided by the mean of measured FC densities 

( F C ) ,  that is 

R1 = - (Equation) 1 

2. The mean of the quotients of the individual 

EC/FC values was calculated, that is, ri = 

ECi/FCi, FCi>O, n is the number of observations, 

and 

R2 = l / n Z r i  (Equation 2 )  

3. A simple linear model was derived from the data 

and is related by the equation 

EC = a + bFC (Equation 3 )  

where a and b are least square estimates of a, 

the y-intercept , and $, the slope, respectively . 

In this case if a = 0 then 

R3 = b. (Equation 4) 

If a # 0 or the assumptions necessary for linear 

regression are not met, then the EC/FC ratio can 



not be estimated this way. The significance cf 

all regression models was tested. 

4. The joint distribution of the random variables 

Ef: and FC was studied, and the sampling distri- 

bation of the EC/FC ratio was used to calcuiats 

the maximum likelihood estimator, ref erred to as 

R4 in this report. (In this case, the sarn-pli~g 

di,stribution had to be determined from the data 

fi,sst. See the sub-section entitled 'Rq" in t he  

Results and Discussion section below and Appen- 

dix BIZ. ) 

5. The GM of measured EC densities, GM (EC), was 

divided by the GM of FC densities, GM(FC), that. 

GM (EC) 
Rg = (Equation 5) 

GM(FC) 

6 .  Uniformly minimum variance unbiased estimators 

of R for each sample type were obtained with the 

method of Shimuzu (1988). (The distribution sf R 

had to be determined before this method of de- 

riving the UMW estimators could be chosen. See 

Results and Discussion below and Appendices BLI -. 

and BIII. ) A macro program was written in SAS; 



to calculate R using the UMW estimators. The 

SAS program is shown in Appendix BIV. 

PROBABILITY STATEMENTS 

The probabilities that the value realized by the random 

variable R for the different sample types is less than or 

equal to the mean (R4) , median (Rg) , and the UMVU estimator 

(R6) were calculated by integration of the lognormal distribu- 

tion curve of EC/FC or R. 

SUFFICIENCY, BIAS, AND COMPLETENESS 

All estimators were evaluated for sufficiency, bias, and 

completeness. See Appendix BI. 

CONSISTENCY 

All estimators were tested for consistency by simulation 

studies using the SAS subprogram "Simulation." See Appendix 

BI . 



RESULTS AND DISCUSSION 

EC and FC Data 

The EC and FC densities measured in unchlorinated and 

chlorinated WRP effluent samples are shown in Table -- WE-I and 

Table AI-2, respectively. The EC and FC densities measured in 

riverr'waterway samples are shown in Table AI-3 ( C a l m e t  River 

Watershed), Table AI-4 (Chicago River Watershed), an2 Table 

AI-5 --- {Des Plaines River Watershed). The EC and FC densities 

measured in post-reversal Lake Michigan samples are shown in 

Table AI-6. 

COI\TFIRMA.TION OF COLONIES 

The results of colony confirmation tests are shorn in 

Table 2. Ninety-eight percent of the presumptive FC colonies -- 
picked from m-FC agar were confirmed as FC. Eighty-seven per- 

cent of the presumptive FC colonies picked from 7-hour FC agar 

were confirmed as FC. Almost 83 percent (82.8) of the pre- 

sumptive EC colon.ies picked from m-TEC agar were confirmed as 

Statistical Analysis 

PRECISION 

The CVs for the m-TEC EC analysis are shown in Tables 

AIY-1 and AII-2. The CVs for the Quanti-Tray EC analysis are 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 2 

Primary 
Isolation 

Analysis Medium 

Number of 
Colonies 
Picked 

Number of 
Colonies 
Confirmed 

Percent 
Confirmed 

Quanti-Tray 
2000'~~ MPN 

'~iochemical confirmation tests: 
FC: growth and gas in EC medium at 44.5OC af ter 24 hours. 
EC: urease negative, oxidase negative, indole positive, Simmons' citrate negative, 
and growth and gas in EC medium at 44.5OC after 24 hours. 
'~ot applicable. 



shown in Table A1: I -2 .  The CVs for the 24-hour FC analysis are 

shown in - Tables A I I - 1  and A I I - 3 .  The CVs for the 7-hmr FC 

analysis are shown in Table AII-3. 

The average CV for the EC values measured with t:?e m-TEC 

method was 19.9, and the range was from 5.7 to 6 4 . 8 .  The aver- 

age CV for the EC values measured with the Quanti-Tray method 

was 25.5, and the range was from 1 9 . 8  to 32.5. The averdge CV 

for the FC values measured with the 24-hour method was 15.8, 

and the range was from 3.5 to 47.2. The average CV for the FC 

values measured with the 7-hour method was 25.5, and the range 

was from 7,S to 5 9 . 4 .  

The relatively high CV values at the higher end of the 

ranges listed above might be explained by the way the CVs were 

calculated. That is, the CVs were calculated from the final 

analytical results, not from the number of colorlies observed 

on the plates. This method of calculating the CVs gives a 

more appropriate measure of the precision associated with each 

method. However, it should be remembered that when the plates 

used to calculate the final results for a particulaz set of 

replicate analyses have a smaller number of colonies, then the 

variability associated with these replicate analyses will be 

higher. 



(There is an acceptable range of the number of colonies 

on a plate to be counted for each method. For example, the 

range for the 24-hour FC method is 20 to 60 colonies per 

plate. Refer to the referenced methods. However, when the 

number of colonies on a plate is lower than lowest number in 

the acceptable range, the methods still allow results to be 

calculated. It is the variability in the lower numbers of 

colonies on the replicate plates that can account for greater 

variability in the final results. This can be understood by 

looking at the raw data shown in Tables AII-1 through AII-3.) 

COMPARISON OF THE EC ENUMERATION METHODS 

The results obtained with the Quanti-Tray (EC1) are al- 

most identical to those obtained with the m-TEC method (EC2) 

(Figure 4) . The slope of the regression equation 'EC1 = a + 

bEC2" was calculated to be 1.016, and the R~ value was calcu- 

lated to be 0.994. The intercept was found to be insignifi- 

- 0.00, and $ = 1, p = cant. Results of the F-test, p = 0, p - 

0.38, show that there is no difference between the Quanti-Tray 

results and the m-TEC results. Results of the paired t-test 

also indicate that there is no significant difference between 

the EC values measured with the Quanti-Tray and the EC values 

measured with the m-TEC method (p = 0 .2  1 ) . 





COMPARISON OF THE FC ENUMERATION METHODS 

The results obtained with the 7-hour FC method (FC1) are 

almost identical to those obtained with the 24-hour FC method 

(FC2) (Figure 5). The slope of the regression line "FC1 = a + 

bFC2" was calculated to be 1.008, and the R~ value was calcu- 

lated to be 0.996. The intercept was found to be insignifi- 

cant. Results of the F-test, $ = 0, p = 0.00, and p = 1, p = 

0.53, show that there is no significant difference between the 

results measured by the two methods. Results of the paired 

t-test also indicate that there is no significant difference 

between the FC values measured with the 7-hour test and the 

24-hour test (p = 0.84). 

TEST FOR NORMALITY 

Results of the K-S test, shown in Table 3, indicate that 

both the measured EC densities and the measured FC densities 

in samples of District WRP unchlorinated and chlorinated ef- 

fluents, rivers/waterways, and Lake Michigan are all lognor- 

mally distributed. As a consequence ln(R) = ln(EC/FC), also 

expressed as ln(R) = In (EC) - In (FC) , is normally distributed 

by the properties of the normal distribution. The mathemati- 

cal proof is shown in Appendix BII. Therefore, R is lognar- 

mally distributed. The basic statistics are shown in Table 4. 





METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 3 

RESULTS OF THE KOLMOGOROV-SMIRNOV TEST FOR NORMALITY 

Sampling ~ocation' 
Variable Significance 
~ e s  ted2 ~robabi li ty3 

WRP Chlorinated Effluent 

Calumet River 

Chicago River 

WRP Unchlorinated Effluent EC 
FC 

Ln (EC) 
Ln (FC) 
EC 
FC 

Ln (EC) 
Ln(FC) 
EC 
FC 

Ln (EC) 
Ln (FC) 
EC 
FC 

Ln (EC) 
Ln (FC) 

Des Plaines River EC 
FC 

Ln (EC) 
Ln (FC) 

Lake Michigan EC 
FC 

Ln (EC) 
Ln (FC) 

'see Table 1 and Figures 1-3. 
2~~ = Escherichia coli densities; FC = fecal coliform densities; 
Ln(EC) = natural logarithms of EC; Ln(FC) = natural logarithms 
of FC. 

3~ significance probability of >0.05 means that the population 
of the respective variable is normally distributed. (HO 
Tested: Variables are normally distributed.) 
a ~ n ( ~ )  = Ln(EC/FC) is normally distributed as a consequence of 
the fact that Ln(EC) and Ln(FC) are normally distributed. The 
mathematical proof is shown in Appendix BII. 
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TABLE 4 

Sampling Location 
- Ln ( EC) Ln (FC) 
Mean s Mean s pa 

WRP Vnchlorinated Effluent 8 . 4 0 4  1 . 1 8 1  8 . 6 4 1  1 . 2 7 2  0.95 

WRP Chlorinated Effluent 2 . 3 8 0  0 . 4 5 2  2 .452 0 . 5 6 6  0 .84  

W 
w Calumet River 5 . 5 0 7  2.315 5 . 7 4 5  2 . 3 5 0  0 .97 

Chicago River 6 . 4 9 2  1 . 9 4 2  6 .739  1 . 9 3 6  0 .98 

Des Plaines River 6 . 1 8 8  1 . 8 6 4  6 . 3 9 0  1 . 8 3 9  0 .97  

Lake Michigan 3 . 8 1 9  2 . 5 4 3  4 .978  1 . 9 6 0  0 . 9 1  

'L~(EC) = natural logarithm of measured EC densities; Ln(FC) = natural logarithms of 
measured FC densities; s = standard deviation; p = sample correlation coefficient 
(ln[ECl, ln[FCI ) . 
'~n estimate of p, an index that quantifies the linear relationship between a pair of 
variables. ?he coefficient takes values betweer1 -1 and 1, w i t h  the sign indicating 
t h e  dixectlzim o f  the re.la&lonr;hip arid the ntxmerisnl magnitude i&s strengt:iz, Values 
of -1 or 1 indicate that the sample values fall on a straight line. 



ESTIrnTOR R1 

Values of R calculated using R1 and the corresponding MSE 

values are shown in Tables 5 and - 6, respectively. The MSE 

values associated with the R1 estimates are greater than those 

associated with either Ra, %, or Rg. Therefore, in terms of 

MSE, R1 is not the best estimator of the EC/FC ratio. This 

was expected, given that bacterial data are usually not nor- 

mally distributed, as pointed out in the Introduction section 

of this report, and that the data were shown to be lognormally 

distributed with the K-S test. Values of R calculated using 

R ~ ,  which range from 0.70 for Lake Michigan to 0.91 for WRP 

chlorinated effluent, do not compare favorably with those cal- 

culated with either R2 or %. Estimator R1 is not sufficient; 

it is not consistent, that is, R1 does not approach R as 

n -+ -; it is not unbiased, that is, E (log RI) * E (log R ) ;  

and it is not complete (Table 7). Estimator R1 w a s  included 

in this study mainly to facilitate cowarison with other stud- 

ies, since some investigators report mean FC values. See Pitt 

(19981, for example. 

ESTIMATOR R2 

Values of R calculated using Rz, and the corresponding 

MSE values, are shown in Tables 5 and 6 ,  respectively. In 
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TABLE 5 

VALUES OF THE ECjFC RATIO, R, ESTIMATED FROM THE DATA 
USdNG SIX DIFFERENT APPROACHES 

Sampling Location 

WRP Unchlorinated Effluent 0 . 8 0  0 . 8 4  0 . 7 5  0 . 8 4  0 . 7 9  0 .84 

WRP Chlorinated Effluent 0 . 9 1  0 . 9 7  1 . 0 3  0 . 9 7  0 .93  0.97 

W 
cn Calumet River Watershed 0 . 7 7  1 . 0 4  0 . 7 6  0 . 9 3  0 . 7 9  0.93 

Chicago River Watershed 0 . 6 9  0 . 8 4  0 .43  0 . 8 3  0 .78  0.83 

Des Plaines River Watershed 0 .77  0 . 9 3  0 . 6 8  0 .92  0 . 8 2  0 .92 

Lake Michigan 0 .70  0 . 5 3  0 . 7 8  0 . 5 7  0 . 3 1  0 .56 

'see Materials and Methods Section. 
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TABLE 6 

Estimator 
Sampling Location R1 R2 R3 R4 R5 R6 

WRP Unchlorinated Effluent 0.109.  0 . 1 0 7  0 . 1 1 5  0 . 1 0 7  0 .110  0 .107  

WRP Chlorinated Effluent 0.057 0 . 0 5 4  0 . 0 5 8  0 . 0 5 4  0 .055  0 .054  

W Calumet River 3 . 3 2 8  3 . 2 5 6  3 . 3 3 0  3 . 2 6 6  3 .317  3 .266  

Chicago River 0 .167  0 . 1 4 4  0 . 3 1 1  0 . 1 4 4  0.147 0 . 1 4 4  

Des Plaines River 0 . 3 5 1  0 . 3 2 7  0 .387  0 . 3 2 7  0 .338 0 .327 

Lake Michigan 0 . 3 9 9  0 . 3 7 2  0 . 4 3 2  0 .373  0 .419 0 . 3 7 3  

l~ean squared error is the expected value of the square of the difference between an 
estimator and the true value of a parameter. 
2 ~ e e  Materials and Methods Section. 
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TABLE 7 

Estimator -- 
Property of ~stimator~ R1 Rz R3 R4 R5 Rt5 

Sufficient No  NO^ No Yes Yes Yes 

Consistent No No Yes Yes No Yes 

Unbiased 
W 
4 

Complete 

No No Yes No No Yes 

NO  NO^ NO Yes NO Yes 

'see Materials and Methods and Appendix BI. 
2~aution: The properties shown here refer to the estimators for R = EC/FC. Properties 
of estimators for EC or for FC individually are sometimes different. 

3 ~ f  the distribution of R is known to be lognormal, then R2 is sufficient and 
complete. However, no assumptions about the distribution of the data were made. 



terms of MSE, R2 is as good an estimator as any of the other 

estimators used. Values of R calculated using RZ, which range 

from a low of 0.53 for Lake Michigan to 1.04 for Calumet 

River, are in good agreement with the R values calculated with 

R4, the maximum likelihood estimator (see below), and Rc, the 

UMW estimator (see below). These results indicate that R2 can 

be a useful estimator for certain purposes, especially when 

the distribution of R = EC/FC is unknown. However, estimator 

R2 is not sufficient, consistent, unbiased, or complete (Table 

7). The usefulness of the R2 estimator is discussed later. 

ESTIMATOR R3 

The results of regression analysis are shown in Table 8. 

In each case the value of 'a" in Equation 3 was found to be 0. 

The R~ (sample coefficient of determination) values were all 

relatively high, ranging from 0.84 for the Des Plaines River 

and Lake Michigan to 0.98 for the Calumet River. These re- 

sults indicate that the use of regression to estimate EC/FC or 

R is acceptable, and that the use of regression to estimate 

EC, when FC values are known, is also acceptable. The values 

of -bn (equation 3 ) ,  all estimates of R (R3 in this report as 

described above) and shown again i n  Table 5 ,  range from 0 . 4 3  
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TABLE 8 

REGRESSION OF EC VERSUS FC 

- - -  * -. ---- "-- 

Sampling Location Regression ~~u8tion.s' p,2," 

WRP Unchlorinated Effluent EC = 0 .75444  x FC 0.94 

WRP Chlorinated Effluent EC = 1 .02733  x FC 0 .95  

Calumet River Watershed 
W 
Lo 

Chicago River Watershed 

Des Plaines River Watershed EC = 0 .68088  x FC 0 .84  

Lake Michigan EC = 0 .77528  x FC 0 .84  

'EC = a + b x FC. In every case "a" was found to be equal to 0 .  
a 2 R is usually referred to as the sample coefficient of determination. R~ expresses 
the proportion of the total variation in the values of the variable EC that can be 
accounted for or explained by a linear relationship with the values of the random 
variable FC. 



for the Chicago River to 1.03 for WRP chlorinated effluent. 

The Mean Squared Errors (MSEs) are shown in Table 6. Estimator 

R3 is not sufficient or complete, but it is consistent (Table 

7). Estimator R3 is unbiased (Table 7) because it is the least - 

squares estimate of 'b" (Walpole and Meyers, 1989) . In terms 

of MSE, R3 is not the best estimator, but the high R~ values 

indicate that it can be a useful estimator, especially when 

the distribution of R = EC/FC is unknown. 

Furthermore, inferences can be drawn using regression 

analysis, or R3, as long as 1) the variance of the residuals 

is constant and does not depend on any parameter; 2) the re- 

siduals are independent; and 3) the residuals are normally 

distributed (USEPA, 1997). These assumptions were not tested 

because R2, R4, and R6 were shown to be the best estimators in 

terms of MSE, and no inferences were made in this report using 

the results of regression analysis, or R3. 

ESTIMATOR R4 

It follows from the lognormal distribution of both EC and 

FC (Table 3) that EC/FC or R is also lognormally distributed. 

The mathematical proof is shown in Appendix BII. The natural 

logarithms of the EC densities were found to be highly corre- 

lated with the natural logarithms of FC densities for all 



sample eypes (Table 4). The respective sample correlati.on coeffi- 

cients ( were 0.95 (unchlorinated effluent) , 0.84 (ch.lsrlnated 

effluent) , 5.97 (Calumet River) , 0.98 (Chicago River) , 5.9'  (Des 

Plaines River!, and 0.91 (Lake Michigan). These high values of 0 

suggested the possibility that the distribution of R - EC/PC might 
be bivariate lognormal. This possibility was explored, as explained 

in &~endix BII, and was found not to be the case. Quantile- 

Quantile (Q-Q\ plots of the collected data, shown in A~pendix BII, 

and the results of the K-S test (Table 3), show that the distribu- 

tion of R is univari.ate lognormal. 

Maximum Likelihood Estimation. From the properties of the 

lognormal distribution, in random variable notation, it foLlows 

that 

(Equation 6) 

Where 

0, = sample mean of ln(EC) 

0, = sample mean of In (FC) 

6; = sample variance of ln(EC) 

6: = sample variance of ln(FC) 

a,= standard deviation of In(EC) 

6,= standard deviation of In (FC) 

0 = sample ccirrelation coefficient between In (EC) and In (FC) 



(In Equation 6 the term n2$1&2" is equal to the covari- 

ance [ln(EC), ln(FC11 and the term "2/2(6: - 2&?1&2 + o n  is 

equal to the variance of R.) See Appendix BII for a discus- 

sion of the maximum likelihood estimator. 

Values of R calculated using Rq, and the corresponding 

MSE values, are shown in Tables 5 and 6, respectively. Values - 

of R calculated using R4 range from a low of 0.56 for Lake 

Michigan to 0.97 for WRP chlorinated effluent. In terms of 

MSE, Rq is as good an estimator as any of the other estimators 

used. Estimator Rq is sufficient, complete, and consistent, 

but it is not unbiased (Table 7). The usefulness of this es- 

timator is discussed later. 

ESTIMATOR Rg 

Values of R calculated using R5, and the corresponding 

MSE values, are shown in Tables 5 and 6, respectively. Values - 
of R calculated using Rg range from a low of 0 -30 for Lake 

Michigan to 0.93 for WRP chlorinated effluent. In terms of 

MSE, Rs is not as good an estimator as either Rz, Rq, or Rs. 

Furthermore, the use of R5 to estimate the EC to FC ratio for 

this data set may be inappropriate for the following reasons. 

It is not consistent or unbiased, and it will underestimate R 



since, from Equation 6, the following is always true: 

6f - 2661G2 * 6: > 0. 

Therefore, the use of GM(EC) /GM(FC) to estimate R is ap- 

propriate anXy in the following special case, from Equation 6, 

when 

@I - 0 2 )  + % ( $  - 266162 + (2;) - > 0 (Equation 7) 

sirice in this case Rq must be greater than 1, and the use of Rs 

would be appropriate to get a realistic measure of the center. 

Otherwise, the use of GM(EC) /GM(FC) to estimate R will result 

in a gross underestimation in most cases. This is discussed 

later. 

ESTImTOR RE- 

Since R was shown to be lognormally distributed, the 

method of Shimuzu (1988) was followed to find Rg, the TJMXpii esti- 

mator. The method for deriving the UMW estimators is dis- 

cussed in wendix BIII . Values of R for the different sample 

types calculated using Rg, and the corresponding MSE values, are 

shown in -- Tables 5 and - 6, respectively. Values of R calculated 

using % range from a low of 0.56 for Lake Michigan t;o 0.37 for 

WRP chlorinated effluent. In terms of MSE, Rg is as good as any 

of the other estimators used. Estimator R6 is the only estima- 

tor which i s  sufficient, consistent, complete, and urbiased. 



COMPARISON OF ESTIMATORS R1, R2, R3, R4, R5, and R6 

The MSEs shown in Table 6 indicate that the estimators 

R2, R4, and R6 are better estimators than R1, R3, and Rs. These 

results also indicate that R2, R4, and Rs are equally good as 

estimators of R. If the joint distribution of the random 

variables EC and FC is unknown, R2 can be used to calculate a 

good estimate of R. Given that the use of R4 or R6 to estimate 

R allows inferences to be drawn from the data it follows, 

therefore, that Rq or Rg should be used to estimate R, if 

possible. 

As discussed in Appendix BIII, the UMW estimator, Rs, is 

unique, and there is no other estimator which will be unbiased 

and have less variance. (If an estimator is unbiased, then the 

MSE is simply the variance of the estimator. For biased esti- 

mators the MSE is equal to the sum of the variance and the 

square of the bias.) Therefore, the authors of this report 

consider the UMW estimator to be the best estimator of R. 

Derivation of UMW estimators, which involves generalized 

hypergeometric functions, is difficult. Therefore, it is not 

something that is routinely done. However, since there is an 

UMW estimator for the lognormal distribution, it should be 

used to estimate R when the best estimate of R is required. A 



copy of the SAS program used to calculate the UMW estinators 

fox this study car1 be obtained from the authors. 

The estimator Rq will give a good estimate of R se Long 

as the special condition shown in Equation 7 is t r u e .  The 

"cormon sense condition" shown in Equation 7 follows fro3 the 

definition of EC as a subset of FC, making it impossible for 

the actual value of R to be greater than 1. Values calculated 

from che data using Equation 7 were all less than 0 and are 

shown in Table 9. --. 

The application of this special condition in the analysis 

of the experimental data ensures that any artifacts in the 

data collection will not result in a value for R which is 

greater than 1. This is theoretically possible, given the 

properties of the lognormal distribution, especially when the 

variance is high. [See Evans, Hastings, and Peacock, (1993) 

for examples of how variance influences the skewness sf the 

loyomal distribution.] Said et al. ( 2 0 0 3 ) ,  discussing the 

possibility of measured EC values exceeding measured FC val- 

ues, stated that this may be attributed to the separation of 

non-FC and the resuscitation step in the EC method im-TEC), 

that is, incubation for two hours at 35OC before i~cubation 

for 22 hours at 44.5OC, which allows stressed organisms to be 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 9 

VALUES OF CONDITION FACTORS CALCULATED FROM THE  DATA^^^ 

Sample Location 
Condition 

  actor^ 

Unchlorinated Effluent -0.17044 

Chlorinated Effluent -0.02585 

Calumet River Watershed -0.06765 

Chicago River Watershed -0.18045 

Des Plaines River Watershed -0.08190 

Lake Michigan -0.58498 

'see Results and Discussion Section. 
2 Condition factor = - ) + ( 6  - 2$1~2 +' ~~5 
where 

b1 = sample mean of In (EC) 

fi2 = sample mean of ln(FC) 

= sample variance of In (EC) 

6 = sample variance of ln (FC) 

= standard deviation of In (EC) 

62 = standard deviation of ln(FC) 

= sample correlation coefficient between ln(EC) and ln(FC) 

3~alues - < 0 support the use of Rs, R4, and R2 over Rg. 



recovered. The lower incubation temperature for the Quanti- 

Tray 2000, could also result in higher EC counts. 

Percentiles of R based on integration of the iognormal 

distribution curves of EC/FC or R are shown in Table 10- The 

perceztiles for R2 are essentially the same as those sh07w-n for 

R4 and R6. The percentiles for R4, the mean, and R6, the UMVU 

estimate, are both higher than those for R5, the median. 

These data further support the use of both R4 and R6 over R5 to 

estimate R in all cases for this study. Percentiles greater 

than '311 percent may indicate that the use of RS would be more 

appropriate than K z l  R4, or R6 in a particular case because this 

would suggest that. the distribution is too skewed to use one of 

these estimators. This was not the case for this data set, 

Therefore, these findings indicate that the simple mathe- 

matical calculations involved in using estimator Rz may suf- 

fice for most. purposes, and R4 or Rs should be used if a better 

estimate is required or inferences are to be made. The use of 

RS will not be appropriate in most cases. As also discussed 

above, however, the UMVU estimator should be used when  the 

best estimate of R is required. The statistical methods and 

criteria used in this study may be appropriate in %inding 

other ratios, for example, specific pathogen to FC or EC ra- 

tios, especially those used in risk analysis studies, where 

4 7 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 10 

PERCENTILES BASED ON INTEGRATION OF THE LOGNORMAL DISTRIBUTION CURVE OF EC/FC OR R 

Probability Statements 
Pr [EC/FC Pr [ EC/FC Pr [EC/FC Pr [EC/FC 

Unchlorinated Effluent 57" 57b 5 OC 57d 

Chlorinated Effluent 

Calumet River Watershed 
IP 

Chicago River Watershed 

Des Plaines River Watershed 6 0" 6ob 5 OC 6 od 

Lake Michigan 68" 71b 5 Oc 7 od 

aPercentile or percent of values equal to or below EC/FC estimated from the means of the 
quotients of the individual EC/FC values. 
b~ercentile or percent of values equal to or below EC/FC estimated from the properties of the 
lognormal distribution. 
'Percentile or percent of values equal to or below EC/FC estimated using the GM. By 
definition the values are all 50 percent because the GM of a lognormal distribution is 
always the median value. 
d~ercentile or percent of values equal to or below EC/FC estimated using the U M W  estimator. 



the best estimate of the ratio would be necessary. The find- 

ings presented here are consistent with the remarks of iiaas 

(1995) that the proper (and precise) estimation of microorgan- 

ism average density in environmental samples (and placing con- 

fidence intervals on the average density) may require special 

methods. 

COMPARISON OF THE R VALUES OBTAINED FOR THE DIFFEKENT SAMPLE 
TYPES 

The confidence intervals of R for the different sample 

types using estimators Rq and R5 are shown in Table - 11. Using 

R4, the EC/FC ratios (Table 5) and 95 percent confidence in- 

tervals for unchlorinated and chlorinated effluent samples 

were calculated from the data to be 0.84 (0.80 - 0 .39 )  and 

0.97 (0.95 - 1 . 0  respectively. Using Rq, the EC/FC ratios 

and 95 percent confidence intervals for samples from the Calu- 

met, Chicago, and Des Plaines Rivers were calculated from the 

data co be 0.93 (0.85 - 1 . 0 ,  0.83 (0.80 - 0.87), and 6.92 

(0.88 - 0.97), respectively. Using %, the mean E C f F C  ratio 

and 95 percent confidence interval for post-diversior, samples 

from Lake Michigan were calculated from the data to be 0.56 

(0.47 - 0.65). 

Using Rg, the mean EC/FC ratios for unchlorinated and 

chlorinated effluent samples were calculated from the data to 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 11 

COMPARISON OF CONFIDENCE INTERVALS OF R VALUES FOR DIFFERENT SAMPLE TYPES CALCULATED 
USING THE ESTIMATORS Rq AND ~ 5 ~ ' ~ ' ~  

R4 R5 Statistical 
Sampling Location Lower 95% Upper 95% Lower 95% Upper 95% Grouping 

WRP Unchlorinated 
Effluent 0 . 7 9  0 .90  

WRP Chlorinated 
Ln 
o Effluent 0.95  1 .00  0 . 9 1  0.95 

Calumet River 0.83  1 .00  0.70 0 .88  A 

Chicago River 0.79  0 .88  0 .74  0.82 A 

Des Plaines River 0.87 0 .98  0.77 0 .87  A 

Lake Michigan 0.45  0.69 0.25 0 .37  B~ 

aSee Materials and Methods Section. 
%slues of R4 and R5 are shown in Table 5. 
'Confidence intervals for R4 and R5 are not symmetric due to the lognormal distribution of R, 
that is, ln(R) = ln(EC/FC) is normally distributed. See Appendix BII. 

1 There is no significant difference between R values with common letters. 
d~ for Lake Michigan samples is significantly lower (p = 0.05) than the R values calculated 
for all other sample types. 



be 0.79 ( 8 . 7 5  - 0 . 8 3 )  and 0 .93  ( 0 . 9 1  - 0 . 9 5 ) ,  respectzvely. 

Using Rs, the mean EC/FC ratios for samples from th.e Cal.unet, 

Chicago, and Des Plaines Rivers were calculated from rhe data 

to be 0.79 (0.72 - 0 .871 ,  0 . 7 8  ( 0 . 7 5  - 0.821,  and 0 . 8 2  3 0 . 7 7  - 

0.861 ,  respectively. Using Rs, the mean EC/FC ratio for post- 

diversion samp1.e~ from Lake Michigan was calculated from the 

data to be 0.30 ( 0 . 2 5  - 0 . 3 6 )  . Estimates of the mean EC/FC 

ratios and 95 percent confidence intervals made using R5 were 

all. lower th.an the corresponding estimates using hr  as was 

predicted. The data in Table 11 indicate that the value of R 

calculated from the data for Lake Michigan samples i.s signifi- 

cantly lower (p  = 0 . 0 5 )  than the values of R for all o:E the 

other sample types, and that there is no significant differ- 

ence between the R values calculated for the other sanple 

types. 

Other Studies 

elmmd et a l .  1999, reported values of .49 ( . 4 4  - .54) 

and . 7 4  (.71 - .77)  for the EC/FC ratios in the effluents from 

two wastewater treatment plants in Fort Collins, Colorado. 

These values are lower than the values reported here (Table 

5 ) .  Parenthetically, consideration of the methods used t~ de- - 

t e d n e  EC and FC concentrations is essential in comparing 



results reported in different studies. For example, Elmund et 

al. 1999, used the Quanti-Tray technique to determine EC con- 

centrations, while the EC results for effluent and water- 

way/river samples in this report were obtained with the m-TEC 

method, [which was the only method recommended by the USEPA 

for enumerating EC in ambient water (USEPA, 2000) when this 

study was conducted] . Therefore, the results reported by El- 

mund et al. 1999, are not strictly comparable to the results 

reported here. 

Reported values of the EC/FC ratio for various polluted 

water bodies range from 0.36 to 1 (Elmund et al., 1999) (Fer- 

ley et al., 1989) (Calderon et al., 1991) (Terrio, 1994) . The 

EC/FC ratios calculated from the data in this report using all 

six estimators, RI, Ra, R3, Rq,  Rg, and Rg all fall within this 

range. Thus, the results of this and other studies to date in- 

dicate that the EC to FC ratio in polluted ambient water is 

not constant. The ratio of EC to FC in polluted ambient water 

is variable and would be influenced by a number of factors, 

including the type of water body and the source of pollution. 

See Geldreich (1990). 



Implications for the District 

With the approval by the USEPA in 2003 of analytical 

methods for the enumeration of EC in ambient waters a d  the 

expected approval of analytical methods for the enumeration of 

EC in wastewater in 2004, it can be anticipated that the indi- 

cator EC will soon be used in a regulatory context. The State 

of Zilinois must develop water quality standards based upon 

USEPAfs water quality criteria for bacteria by April 2004. 

When this is done, it is anticipated that the Illinois Envi- 

ronmental Protection Agency will replace FC limits in District 

NPDES permits and water quality standards with EC limits, 

The EC/PC ratios reported here for District WRP effluents 

and watemaylriver samples are relatively high, ranging from 

0.79 to 1.00, indicating that proposed effluent and ambient 

water quality standards based upon EC may be more difficult to 

meet than Lhose currently based upon FC. For example, an FC 

limit of 500 cfu/100 rnL was previously used for beach clos- 

ings. This has been replaced by an EC limit of 235 cfu/100 rnL 

representing an assumed EC/FC ratio of 0.47. 
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APPENDIX A1 

FC AND EC DATA FOR ALL LOCATIONS 



ME'PROPQLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-1 

FC EC DENSITITES IN UNCHLORINATED WRP EFFLUENT SAXPiES 

Sample FC/100rnL Ee/LOOmL 
Date (24-hour Test) Im-TEC) 

North Side WR? 
Effluent 



&IETROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI- 1 (Continued) 

FC AND EC DENSITITES IN UNCHLORINATED WRP EFFLUENT SAMPLES 

Sample 
Type 

Sample FC/100mL EC/100rnL 
Date (24-hour Test) ( m-TEC 

North Side WRP 
Effluent (Cont . ) 4/1/03 

5/6/03 
6/3/03 

Stickney WT(P 

Effluent 

John E. Egan WRP 
Effluent 





METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-1 (Continued) 

FC AND EC DENSITITES IN UNCHLORINATED WRP EFFLUENT SAMPLES 

Sample 
Type 

Sample FC/100rnL EC/100mL 
Date (24-hour Test) (m-TEC ) 

James C. Kirie 
WRP Effluent (Cont.) 11/13/01 

12/4/01 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CEICAGO 

TABLE AI-2 

F2 AND EC DENSITITES IN CHLORINATED WRP EFFLUENT SMPLES 

Sample 
Type 

Sample FC/100mL EC/100mL 
Date (24-hour Test) In-TEC ) 

John E .  Egan WRP 
Effluent 5/23/00 

9/18/00 
9/19/00 
9/'20/00 
9/21/00 
9/25/00 
9/27/00 
9/28/00 
9/29/00 
10/2/00 
10/3/00 
10/4/00 
10/5/00 
10/9/00 
10/10/00 
10/11/00 
10/14/00 
10/16/00 
10/17/00 
10/18/00 
10/19/00 
10/23/00 
10/24/00 
10/25/00 
10/26/00 
10/30/00 
10/31/00 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-2 (Continued) 

FC AND EC DENSITITES IN CHLORINATED WRP EFFLUENT SAMPLES 

Sample 

l'YPe 
Sample FC/100rnL EC/100mL 
Date (24-hour Test) (m-TEC) 

John E. Egan WRP 
Effluent (Cont . ) 5/15/01 

5/16/01 
5/17/01 
5/21/01 
5/22/01 
5/23/01 
5/24/01 
5/29/01 
5/30/01 
5/31/01 
6/1/01 
6/4/01 
6/5/01 
6/6/01 
6/7/01 
6/11/01 
6/12/01 
6/13/01 
6/14/01 
6/18/01 
6/19/01 
6/20/01 
6/21/01 
6/25/01 
6/26/01 
6/27/01 
6/28/01 
7/2/01 
7/3/01 
7/5/01 
7/6/01 
7/9/01 
7/10/01 
7/11/01 
7/12/01 
7/16/01 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CI-IICAGO 

TABLE AT-2 (Continued) 

FC AND EC DENSITITES IN CHLORINATED WRP EFFLUENT S M P L E S  

Sample 
Type 

Sample FC/100mL EC JlOOrnL 
Date (24-hour Test) (m-TEC) 

John E.  Egan WRP 
Effluent (Cont.? 7/17/01 

7/18/01 
7/19/01 
7/23/01 
7/24/01 
7/25/01 
7/26/01 
7/30/01 
7/31/01 
8/1/01 
8/2/01 
8/6/01 
8/7/01 
8/8/01 
8/13/01 
8/14/01 
8/15/01 
8/16/01 
8/20/01 
8/21/01 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-2 (Continued) 

FC AND EC DENSITITES IN CHLORINATED WRP EFFLUENT SAMPLES 

Sample 
l - ' ~ ~ e  

Sample FC/100mL EC/100mL 
Date (24-hour Test) (m-TEC) 

John E. Egan WRP 
Effluent (Cont . ) 5/30/02 

6/3/02 
6/4/02 
6/5/02 
6/6/02 
6/10/02 
6/11/02 
6/12/02 
6/13/02 
6/17/02 
6/18/02 
6/19/02 
6/20/02 
6/24/02 
6/25/02 
6/26/02 
6/27/02 
7/5/02 
7/9/02 
7/10/02 
7/11/02 
7/15/02 
7/16/02 
7/17/02 
7/18/02 
7/22/02 
7/23/02 
7/24/02 
7/25/02 
7/29/02 
7/30/02 
7/31/02 
8/1/02 
8/5/02 
8/6/02 
8/7/02 



METROPOLITP! WATER RECLAMATION DISTRICT OF GREATER CHZCAGO 

TABLE AI- 2 (Continued] 

FC ANB EC DENSITITES IN CHLORINATED WRP EFFLUENT SPXBLES 

Sample 
TYPe 

Sample FC/100rnL EC I3.00rnL 
Date (24-hour Test) I m- TEC ) 

John E. Egan ITRP 
Effluent (Cont.1 8 / 8 / 0 2  

8 / 1 2 / 0 2  
8 / 1 3 / 0 2  
8 / 1 4 / 0 2  
8 / 1 5 / 0 2  
9 / 9 / 0 2  
9 / 1 0 / 0 2  
9 / 1 1 / 0 2  
9 / 1 2 / 0 2  
9 / 1 6 / 0 2  
9 / 1 7 / 0 2  
9 / 1 8 / 0 2  
9 / 1 9 / 0 2  
9 / 2 3 / 0 2  
9 / 2 4 / 0 2  
9 / 2 5 / 0 2  
9  / 2 6 / 0 2  
9 / 3 0 / 0 2  
1 0 / 1 / 0 2  
1 0 / 2 / 0 2  
1 0 / 3 / 0 2  
1 0 / 7 / 0 2  
1 0 / 8 / 0 2  
1 0 / 9 / 0 2  
1 0 / 1 0 / 0 2  
1 0 / 1 4 / 0 2  
1 0 / 1 5 / 0 2  
1 0 / 1 6 / 0 2  
1 0 / 1 7 / 0 2  
1 0 / 2 1 / 0 2  
1 0 / 2 2 / 0 2  
1 0 / 2 3 / 0 2  
1 0 / 2 4 / 0 2  
1 0 / 2 8 / 0 2  
1 0 / 2 9 / 0 2  
1 0 / 3 0 / 0 2  



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-2 (Continued) 

FC AND EC DENSITITES IN CHLORINATED WRP EFFLUENT SAMPLES 

Sample 
Type 

Sample FC/100mL EC/100mL 
Date (24-hour Test) ( m-TEC ) 

John E .  Egan WRP 
Effluent (Cont.) 10/31/02 

Hanover Park WRP 
Effluent 5/23/00 

9/18/00 
9/19/00 
9/20/00 
9/21/00 
9/25/00 
9/26/00 
9/27/00 
9/28/00 
10/2/00 
10/3/00 
10/4/00 
10/5/00 
10/9/00 
10/10/00 
10/11/00 
10/14/00 
10/16/00 
10/17/00 
10/18/00 
10/19/00 
10/23/00 
10/24/00 
10/25/00 
10/26/00 
10/30/00 
10/31/00 



MET'ROPOLITAN WATER RECLAMATION D I S T R I C T  O F  GREATElR CHICAGO 

TABLE AI-2 (Continued) 

FC WND EC DENSITITES IN CHLORINATED WRP EFFLUENT SAMPLES 

Sample 
Type 

Sample FC / 10 0mL E G i  150mL 
Date (24-hour Test) (m-- TEC ) 

Hanover Park k'RP 
Effluent (Cont.) 5/7/01 

5/8/01 
5/9/01 
5/10/01 
5/14/01 
5/15/01 
5/16/01 
5 / 17 / 01 
5/21/01 
5/22/01 
5/23/01 
5/24/01 
5/29/01 
5/30/01 
5/31/01 
6/1/01 
6/4/01 
6/5/01 
6/6/01 
6/7/01 
6/11/01 
6/12/01 
6/13/01 
6/14/01 
6/18/01 
6/19/01 
6/20/01 
6/21/01 
6/25/01 
6/26/01 
6/27/01 
6/28/01 
7/2/01 
7/3/01 
7/5/01 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-2 (Continued) 

FC AND EC DENSITITES IN CHLORINATED WRP EFFLUENT SAMPLES 

Sample 
TY'Pe 

Sample FC/100mL EC/100mL 
Date ( 2 4 -hour Test ) (m-TEC) 

Hanover Park WRP 
Effluent (Cant. ) 7/6/01 

7/9/01 
7/10/01 
7/11/01 
7/12/01 
7/16/01 
7/17/01 
7/18/01 
7/19/01 
7/23/01 
7/24/01 
7/25/01 
7/26/01 
7/30/01 
7/31/01 
8/1/01 
8/2/01 
8/6/01 
8/7/01 
8/8/01 
8/13/01 
8/14/01 
8/15/01 
8/16/01 
8/20/01 
8/21/01 



METROPOLZTAN WATER RECLAMATION DISTRICT OF GREATER CHSCP,GO 

TABLE AI-2 (Continued) 

FC AND EC DENSITITES IN CHLORINATED WRP EFFLUENT SMPLES 

Sample FC/100mL ECilOOmL 
Date (24-hour Test) ( m-TEC ) 

Hanover Park WRP 
Effluent (Cont . ) 5/16/02 

5/20/02 
5/21/02 
5/22/02 
5/23/02 
5/28/02 
5/29/02 
5,130/02 
6/3/02 
6/4/02 
6/5/02 
6 / 6 / 02 
6/10/02 
6/11/02 
6/12/02 
6/13/02 
6/17/02 
6/18/02 
6/19/02 
6/20/02 
6/24/02 
6/25/02 
6/26/02 
6/27/02 
7/1/02 
7/2/02 
7/3/02 
7/5/02 
7/9/02 
7/10/02 
7 /11/02 
7/15/02 
7/16/02 
7/17/02 
7/18/02 
7/22/02 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-2 (Continued) 

FC AND EC DENSITITES IN CHLORINATED WRP EFFLUENT SAMPLES 

Sample 
TYP~ 

Sample 
Date 

FC/100mL EC/100mL 
(24-hour Test) (m-TEC) 

Hanover Park WRP 
Effluent (Cont.) 7/23/02 

7/24/02 
7/25/02 
7/29/02 
7/30/02 
7/31/02 
8/1/02 
8/5/02 
8/6/02 
8/7/02 
8/8/02 
8/12/02 
8/13/02 
8/14/02 
8/15/02 
9/9/02 
9/10/02 
9/11/02 
9/12/02 
9/16/02 
9/17/02 
9/18/02 
9 / 19 / 02 
9/23/02 
9/24/02 
9/25/02 
9/26/02 
9/30/02 
10/1/02 
10/2/02 
10/3/02 
10/7/02 
10/8/02 
10/9/02 
10/10/02 
10/14/02 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-2 (Continued) 

FC AILTI EC DENSIITITES IN CHLORINATED WRP EFFLUENT S,WFLES 

Samp1.e 
Type 

Sample FC/lOOmT; ECf lO0rnL 
Date (24-hour Test) ix-TEC) 

Hanover Park WRP 
Effluent (Cont.) 1 0 / 1 5 / 0 2  

1 0 / 1 6 / 0 2  
1 0 / 1 7 / 0 2  
1 0 / 2 1 / 0 2  
1 0 / 2 2 / 0 2  
1 0 / 2 3 / 0 2  
1 0 / 2 4 / 0 2  
1 0 / 2 8 / 0 2  
1 0 / 2 9 / 0 2  
1 0 / 3 0 / 0 2  
1 0 / 3 1 / 0 2  

James C .  Kirie WRP 
Ef f iuent 5 / 2 3 / 0 0  

9 / 1 8 / 0 0  
9 / 1 9 / 0 0  
9 / 2 0 / 0 0  
9 / 2 1 / 0 0  
9 / 2 5 / 0 0  
9 / 2 6 / 0 0  
9 / 2 7 / 0 0  
9 / 2 8 / 0 0  
1 0 / 2 / 0 0  
1 0 / 3 / 0 0  
1 0 / 4 / 0 0  
1 0 / 5 / 0 0  
1 0 / 9 / 0 0  
1 0 / 1 0 / 0 0  
1 0 / 1 1 / 0 0  
1 0 / 1 4 / 0 0  
1 0 / 1 6 / 0 0  
1 0 / 1 7 / 0 0  
1 0 / 1 8 / 0 0  
1 0 / 1 9 / 0 0  



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-2 (Continued) 

FC AND EC DENSITITES IN CHLORINATED WRP EFFLUENT SAMPLES 

Sample 

' W P ~  
Sample FC/100mL EC/100rnL 
Date (24-hour Test) (m-TEC ) 

James C. Kirie WRP 
Effluent (Cont . ) 10/23 /OO  

10/24/ 00 
10/25/00 
10/26/00 
10/30/00 
10/31/00 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHZZFIGQ 

TABLE AI-2 (Continued) 

FC IWD EC DENSITITES IN CHLORINATED WRP EFFLUENT SWPLES 

Sample 
m e  

Sample FC/100mL EG/100mL 
Date (24-hour Test) (m-TEC) 

James C. Kirie WRP 
Effluent (Cont.1 6/20/01 

6/21/01 
6/25/01 
6/26/01 
6/27/01 
6/28/01 
7/2/01 
7/3/01 
7 /5/01 
7/6/01 
7/9/01 
7 /10/01 
7/11/01 
7/12/01 
7/16/01 
7/17/01 
7/18/01 
7/19/01 
7/23/01 
7/24/01 
7/25/01 
7/26/01 
7/30/01 
7/31/01 
8/1/01 
8/2/01 
8/6/01 
8 /7/01 
8 /8/01 
8/13/01 
8/14/01 
8/15/01 
8/16/01 
8J20/01 
8/21/01 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-2 (Continued) 

FC AND EC DENSITITES IN CHLORINATED WRP EFFLUENT SAMPLES 

Sample 
Type 

Sample FC/100mL EC/100mL 
Date (24-hour Test) (m-TEC ) 

James C. K i r i e  WRP 
Effluent (Cont . ) 5/1/02 

5/2/02 
5/6/02 
5/7/02 
5/8/02 
5/9/02 
5/13/02 
5/14/02 
5/15/02 
5/16/02 
5/20/02 
5/21/02 
5/22/02 
5/23/02 
5/28/02 
5/29/02 
5/30/02 
6/3/02 
6/4/02 
6/5/02 
6/6/02 
6/10/02 
6/11/02 
6/12/02 
6/13/02 
6/17/02 
6/18/02 
6/19/02 
6/20/02 
6/24/02 
6/25/02 
6/26/02 
6/27/02 
7/1/02 
7/2/02 
7/3/02 



METRDPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI- 2 (Continued) 

FC AND EC DENSITITES IN CHLORINATED WRP EFFLUENT SAPIPLES 

Sample FC/100mL 5C/i30mL 
Date (24-hour Test) I m- TEC 1 

James C . Kirie WRP 
Effluent (Cont . ) 7 / 5 / 0 2  

7 / 9 / 0 2  
7 / 1 0 / 0 2  
7 / 1 1 / 0 2  
7 / 1 5 / 0 2  
7 / 1 6 / 0 2  
7 / 1 7 / 0 2  
7 / 1 8 / 0 2  
7 / 2 2 / 0 2  
7 / 2 3 / 0 2  
7 / 2 4 / 0 2  
7 / 2 5 / 0 2  
7 / 2 9 / 0 2  
7 / 3 0 / 0 2  
7 / 3 1 / 0 2  
8 / 1 / 0 2  
8 / 5 / 0 2  
8 / 6 / 02 
8 / 7 / 0 2  
8 / 8 / 0 2  
8 / 1 2 / 0 2  
8 / 1 3 / 0 2  
8 / 1 4  / 02 
8 / 1 5 / 0 2  
9, /9 /02 
9 / 1 0 / 0 2  
9 / 1 1 / 0 2  
9 / 1 2 / 0 2  
9 / 1 6 / 0 2  
9 / 1 7 / 0 2  
9 / 1 8 / 0 2  
9 / 1 9 / 0 2  
9 / 2 3 / 0 2  
9 / 2 4 / 0 2  
9 / 2 5 / 0 2  
9 / 2 6 / 0 2  



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-2 (Continued) 

FC AND EC DENSITITES IN CHLORINATED WRP EFFLUENT SAMPLES 

Sample 
Type 

Sample FC/100mL EC/100mL 
Date (24-hour Test) (m-TEC) 

James C. K i r i e  WRP 
Effluent (Cont . ) 9 / 3 0 / 0 2  

1 0 / 1 / 0 2  
1 0 / 2 / 0 2  
1 0 / 3 / 0 2  
1 0 / 7 / 0 2  
1 0 / 8 / 0 2  
1 0 / 9 / 0 2  
1 0 / 1 0 / 0 2  
1 0 / 1 4 / 0 2  
1 0 / 1 5 / 0 2  
1 0 / 1 6 / 0 2  
1 0 / 1 7 / 0 2  
1 0 / 2 1 / 0 2  
1 0 / 2 2 / 0 2  
1 0 / 2 3 / 0 2  
1 0 / 2 4 / 0 2  
1 0 / 2 8 / 0 2  
1 0 / 2 9 / 0 2  
1 0 / 3 0 / 0 2  
1 0 / 3 1 / 0 2  



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE A I - 3  

FC FND EC DENSITITES IN CALUMET RIVER WATERSHED ShYPLES 

Sample 
Point 

Sample FC/100mL E C / . " l O O a  
Date (24-hour Test) (m-TEC) 

D.C.' 43  Route 8 3 ,  
Cal-Sag Channel 6/5/00 

3/26/01 
5/29/01 
11/26/01 

D.C. 49 Ewing Ave., 
Calumet River 

D.C. 50 Burnham Ave., 
( A v e  "0") , Wolf Lake 6/5/00 



METROPJLITAN WATER FCECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-3 (Continued) 

FC AND EC DENSITITES IN CaLUMET RIVER WATERSHED SAMPLES 

Sample 
Point 

Sample FC/100mL EC/100mL 
Date (24-hour Test) (m-TEC) 

D . C . 5 0 Burnham Ave . , 
(Ave "0" 1 , Wolf Lake 
(Cont . ) 1/27/03 

4/28/03 

D.C. 52 Wentworth Ave., 
Little Calumet River 6/5/00 

D.C. 54 Joe Orr Rd., 
Thorn Creek 6/5/00 

D.C. 55 130~" St., 
Calumet River 



METKOPOLIrf'AN WATER RECLAMATION DISTRICT OF GREATER CEICAGO 

TABLE AI-3 (Continued) 

FC AND EC DENSITITES IN CALUMET RIVER WATERSHED SAMPLES 

Sample 
Point 

Sample FC/100mL ECJ 130mZI 
Date (24-hour Test) I m--TEC ) 

D.C. 55 130 th  St., 
Calumet River (Cont.) 7/22/02 

10/28/02 

D.C. 56 Indiana Ave., 
Little Calumet River 6/5/00 

D.C. 57 Ashland Ave., 
Little Calumet River 6/5/00 

D.C. 58 Ashland Ave., 
Cal-Sag Channel 6/5/00 60000 61390C 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-3 (Continued) 

FC AND EC DENSITITES IN CALUMET RIVER WATERSHED SAMPLES 

Sample 
Point 

Sample FC/100mL EC/100mL 
Date (24-hour Test) ( m-TEC ) 

D.C. 58 Ashland Ave., 
Cal-Sag Channel 
(Cont . ) 5/28/02 

8/26/02 
11/25/02 

D . C .  5 9  Cicero  Ave., 
Cal-Sag Channel 6/5/00 

D.C. 76 Halsted St., 
L i t t l e  C a l u m e t  R i v e r  6/5/00 



METROPOLITAN WATER RECLAMATION DISTRICT O F  GREATER CHICAGO 

TABLE AI-3 (Continued) 

FC AND EC DENSITITES IN CALUMET RIVER WATERSHED SAMPLZS 

Sample FC/100mL ECiLCiOmL 
Date (24-hour Test) (n-TEC ) 

D . C .  86  B u m h a m  A v e . ,  
G r a n d  Gal-met R i v e r  6/5/00 150000 i l C O O Q  

D.C. 97 170~" St., 
Thorn Creek 

'D.c. = datum code (for District use). 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-4 

FC AND EC DENSITITES IN CHICAGO RIVER WATERSHED SAMPLES 

Sample 
Point 

Sample FC/100rnL EC/100mL 
Date (24-hour Test) (m-TEC ) 

D.C.' 31, Lake-Cook Rd., 
Middle Fork, No. Branch 3/12/01 

6/11/01 
12/10/01 

D.C. 32, Lake-Cook Rd., 
Skokie River 3/12/01 

6/11/01 
12/10/01 

D.C. 34  Dempster St., 
No. Branch 4/9/01 

7/9/01 



METROPOLITPI WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI- 4 (Continued) 

FC AND EC DENSITITES IN CHICAGO RIVER WATERSHED SMPLES 

Sample 
Point 

Sample FC/100rnL E(3/990rnL 
Date (24-hour Test) (m-TEC) 

D.C. 35 Central Ave., 
No. Shore Channel 5/14/01 

8/13/01 
11/13/01 

D . C .  3 5  Touhy Ave., 
No. Shore Channel 

D.C.  37 Wilson A v e . ,  
No. Branch 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-4 (Continued) 

FC AND EC DENSITITES IN CHICAGO RIVER WATERSHED SAMPLES 

Sample 
Point 

Sample FC/100mL EC/100mL 
Date (24-hour Test) (rn-TEC) 

D.C. 39 Madison St., 
So. Branch 3/19/01 

6/18/01 
12/17/01 

D.C. 40 Damen Ave., 
Chicago Sanitary & 
Ship Canal (CSSC) 

D.C. 41 Harlem Ave., 
CSSC 

D.C. 42 Route 83, CSSC 



METROPOLITFX WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-4 (Continued) 

PC: ELND EC DENSITITES IN CHICAGO RIVER WATERSHED SMPLES 

SarnpL e 
Paint 

Sample FC/100mt ECf Z O O m L  
Date (24-hour Test) (m-TEC) 

D . C .  46 Grand Ave., 
No. Branch 4/9/01 

7/9/01 

D . C .  48 Stephen St., 
CSSC 

D.C. 73 Oiversey Pkwy., 
No. Branch 4/9/01 

7/9/01 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-4 (Continued) 

FC AND EC DENSITITES IN CHICAGO RIVER WATERSHED SAMPLES 

Sample 
Point 

Sample FC/100mL EC/100mL 
Date (24-hour Test) (m-TEC) 

D.C. 74 Lake Shore Dr., 
Chicago River 3/19/01 9 

6/18/01 <lo 
12/17/01 400 

D.C. 75 Cicero Ave., CSSC 7/16/01 110 50 

D.C. 92 Lockport Locks, 

CSSC 4/19/01 200 160 
7/19/01 100 30 

D.C. 96 Albany Ave., 
No. Branch 4/9/01 42000 39000 

7/9/01 2900 2300 



MF2TROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-4 (Continued) 

FC AND EC DENSITITES IN CHICAGO RIVER WATERSHED SMPLES 

Sample 
Point 

Sample FC/100mL EC/ZOQmL 
Date (24-hour Test) Jm-TEC) 

D.C. 96 A l b a n y  A v e . ,  
No. Branch (Cont.) 4/8/02 5700 36(30 

7/8/02 860 6'7 0 
10/14/02 87 0 r"7 0 

D.C. 39 Arches A v e . ,  
So. Fork, SCI. Branch 3/19/01 610 340 

6/18/01 5300 46QG 
12/17/01 350 340 

D.C. 180 Wells St., 
Chicago River 

D . C .  901 Foster Ave., 
No. Shore Channel 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-4 (Continued) 

FC AEdD EC DENSITITES IN CHICAGO RIVER WATERSHED SAMPLES 

Sample FC/100mL EC/100rnL 
Date (24-hour Test) (m-TEC) 

Sample 
Point 

D.C. 101 Foster Ave., No. 
Shore Channel (Cont . ) 

D.C. 102 Oakton St., 
No. Shore Channel 

D.C. 103 Golf R d . ,  West 
Fork, No. Branch 

D.C. 104 Glenview Rd., 
No. Branch 



MJ3TROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-4 (Continued) 

F C  AND EC DENSITITES IN CHICAGO RIVER WATERSHED SAMPLES 

Sample 
Point  

Sample FC/100mL E C f  LoOmL 
Date (24-hour Test) (z--TEC) 

D. C .  104  G l e ~ l v i e w  R d .  , 
No. Branch (Cont.) 4/8/02 190 21L0 

10/14/02 450 390 

D . C .  3.05 Frontage Rd., 
Skokie River 3/12/01 21000 13Q00 

6/11/01 19 0 140 
12/10/01 160 240 

D . C .  106 -dee Rd., 
West Fork, No. Branch 3/12/01 2400 2 2 0 0  

6/11/01 1100 6 9 0 

D.C.  137 Western Ave., 
CSSC 7/16/01 110 100 

D.C. 108 Loomis St., 
So. Branch 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-4 (Continued) 

FC AND EC DENSITITES IN CHICAGO RIVER WATERSHED SAMPLES 

Sample 
Point 

Sample FC/100mL EC/100mL 
Date (24-hour Test) (m-TEC) 

D.C. 108 Loornis St. , 
So. Branch (Cont.) 7/15/02 280 240 

10/21/02 180 180 

'D.c. = datum code (for District use) . 



METXOPOLI'TAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-5 

FC ANn EC DENSITITES IN DES PLAINES RIVER WATERSHED S-WPLES 

Sample 
Point 

Sample FC/100mL EC;100mL 
Date (24-hour Test) tm-TEC) 

D. C .I 12 Lake-Cook Rd. , 
Buffalo Creek 4/24/00 

D.C. 13 Lake-Cook Rd. 4/24/00 

D.C. 17 Oakton St. 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-5 (Continued) 

FC AND EC DENSITITES IN DES PLAINES RIVER WATERSHED SAMPLES 

Sample 
Point 

Sample FC/100mL EC/100mL 
Date (24-hour (m-TEC) 

Test) 

D.C. 18 Devon Ave., 4/24/00 
Salt Creek 

4/2/01 
7/2/01 

D.C. 19 Belmont Ave. 4/24/00 

D.C. 20 Roosevelt Rd. 4/24/00 



METR0POLiTA.N WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-5 (Continued) 

FC L4,W EC DFJSITITES IN DES PLAINES RIVER WATERSHED SAfJIPLES 

Sample 
P0in . t  

Sample FC/100mL ECilOOrnL 
Date (24-hour Test) (a-TEC 1 

D.C. 20 Roosevelt Rd., 6/2/03 
(Cont . 1 

D.C. 2 1  Brookfield Ave. , 4/24/00 1200 
Salt Creek 

4/2/01 460 
7/2/01 43 0 

D.C. 2 2  Ogden Ave. 

D.C. 23 Willow Springs 4/24/00 
Road 

12/3/01 

D.C. 24 Wolf Rd., Salt 4/24/00 
Creek 

4/2/01 
7/2/01 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI- 5 (Continued) 

FC AND EC DENSITITES IN DES PLAINES RIVER WATERSHED SAMPLES 

Sample 
Point 

Sample FC/100mL EC/100mL 
Date ( 24-hour Test) (m-TEC) 

D.C. 24 Wolf Rd., Salt 
Creek (Cont . ) 8/5/02 

11/4/02 

2/3/03 
5/5/03 

D.C. 29 Stephen St. 

D.C. 63 Longmeadow Ln., 
West Branch DuPage River 4/24 /00 

9/25/00 
10/23/00 
11/27/00 

D.C. 64 Lake St., West 
Branch DuPage River 4/24/00 

9/25/00 
10/23/00 
11/27/00 



METROPQLITPB WATER RECLAMATION DISTXICT OF GREATER CHICAGO 

TABLE AI-5 (Continued) 

FG EC DENSITITES IN DES PLAINES RIVER WATERSHED SAHPLES 

Sample 
Point 

Sample FC / 10 0mL ECiIClOmL 
Date (24-hour Test) [m-TEC) 

D.C. 64 Lake St., West 
Branch DuPage River 
(Cont . I  1/29/01 

4/2/01 
5/7/01 
6/4/01 
7/2/01 
8/6/01 
12/3/01 

1/7/02 
2/4/02 
3/4/02 
4/1/02 
5/6/02 
6/3/02 
7/1/02 
8/5/02 
9/3/02 
11/4/02 

1/6/03 
2/3/03 
3/3/03 
4/7/03 
5/5/03 
6/2/03 

D.C. 77 Elmhurst Rd., 
Higgins Creek 4/24/00 

9/25/00 
10/23/00 
11/27/00 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-5 (Continued) 

FC AND EC DENSITITES IN DES PLAINES RIVER WATERSHED SAMPLES 

Sample 
Point 

Sample FC/100mL EC/100mL 
Date (24-hour Test) (m-TEC) 

D.C. 77 Elmhurst Rd., 
Higgins Creek (Cont.) 1/29/01 

2/26/01 
3/5/01 
5/7/01 
6/4/01 
7/2/01 
8/6/01 
12/3/01 

D.C.  78 W i l l e  R d . ,  
Higgins Creek 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-5 (Continued) 

FC AND EC DENSITITES IN DES PLAINES RIVER WATERSHED ShYPLES 

S amp 1. e 
Point 

Sample FC/lOOrnL EC .; :LO OrnL 
Date (24-hour Test) in-TEC) 

D.C. 78 Wille Rd., 
Higgins Creek (Cont . ) 1/7/02 

2/4/02 
3/4/02 
4 / 1 / 02 
5/6/02 
6/3/02 
8/5/02 
9/3/02 
10/7/02 
11/4/02 
12/2/02 

1 / 6 / 03 
2/3/03 
3/3/03 
4/7/03 
5 / 5 / 03 
6/2/03 

D.C. 79 Higgins  Rd., 
Salt Creek 4/24/00 

9/25/00 
10/23/00 
11/27/00 

4/2/01 
5/7/01 
6/4/01 
8/6/01 
12/3/01 

4/1/02 
5/6/02 
6/3/02 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-5 (Continued) 

FC AND EC DENSITITES IN DES PLAINES RIVER WATERSHED SAMPLES 

Sample 
Point  

Sample FC/lOOmL EC/100mL 
Date (24-hour Test) (m-TEC) 

D.C. 79 Higgins Rd., Sal t  
Creek (Cont . ) 8/5/02 

9/3/02 
10/7/02 
11/4/02 

D.C. 80 Arlington Heights 
Rd. , Salt Creek 4/24/00 

9/25/00 
10/23/00 
11/27/00 
12/18/00 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHZCAGO 

TABLE AI-5 (Continued) 

FC ,mD EC DENSITITES IN DES PLAINES RIVER WATERSHED ShYPLES 

Sample 
Point 

Sample FC/100mL ECISOOmL 
Date (24-hour Test) (m-TEC} 

D.C. 8 0  Arlington Heights 
Rd., Salt: Creek (Cont.) 1/6/03 1000 1000 

2/3/03 5200 9'700 
3/3/03 1300 1200 
4/7/03 680 530 
5/5/03 130 I20 
6/2/03 13 0 110 

D.C. 8 9  WaLnuc Ave., West 
Branch, DuPage River 4/24/00 240 2.30 

9/25/00 3500 2 5 0 0  
10/23/00 200 2 0 3  
11/27/00 3900 3380 
12/18/00 5200 3809 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-5 (Continued) 

FC AND EC DENSITITES IN DES PLAINES RIVER WATERSHED SAMPLES 

Sample 
Point 

Sample FC/100rnL EC/100mL 
Date (24-hour Test) (m-TEC) 

D.C. 89 Walnut Ave., West 
Branch, DuPage River 
(Cont. ) 10/7/02 

11/4/02 

D.C. 90 Route 19, Poplar 
Creek 5/7/01 

8/6/01 

D.C .  91 Material Services 
Road 3/8/01 

6/7/01 
12 / 6 / 01 

'D.c. = datum code (for District use). 



MET'ROPQLITAM WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-6 

FC ,AND EC DENSITIES IN POST-BYPASS LAKE MICHIGAN SAMPLES 

Sample Sample FC/100mL EC MPNILOOmL 
Poin t  D a t e  (7-hour Test) (Quan'ci-Tray) 

Iroquois Landing 8/2/01 9 1 
8/2/01 110 77 
8/25/01 99 14 7 
8/26/01 <lo 6 
10/14/01 23 0 8 
10/14/01 c10 4 

Calumet Beach 

Rainbow Beach 

North A v e .  Beach 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI- 6 (Continued) 

FC AND EC DENSITIES IN POST-BYPASS LAKE MICHIGAN SAMPLES 

Sample Sample FC/lOOrnL EC MPN/lOOmL 
Point Date (7-hour Test) (Quanti-Tray) 

31St St. Beach 

Adler Planetarium 8/2/01 
8/3/01 

Monroe Harbor Mouth 8/3/01 

Oak St. Beach 

Wilrnette Harbor Mouth 8/22/02 
8/23/02 

Kenilworth Beach 8/3/01 
8/3/01 
8/31/01 
8/31/01 

Wilmette Beach 



BETROPOLITPJV WATER RECLAMATION DISTRICT OF GREATER C H I C G O  

TABLE AI-6 (Continued) 

FC -RJD EC DENSITITES IN POST-BYPASS LAKE MICHIGAN SAMPLES 

Sample Sample FC/100mL EC MPN/I BOmL 
loirit Date (7-hour Test) IQuantF-Tray) 

Wilrnette Beach (Cont. ) 8/22/02 
8/23/02 

Gillson Beach 

Lighthouse Beach 

Northwestern Univ. 
Observatory 

Dempster Beach 

Lake ak Caimet River 
Mouth 6/26/00 

9/13/00 

8/27/01 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE A1 - 6 (Continued) 

FC AND EC DENSITITES IN POST-BYPASS LAKE MICHIGAN SAMPLES 

Sample Sample FC/100mL EC MPN/lOOmL 
Point Date (7-hour Test) (Quanti-Tray) 

1 Mile North of Calumet 
River Mouth 

1 Mile Northeast of 
Calumet River Mouth 

1 Mile East of Calumet 
River Mouth 

3/4 Mile Southeast of 
Calumet River Mouth 

1 Mile South of 
Calumet River Mouth 

Howard Slip on Calumet 
River 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-6 (Continued) 

FC AND EC DENSITITES IN POST-BYPASS LAKE MICHIGAN SAMPLES 

Sample Sample FC/lOOmL EC MPNilOOR'tL 
Pct int  Date (7-hour Test) (Quanti-Tray) 

Lake at Chi eago River 
Mouth 8/3/01 240 2-58 

1 Mile North of Chicago 
River Mouth 8/3/01 9 

1 Mile Northeast of 
Chicago River Mouth 8/3/01 30 

1 Mile East of Chicago 
River Mouth 8/3/01 <lo 

1 Mile Southeast of 
Chicago River Mouth 8/3/01 

1 Mile South of Chicago 
R.ilaei Mouth 8/3/01 20 <I 

Lake at North Shore 
Chamel Mouth 8/3/01 760 E36E 

1 Mile North of North 
Shore Charnel Mouth 8/3/01 

1 Mile Northeast of North 
Shore ChaMel Mauth 8/3/01 

1 Mile East of North 
Shore Channel Mouth 8/3/01 

1 Mile Southeast of North 
Shore Chamel Mouth 8/3/01 

1 Mile South of North 
Shore Channel Mouth 8/3/01 



APPENDIX A11 

FC AND EC QUALITY CONTROL DATA 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CXIillAGO 

TABLE AII-1 

PRECISION STUDY ON SPLIT SAMPLES: 
FC (24-HOUR TEST) AND EC (m-TEC) 

FC/lOOmZ1 ECi l00mL 
Replicate Date Sample Point (24-hour Test) im-TEC) 

1 
2 
3 
4 
5 
6 
1 

Mean 
SD 
cv 

1 
1 
& 

1 - 
4 
5 
6 
" 
I 

Mean 
Si3 
CV 

7 
Mean 

SD 
C'J 

11/26/02 Egan WRP 

Egan WRP 

11/26/02 Hanover Park WRP 

11/26/02 Hanover Park WRP 



METROPOLITAN WATER RECLXKATION DISTRICT OF GREATER CHICAGO 

TABLE AII-1 (Continued) 

PRECISION STUDY ON SPLIT SAMPLES: 
FC (24-HOUR TEST) AND EC (m-TEC) 

FC/100mL EC/100mt 
Replicate Date Sample Point ( 2 4 -hour Test (m-TEC ) 

Hanover Park WRP 
Mean 11/26/02 (Cont . ) 4757.1 3614.3 
SD 431.5 380.5 
CV 9.1 10.5 

1 
2 
3 
4 
5 
6 
7 

Mean 
SD 
cv 

1 
2 
3 
4 
5 
6 
7 

Mean 
SD 
cv 

12/3/02 North Side WRP 30000 
28000 
21000 
26000 
.28000 
25000 
29000 
26714.3 
3039.4 
11.4 

12/3/02 North Side hTRP 23400 
23000 
21400 
22600 
23600 
23000 
23800 
22971 -4 
803.6 
3.5 

1 12/9/02 
2 
3 
4 
5 
6 
7 

Mean 
SD 
CV 

Stickney WRP 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHIC4IGa 

TABLE AII-1 (Continued) 

PRECISION STUDY ON SPLIT SAMPLES: 
FC (24-HOUR TEST) AND EC (m-TEC) 

FC/100mL ECilOOmL 
Rep:L i cat e Date Sample Point (24-hour Test) im-TEC) 

12/9/02 Stickney WRP 

2 
3 
4 
5 
6 
7 

Mean 
SD 
CV 

1 
2 
3 
4 
5 
6 
7 

Mean 
SD 
CV 

Station 101 

Station 101 

Station 102 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AII-1 (Continued) 

PRECISION STUDY ON SPLIT SAMPLES: 
FC (24-HOUR TEST) AND EC (m-TEC) 

FC/lOOmL EC/lOOrnL 
Replicate Date Sample Point (24-hour Test ) (m-TEC) 

Mean 12/9/02 Station 102 (Cont.) 3542.9 3085.7 
SD 257.3 649.2 
cv 7.3 21.0 

1 12/16/02 Station 39 
2 
3 
4 
5 
6 
7 

Mean 
SD 
cv 

1 
2 
3 
4 
5 
6 
7 

Mean 
SD 
cv 

12/16/02 Station 41 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AII-2 

PRECISION AND PETHOD COMPARISON STUDY ON SPLIT SAMPLES: 
EC (m-TEC) AND EC (QUANTI-TRAY) 

EC/100mL EC/ICOxriL 
Replicate pate Sample Point (m-TEC ) (Quanci -Tray) 

1 
2 
3 
4 
5 
6 
7 

Mean 
SB 
cx 

1 
2 
3 
4 
5 
6 
7 

Mean 
SD 
cv 

6/16/03 Calumet WRP 1400 
3200 
3200 
3200 
1200 
3200 
2400 
2542.9 
899.7 

, 35.4 

6/16/03 Lemont WRP 14200 
14200 
15200 
12000 
10800 
13400 
13000 
13257.1 
1486.4 

11.2 

Des Plaines River 
6/16/03 Station 48 167 

233 
6 7 
6 7 
3 3 

167 
67 

114.4 
74.1 
64.8 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AII-3 

PRECISION AND METHOD COMPARISON STUDY ON SPLIT SAMPLES: 
FC (24-HOUR TEST) AND FC (7-HOUR TEST) 

FC/1001& FC/100mZ1 
Replicate Date Sample Point (24-hour Test) (7-hour Test) 

1 6/16/03 Calumet WRP 
2 
3 
4 
5 
6 
7 

Mean 
SD 
cv 

1 
2 
3 
4 
5 
6 
7 

Mean 
SD 
cv 

1 
2 
3 
4 
5 
6 
7 

Mean 
SD 
CV 

Lemont WRP 

Des Plaines River 
Station 48 100 

200 
333 
167 
200 
133 
233 
195.1 

7 5 . 5  
38.7 
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SUFFZCIENCY, CONSISTENCY, BIAS, AND COMPLETENESS 

.Sufficiencv 

A sufficient estimator summarizes all the information conta~ned in 

a samp-e of observations about a particular parameter. Zr, rnore 

formal terms this can be expressed using the conditional 

distribution of a sample given the estimator and the parameter 

f(yls, 1 3 1 ,  in the sense that s is sufficient for 8 if this 

conditional distribution does not depend on 8 (Stuart ar,3 Ord, 

1991). 

Let X ,  , X denote a random sample of size n from a 

distribution that has probability distribution furictian Ipdf) 

f(x;8) . Let Y,=u, (X,,X,, . . . ,Xn) be a statistic whose pdf is 

g,(yl;6j Then Y, is a sufficient statistic for 8 if and :~ r , ly  if 

where H ( x I ,  xZ, . . . , x,) does not depend upon 8 for every fixed value 

of yl =zip fxlr x2" . . , xn) All estimators are evaluated for 

sufficiency where possible. 



Consistencv 

Consistency is a term used for a particular property of an 

estimator, namely that its bias tends to be zero as sample size 

increases (Stuart and Ord, 1991). 

Let X,,X,, . ..,Xn denote a random sample of size n from a 

distribution that has probability distribution function (pdf) 

f ( x i 8 ) .  Let Yl=ul(Xl,X,, . . . ,X,) be a statistic whose pdf is 

g , ( y 1 ; 8 )  . Let E ( y l )  = f ( n ; 8 )  , a function of sample size n  and 

E ( y l )  = 8  
parameter 0 .  I f  , then Yl=u,(Xl,X,, . . . ,Xn) is 

1 irnn-- 
a 

consistent estimator of 0 .  

Unfortunately, it was not possible to find a consistent estimator 

in a straight forward way as explained in the definition. 

Therefore, a simulation technique was used to determine whether any 

of our estimators approaches to R as sample size increases. 

Bias 

Bias, in general terms, refers to deviation of results or 

inferences from the truth, or process leading to such deviation. 

In estimation bias is usually measured by the difference between a 



parameter estimate, 8, and its expected value. AII unbiased 

estimatoz is an estimator 8 of a parameter, 8, such that E ( 6 )  = 8 

(Stuart and Ord, 1991). All estimators are biased except for the 

UMVU estimator (F inney ,  1941). 

Com~leteness Pro~ertv 

A sufficient statistic is said to be complete if no function of it 

has zero expectation unless it is zero almost everytshere with 

respect to each of the measures ~ E Q .  If a complete sufficient 

statistic exists, then every function of it is an UMVUE o f  its 

expected value. 

For the normal distribution with mean p and variance a 2 , x  is 

sufficiezr. and complete for p since E ( U ( F )  ) z0  for every measure of 

51 unless LT(2j-0, and s 2 = x  ( ~ , - T ) ~ / ( n - l )  is sufficient and complete 

for o-for the same reason. Since the distributions of and s2 

are independent, the statistic T = ~ + o .  5s2 is jointly sufficient and 

complete for r =p+O. 502.  Therefore, ~ = e ~ + ~ . ~ ~ ~  , the maximum 

likelihood estimator of el, is jointly sufficient and colnplete for 

e'. If ~ f f j Z ; s ~ ) ) = e '  then f ( T ; s 2 )  is UMVUE for e'. 



Following the method of Finney (1941), Shimizu (1981) showed th at 

the UMVUE of eT is given by 

Where OF, ( a ;  z )  i s  a hypergeometric function of order (0,l) in ( a ;  z )  

defined b y  



APPENDIX BII 

DISTRIBUTION OF THE EC/FC RATIO 



DIS8TRIBUTION OF THE EC/FC RATIO 

Analysis of the data showed that Y = Log(EC1 and X=Log(FC) are both 

normally distributed (Table 3), and X and Y are signiffcantly 

correlated (Table 4). We can therefore, postulate that X arid Y 

follow a bivariate normal distribution. However, it does not 

guarantee that X and Y have a normal distribution even if X and Y 

are individually normally distributed, and X and X 3 highly 

correlated. we, therefore, explored the possibililry of the 

distribution of the random variable Z=log(EC) -Lo~(Fc). 

In an effort to find out the distribution of the EC and FC ratio, 

we first tested X=EC and Y=FC data for normality by the Kolmogorov- 

Smirnov(K-S) test. Results of the K-S test show that n e x t h e r  EC 

data nor FC data came from a normally distributed populat~on. 

However, the same test shows that U=log(EC) and V=Log(FC) data came 

from two normal populations, and that U and V are highly 

correlated. We can postulate that U and V have a joint bivariate 

normal distribution. We can, therefore, find the distribution of 

R=X/Y by using the properties of a moment generating funrtisn of 

Bivariate norrnai distribution. If the random variables U and V 

have joint density given by 



-ao<u<=, -=<v<= 
where p l r p 2  are respectively the means and o,,a, are respectively 

the standard deviations of the random variables U and V, and p is 

the correlation coefficient between U and V. The moment generating 

function of the random variables U and V is given by 

f(u)= 1 is called the marginal distribution 

G o ,  

of the random variable U, its moment generating function is 

given by 

1 Similarly, f (v) = 

-02  1 is called the marginal 
distribution of the random variable V, its moment generating 

function is given by 



Let W = 3 - V, then the moment generating function of the random 

variable W is given by 

After evaluating the definite integral we have 

Now if we compare (3) with (1) or ( 2 ) ,  we immediately recognize 

that M E )  is the moment generating function of a Univarkate 

normally distributed random variable with mean 1-1,-~, and Trarzance 

2  0,-2po,o,io~. Therefore, the random variable W has a Univariate 

2 2 normal distribution with mean ~ ~ - 1 - 1 ~  and variance 0,-2po1a,+a,, 

Since W - U - V then W = Log(X) - Log(Y) or W=Log (X/Y) 

or X/Y = exp(W1 or R==Exp(W) as defined earlier. Since W is 

normally distributed, the R has a Univariate Lognormal 

distribution with mean 



The maximum likelihood estimator 

of the mean of R = EC/FC is given by 

However, if U and V are correlated and individually normally 

distributed, this is a good indication that the joint distribution 

of U and V would be bivariate normal, but is not a guarantee. 

There are many possibilities of departure from Multivariate 

normality, and no single procedure is likely to be robust with 

respect to the departures from the Multivariate normality 

assumption. Unfortunately, there is no exact test available to 

test for the multivariate or bivariate normality. Multivariate or 

bivariate normality is usually checked by a Q-Q plot. To test for 

the multivariate normality, Mardia suggested a .test based on the 

measures of skewness and kurtosis. Mardia's test is good if the 

dimension of Multivariate data is higher than 2, which means that 

Mardia's test may not be appropriate for bivariate normality test. 

Joint bivariate normality of log(EC) and log(FC) data was assessed 

by Q-Q Plots (Fisures BII-1 - BII-6), and tested by Kolmogorov- 

Smirnov method. Both methods show that log(EC) and log(FC) data 

did not come from a bivariate normal population. 



We have, therefore, taken a slightly different approach sicce our 

objective is to come up with the distribution of U - V, thereby the 

distribution of R. Since U and V are normally distributed, W = U - 

V is also normally distributed with mean - and variance 

2 2 0,-2pcr,o,+o,. The data were tested for the normality of the random 

variable W, and showed that W came from a normally distributed 

population. 

Since W = U - V or W = Log(X) - Log(Y) or W=Log(X/Y) are normally 

distributed the random variable R=exp (W) or R=X/y is lognsrmally 

distributed. Hence the maximum likelihood estimate of the mean of 

ratio R would be achieved by ( 4 )  . 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

FIGURE BII-1 

ASSESSING BIVARIATE NORMALITY OF [LOG(EC),LOG(FC)] BY QQ PLOT 
AND KOLMOGOROV-SMIRNOV METHOD: P-VALUE = 0.4774 

FOR WRP UNCHLORINATED EFFLUENT 

6 9 

Chi-Square Quantile 

- - . . . - - - 

[ v ~ a h a l a n o b i s  D Square -* -Hypothetical Chisquare 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

FIGURE BIT-2 

ASSESSING BfVARIATE NQRMALITY OF CZIOG(EC'I ,LQG(FC) I BY QQ PUX' 
AND KOLMOGOROV-SMIKNOV METHOD: P-VALUE = 0 .0000  

FOR WRP CHLORINATED EFFLUENT 

60 90 

Chi Square  Quanf-.ile 

i t i c a l  chisquakg .. . . . -~ , 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

FIGURE BII-3 

ASSESSING BIVARIATE NORMALITY OF [LOG(EC),LOG(FC)] BY QQ PLOT 
AND KOLMOGOROV-SMIRNOV METHOD: P-VALUE = 0.0384 

FOR CALUMET RIVER WATERSHED 

6 12 18 24 

Chi-Square Quantile 

I_-_-_. . . .. . . . - . .. . - - .~ - . 

-Mahalanobis D Square - * -Hypothetical chisquar3 
. . . - . - . . . . . . . . .... . - . . - . . . . .- - -- - .- . . -. . . . . . .. 





METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

FIGURE BII-5 

ASSESSING BIVARIATE NORMALITY OF [LOG(EC),LOG(FC)] BY QQ PLOT 
AND KOLMOGOROV-SMIRNOV METHOD: P-VALUE = 0.0130 

FOR DES PLAINES RIVER WATERSHED 

Chi-Square Quantile 
. . . . .  ~ - .  

I-~ahalanobis D Square - + -Hypothetical ~ h i ~ q u q  -- ........-.-........ - -- ..... 





APPENDIX BIII 
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DERIVATION OF THE UMVU ESTIMATOR FOR EC/FC 

Let us consider €la,, , ~.=02ce'ap*bu2) - where ea,b,c is a function of the 

mean of lognormal distribution for given constants such that 
'.+$.', 

a ,b, c e  A .  If a=l, b=0.5, and c=O then 9=e is equal tc 

ratio R = EC/FC where p=p1-p2, and p, is the mean of loy(EC;, and 

p2 is the mean. of log(FC), and o is the standard deviation of 

log(R)= iog(EC) - log(FC) 

h 

Suppose we have an estimator 8a,b,c @ a , b ,  c so that 

* ( ea,b,c is called an unbiased estimator a f  

8 a , b , c  ' if we can have p unbiased estimators such as 

A h A 

'l(a,b.s)' '21.,b,Cif '31a.b.c)' - .  - $(a,b,c) 'a,b,cf but 
.. 
ea,b,c has the least variance among variances of all p unbiased 

estimators, then is called a uniformly minimum .variacce 

unbiased estimator (UMVUE) of Our problem is to find 

A 

'a, b, c " 

- - -  
Let us define Y=Y,-Y,, where is the sample mean of log(ECl and 
- 
Y, is the sample mean of log(FC) . Also, let us define 

2 = 2 S,=(n-1) +(s,-t-s;-2rs,s2), where n is the sample size, s, i.s rhe 

2 sample variance of log(EC),s2 is the sample variance of logiFC), 

and r is the sample correlation between log(EC) and log(FC) . If 

we define Y,=Eog (EC) -log (FC) , then 



Following the method of finding UMVUE we came up with 

Where 

We observed that 6a,b,  is a function of sample mean and variance. 

We know that if log(EC) and log(FC) are normally distributed, 

then the sample mean is sufficient and complete for estimating 

p, and so is the sample variance for 0 2 .  Since the sample mean 

and standard deviation are independently distributed, then the 

function a%bs2 are jointly sufficient and complete estimator of 
.. 

ap+bo2 for given constants a, b s 8 .  Thus, the UMVUE is 

unique (Rao, 1965), and it means that there will be no other 

estimator which will be unbiased and have less variance than 



APPENDIX B I V  

SAS MACRO PROGRAM FOR EVALUATING THE 
UMW ESTIMATOR O F  R 



SRS MACRO PROGRAM 

options mlogic mprint symbolgen; 
*Program to Evaluate the Minimum Variance Unbiased Estimator; 
* (UMVUE) of R=EC/FC; 

libname z z  "I : ',zmacroV8" ; 
options mstored sasmstore=zz; 

*Part 9 is a Marco Store Library. This Library must be created; 
* (it is just l x k e  creating Directory and subdirectory) . After; 
*creating the Macro Library, the user run the following pragram; 
*The following program is good for UMVUE of any function of the 
*mean and variance of natural log transformed values from LogNormal; 

*Dist"ribution. If we define 9 (a ,  b, c) =02ceau+bq2, a function o f  the; 
*mean 3.f a lognormal distribution, then the UMVUE for 8 ( a , b ,  c'i is; 
*given by; 

n - 
* %=x (Y-5'. and  OF=^ z j  , where ; 

2 -9 
A -._ j=o (a,) ,j! 

**********************part z * * * * * * * * * * * * * * * * * * * .  
*In the UMVUELogNormMean Macro a,b,c are supplied constants as; 
'needed, n-sample size, m=mean of logvalues Y = log(X), s= standard 
*deviation of Y, and OuDataUMVUE is the output Data.; 

%macro UMVUELogNormMean (a,b,c,n,m, s,QutDataUMVUE) /store; 
data -null-; 
SY=(&R.-1)" (&s.) **2; 
aa- (&n . -11 /2+&c, ; 
z = f 2 * & b .  *&n.-  (&a*) * * 2 )  / (4*&n.) *sy; 
cali symput ( " s y " ,  compress (sy) ) ; 
call symput I"aaql, compress (aa) ) ; 
cali symput i"zzzzzz", compress (z) ) ; 
run ; 

data -null-; 
LogG=Lgamma f &aa .+Oh 
call symputf"LG2",compress(logg)) ; 



run ; 

data -null ; 
log~=lgam&(&aa.+&jjjjjj.+0) ; 
call symput ( "LGl", compress (logg) ) ; 
run; 

data null; 
LogG=lgamma ( & j j j j j j . +I) ; 
call symput ("LG3", compress (logg) ) ; 
run ; 

Data Fnc&jjjjjj.; 
log~=(&jjjjjj.)*log(&zzzzzz.)- &lgl.+&lg2.-&lg3.; 
F=exp (logf 1 ; 
drop logf; 
run; 

%if &jjjjjj.>l %then %do; 
data fnc&jjjjjj.; 
set fnc&jjjjjjless. fnc&jjjjjj.; 
run ; 

%end; 

data null-; 
set fnc&jjjjjj.; 
jjjjjj=&jjjjjj.+l; 
f=int(f*10000000)/10000000; 
call symput ("ite", compress ( f )  ) ; 
call symput("jjjjjjtt,compress(jjjjjj)); 
run ; 
%END; 
%let jjjjjjless-%eval(&jjjjjj.-1); 



data nal3.; 
retain Sum 1; 
set fnc&fjjjjjiess.; 
surn-tf; 
nl= (iin . -1) /2; 
n2-&c. + (&n.-1) /2; 
It=&jjjjjj.-I; 
call symput ("sum", compress (sum) ) ; 
call spput ("nl", compress (nl) ) ; 
call symput ("n2",compress ( n 2 )  ) ; 
run ; 

data _null-; 
LogG-igamma (&nl. + O )  ; 
call s m u t  I"LLGlr1, compress (logg) ) ; 
run ; 

data -null-; 
LogG=lgamma ( Gn2.4-0) ,; 
call symput f "LLG2", compress (logg) ) ; 
run; 

Data &OutDataUMVUE.; 
UMVUE-exp(&l.'igl.-&llg2.)*exp(&a.*&m.)*(&sy./2)**&c.*&sum.; 
run; 
%mead; 

*After Processing the Macro Program in part 2, the user must; 
*delete the part 2 completely, and run the program in Part 3 with; 
*exact positson of the values required, and exact macro library; 
*Reference; 

* T h i s  is an example only for testing; 
libname zz  "F:\zmacroVE"; 
options mstcred sasmstore=zz; 

data nall; 
%umlcrueEognosamean~1,0.5,0,30, - 0 . 5 ,  0.5,~) 

BIV- 3 



run; 
data null; 
set v; 
Gm-exp (-0.5) ; 
MLE-exp (-0.5+0 
run ; 

proc p r i n t ;  
var mle gm; 
run ; 


